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Foreword

You should not be surprised to learn that the delivery
of health care has been undergoing major transforma-
tion for several decades. The clinical laboratory has
been transformed in innumerable ways as well. At one
time the laboratory students’ greatest asset was motor
ability. That is not the case any longer. Now the need
is for a laboratory professional who is well educated, an
analytical thinker and problem solver, and one who can
add value to the information generated in the laboratory
regarding a specific patient.

This change impacts the laboratory professional in
a very positive manner. Today the students’ greatest
asset is their mental skill; their ability to acquire and
apply knowledge. The laboratory professional is now
considered a knowledge worker, and a student’s ability
to successfully become this knowledge worker depends
on their instruction and exposure to quality education.
Herein lies the need for the seventh edition of Clinical
Chemistry: Principles, Techniques, and Correlations. It
contributes to the indispensable solid science foundation
in medical laboratory sciences and the application of its
principles in improving patient outcomes needed by the
laboratory professional of today. This edition provides
not only a comprehensive understanding of clinical
chemistry but also the foundation upon which all the
other major laboratory science disciplines can be further
understood and integrated. It does so by providing a
strong discussion of organ function and a solid emphasis
on pathophysiology, clinical correlations, and differ-
ential diagnosis. This information offers a springboard
to better understand the many concepts related to the
effectiveness of a particular test for a particular patient.

Reduction of health care costs, while ensuring qual-
ity patient care, remains the goal of health care reform
efforts. Laboratory information is a critical element of
such care. It is estimated that $65 billion is spent each
year to perform more than 4.3 billion laboratory tests.
This impressive figure has also focused a bright light on
laboratory medicine, and appropriate laboratory test uti-
lization is now under major scrutiny. The main emphasis
is on reducing costly overutilization and unnecessary
diagnostic testing; however, the issue of under- and
misutilization of laboratory tests must be a cause for con-
cern as well. The role of laboratorians in providing guid-
ance to clinicians regarding appropriate test utilization is
becoming not only accepted but also welcomed as clini-
cians try to maneuver their way through an increasingly
complex and expensive test menu. These new roles lie
in the pre- and post-analytic functions of laboratorians.
The authors of this text have successfully described the
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importance of these phases as well as the more tradition-
al analytic phase. It does not matter how precise or accu-
rate a test is during the analytic phase if the sample has
been compromised, or if an inappropriate test has been
ordered on the patient. In addition, the validation of
results with respect to a patient’s condition is an impor-
tant step in the post-analytic phase. Participation with
other health care providers in the proper interpretation
of test results and appropriate follow-up will be impor-
tant abilities of future graduates as the profession moves
into providing greater consultative services for a patient-
centered medical delivery system. Understanding these
principles is a necessary requirement of the knowledge
worker in the clinical laboratory. This significant profes-
sional role provides effective laboratory services that will
improve medical decision making and thus patient safety
while reducing medical errors. This edition of Clinical
Chemistry: Principles, Techniques, and Correlations is a
crucial element in graduating such professionals.

Diana Mass, MA, MT(ASCP)

Clinical Professor and Director (Retired)
Clinical Laboratory Sciences Program
Arizona State University

Tempe, Arizona

President

Associated Laboratory Consultants
Valley Center, California

Make no mistake: There are few specialties in medicine
that have a wider impact on today’s health care than
laboratory medicine. For example, in the emergency
room, a troponin result can not only tell an ER physician
if a patient with chest pain has had a heart attack but also
assess the likelihood of that patient suffering an acute
myocardial infarction in 30 days. In the operating room
during a parathyroidectomy, a parathyroid hormone
assay can tell a surgeon that it is appropriate to close the
procedure because he has successfully removed all of
the affected glands, or go back and look for more glands
to excise. In labor and delivery, testing for pulmonary
surfactants from amniotic fluid can tell an obstetrician if
a child can be safely delivered or if the infant is likely to
develop life-threatening respiratory distress syndrome.
In the neonatal intensive care unit, measurement of bili-
rubin in a premature infant is used to determine when
the ultraviolet lights can be turned off. These are just a
handful of the thousands of medical decisions that are
made each day based on results from clinical laboratory
testing.

v
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vi FOREWORD

Despite our current success, there is still much more
to learn and do. For example, there are no good labora-
tory tests for the diagnosis of stroke or traumatic brain
injury. The work on Alzheimer’s and Parkinson’s disease
prediction and treatment is in the early stages. And when
it comes to cancer, while our laboratory tests are good
for monitoring therapy, they fail in the detection of early
cancer, essential for improving treatment and prolong-
ing survival. Finally, personalized medicine including
pharmacogenomics will play an increasingly important
role in the future. Pharmacogenomic testing will be used
to select the right drug at the best dose for a particular
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patient in order to maximize efficacy and minimize side
effects.

If you are reading this book, you are probably study-
ing to be a part of the field. As a clinical chemist for over
30 years, I welcome you to our profession.

Alan H. B. Wu, PhD, DABCC

Director, Clinical Chemistry Laboratory, San Francisco
General Hospital

Professor, Laboratory Medicine, University of
California, San Francisco

San Francisco, California
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Preface

Clinical chemistry continues to be one of the most rap-
idly advancing areas of laboratory medicine. Since the
publication of the first edition of this textbook in 1985,
many changes have taken place. New technologies and
analytical techniques have been introduced, with a dra-
matic impact on the practice of clinical chemistry and
laboratory medicine. In addition, the healthcare system
is constantly changing. There is increased emphasis on
improving the quality of patient care, individual patient
outcomes, financial responsibility, and total quality
management. Now, more than ever, clinical laborato-
rians need to be concerned with disease correlations,
interpretations, problem solving, quality assurance, and
cost-effectiveness; they need to know not only the how
of tests but more importantly the what, why, and when.
The editors of Clinical Chemistry: Principles, Techniques,
and Correlations have designed the seventh edition to
be an even more valuable resource to both students and
practitioners.

Now 35 plus years since the initiation of this effort,
the editors have had the privilege of completing the
seventh edition with another diverse team of dedicated
clinical laboratory professionals. In this era of focusing
on metrics, the editors would like to share the follow-
ing information. The 295 contributors in the 7 editions
represent 65 clinical laboratory science programs, 77
clinical laboratories, 13 medical device companies, 4
government agencies, and 1 professional society. One
hundred and twenty contributors were clinical laborato-
ry scientists with advanced degrees. With today’s global
focus, the text has been translated into six languages. By
definition, a profession is a calling requiring specialized
knowledge and intensive academic preparation to define
its scope of work and produce its own literature. The
profession of Clinical Laboratory Science has evolved
significantly over the past four decades.

Like the previous six editions, the seventh edi-
tion of Clinical Chemistry: Principles, Techniques, and
Correlations is comprehensive, up-to-date, and easy to
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understand for students at all levels. It is also intended
to be a practically organized resource for both instruc-
tors and practitioners. The editors have tried to maintain
the book’s readability and further improve its content.
Because clinical laboratorians use their interpretative and
analytic skills in the daily practice of clinical chemistry,
an effort has been made to maintain an appropriate bal-
ance between analytic principles, techniques, and the
correlation of results with disease states.

In this seventh edition, the editors have made sev-
eral significant changes in response to requests from
our readers, students, instructors, and practitioners. Key
Terms and Chapter Objectives have been introduced at
the beginning of each chapter. Ancillary materials have
been updated and expanded. Chapters now include
current, more frequently encountered case studies and
practice questions or exercises. To provide a thorough,
up-to-date study of clinical chemistry, all chapters
have been updated and reviewed by professionals who
practice clinical chemistry and laboratory medicine on
a daily basis. The basic principles of the analytic proce-
dures discussed in the chapters reflect the most recent or
commonly performed techniques in the clinical chem-
istry laboratory. Detailed procedures have been omitted
because of the variety of equipment and commercial kits
used in today’s clinical laboratories. Instrument manuals
and kit package inserts are the most reliable reference for
detailed instructions on current analytic procedures. All
chapter material has been updated, improved, and rear-
ranged for better continuity and readability. mePoilt+, a
web site with additional case studies, review questions,
teaching resources, teaching tips, additional references,
and teaching aids for instructors and students is available
from the publisher to assist in the use of this textbook.

Michael L. Bishop
Edward P. Fody
Larry E. Schoeff
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Chapter Objectives wmmm

Upon completion of this chapter, the clinical
laboratorian should be able to do the following:

e Convert results from one unit format to another using the
SI and traditional systems.

e Describe the classifications used for reagent grade water.

e Identify the varying chemical grades used in reagent prepa-
ration and indicate their correct use.

e Define primary standard, standard reference materials, and
secondary standard.

e Describe the following terms that are associated with solu-
tions and, when appropriate, provide the respective units:
percent, molarity, normality, molality, saturation, colliga-
tive properties, redox potential, conductivity, and specific
gravity.

e Define a buffer and give the formula for pH and pK
calculations.

e Use the Henderson-Hasselbalch equation to determine the
missing variable when given either the pK and pH or the pK
and concentration of the weak acid and its conjugate base.

e List and describe the types of thermometers used in the
clinical laboratory.

e Classify the type of pipet when given an actual pipet or its
description.

e Demonstrate the proper use of a measuring and volumetric
pipet.

e Describe two ways to calibrate a pipetting device.

e Define a desiccant and discuss how it is used in the clinical
laboratory.

e Describe how to properly care for and balance a centrifuge.

e Correctly perform the laboratory mathematical calculations
provided in this chapter.

e Identify and describe the types of samples used in clinical
chemistry.

e Outline the general steps for processing blood samples.

e Apply Beer’s law to determine the concentration of a
sample when the absorbance or change in absorbance is
provided.

e Identify the preanalytic variables that can adversely affect
laboratory results as presented in this chapter.

KEey TERMS
Analyte
Anhydrous
Arterial blood
Beer’s law

2
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Buffer

Buret

Centrifugation
Cerebrospinal fluid (CSF)
CLSI
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Colligative property
Conductivity
Deionized water
Deliquescent substances
Delta absorbance
Density

Desiccant
Desiccator

Dialysis

Dilution

Dilution factor
Distilled water
Equivalent weight
Erlenmeyer flasks
Filtrate

Filtration
Graduated cylinder
Griffin beaker
Hemolysis
Henderson-Hasselbalch equation
Hydrate
Hygroscopic

Icterus
International unit
Tonic strength
Lipemic

Mantissa

Molality

Molarity

The primary purpose of a clinical chemistry laboratory
is to facilitate the correct performance of analytic proce-
dures that yield accurate and precise information, aiding
patient diagnosis and treatment. The achievement of
reliable results requires that the clinical laboratory sci-
entist be able to correctly use basic supplies and equip-
ment and possess an understanding of fundamental
concepts critical to any analytic procedure. The topics in
this chapter include units of measure, basic laboratory
supplies, and introductory laboratory mathematics, plus
a brief discussion of specimen collection, processing,
and reporting.

UNITS OF MEASURE

Any meaningful quantitative laboratory result consists
of two components: the first component represents the
number related to the actual test value, and the second is
a label identifying the units. The unit defines the physi-
cal quantity or dimension, such as mass, length, time,
or volume.! Not all laboratory tests have well-defined
units, but whenever possible, the units used should be
reported.

Although several systems of units have traditionally
been utilized by various scientific divisions, the Systeme
International d’Unités (SI), adopted internationally in
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Normality

One-point calibration
Osmotic pressure
Oxidized

Oxidizing agent
Percent solution

pH

Pipet

Primary standard
Ratio

Reagent grade water
Redox potential
Reduced

RO water

Secondary standard
Serial dilution
Serum

Significant figures
Solute

Solution

Solvent

Specific gravity
Standard

Standard reference materials (SRMs)
Systeme International d’Unités (SI)
Thermistor
Ultrafiltration

Valence
Whole blood

1960, is preferred in scientific literature and clinical
laboratories and is the only system employed in many
countries. This system was devised to provide the global
scientific community with a uniform method of describ-
ing physical quantities. The SI system units (referred to
as SI units) are based on the metric system. Several sub-
classifications exist within the SI system, one of which
is the basic unit. There are seven basic units (Table 1-1),
with length (meter), mass (kilogram), and quantity
of a substance (mole) being the units most frequently
encountered. Another set of Sl-recognized units is
termed derived units. A derived unit, as the name implies,
is a derivative or a mathematical function describing
one of the basic units. An example of a SI-derived unit
is meters per second (m/s), used to express velocity.
However, some non-SI units are so widely used that
they have become acceptable for use with SI basic or
SI-derived units (Table 1-1). These include certain long-
standing units such as hour, minute, day, gram, liter, and
plane angles expressed as degrees. These units, although
widely used, cannot technically be categorized as either
basic or derived SI units.

The SI uses standard prefixes that, when added to a
given basic unit, can indicate decimal fractions or mul-
tiples of that unit (Table 1-2). For example, 0.001 liter
can be expressed using the prefix milli, or 102, and since
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BASE QUANTITY NAME SYMBOL
Length Meter m

Mass Kilogram kg

Time Second s

Electric current Ampere A
Thermodynamic temperature Kelvin K
Amount of substance Mole mol
Luminous intensity Candela cd

SELECTED DERIVED

Frequency Hertz Hz
Force Newton N
Celsius temperature Degree Celsius “C
Catalytic activity Katal kat
SELECTED ACCEPTED NON-SI

Minute (time) (60 s) min
Hour (3,600 s) h
Day (86,400 s) d
Liter (volume) (1dm3=103m?3 L
Angstrom (0.1 nm = 10719 m) A

PREFIXES USED WITH SI UNITS

FACTOR PREFIX SYMBOL SELECT DECIMALS
1018 atto a —

101> femto f —

10712 pico P —

1079 nano n —

10 micro M 0.000001
1073 milli m 0.001
1072 centi € 0.01

107 deci d 0.1

100 Liter, meter, gram Basic unit 1.0

10! deka da 10.0

102 hecto h 100.0

103 kilo k 1,000.0

10% mega M —

10° giga G —

1012 tera T —

10" peta P —

108 exa E —

Prefixes are used to indicate a subunit or multiple of a basic SI unit.
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it requires moving the decimal point three places to the
right, it can then be written as 1 milliliter, or abbreviated
as 1 mL. It may also be written in scientific notation as
1 x 10~ L. Likewise, 1,000 liters would use the prefix of
kilo (10%) and could be written as 1 kiloliter or expressed
in scientific notation as 1 x 10> L.

It is important to understand the relationship these
prefixes have to the basic unit. The highlighted upper
portion of Table 1-2 indicates that these prefixes are all
smaller than the basic unit and frequently used expres-
sions in clinical laboratories. When converting between
prefixes, simply note the relationship between them
based on whether you are changing to a smaller or larger
prefix and the incremental factor between them. For
example, if converting from one liter (1.0 X 109 or 1)
to milliliters (1.0 x 10> or 0.001), the starting unit is
larger than the desired unit by a factor of 1,000 or 10°.
This means that the decimal place would be moved to
the right of one (1) three places, so 1.0 liter (L) equals
1,000 milliliters (mL). When changing 1,000 milliliter
(ml) to 1 liter (L), the process is reversed and decimal
point would be moved three places to the left to become
1 L. Note that the SI term for mass is kilogram; it is the
only basic unit that contains a prefix as part of its naming
convention. Generally, the standard prefixes for mass use
the term gram rather than kilogram.

Example 1: Convert 1 L to mL

1L (1 x10% =? mL (milli = 1073); move the decimal
place three places to the right and it becomes 1,000 mL;
reverse the process to determine the expression in L
(move the decimal three places to the left of 1,000 mL to
get 1 L). However, 1 mL (smaller) = ? L (larger by 10%);
move the decimal to the left by three places and it
becomes 0.001 L.

S| CONVERSIONS

To convert between S| units, move the decimal by
the difference between the exponents represented
by the prefix either to the right (from a larger to
a smaller unit) or to the left (from a smaller to a
larger one) of the number given:
decimal point
<—— 000 #.000 —>»
smaller to larger unit larger to smaller unit
Convert to larger unit: smaller to larger
unit—move to the left
Convert to a smaller unit: larger to
smaller—move to the right
# = the numeric value given
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Example 2: Convert 50 mL to L

50 mL (milli = 10~ and is smaller) = ? L (larger by 10%);
move the decimal by three places to the left and it
becomes 0.050 L. Using the illustration, the # substituted
would be “50” in this example.

Example 3: Convert 5 dL to mL

5 dL (deci = 107! and is larger) = ? mL (milli = 1073 and
is smaller by 1072); move the decimal place two places to
the right and it becomes 500 mL. Note that in this case
the # substituted would be “5.”

Reporting of laboratory results is often expressed in
terms of substance concentration (e.g., moles) or the
mass of a substance (e.g., mg/dL, g/dL, g/L, mmol/L, and
1U) rather than in SI units. These familiar and traditional
units can cause confusion during interpretation. It has
been recommended that analytes be reported using
moles of solute per volume of solution (substance con-
centration) and that the liter be used as the reference
volume.? Appendix D (on the companion web site),
Conversion of Traditional Units to SI Units for Common
Clinical Chemistry Analytes, lists both reference and SI
units together with the conversion factor from traditional
to SI units for common analytes. As with other areas of
industry, the laboratory and the rest of medicine is mov-
ing toward adopting universal standards promoted by
the International Organization for Standardization, often
referred to as ISO. This group develops standards of
practice, definitions, and guidelines that can be adopted
by everyone in a given field, providing for more uniform
terminology and less confusion. As with any transition,
clinical laboratory scientists should be familiar with all
the terms currently used in their field.

REAGENTS

In today’s highly automated laboratory, there seems to be
little need for reagent preparation by the clinical labora-
tory scientist. Most instrument manufacturers make the
reagents in ready-to-use form or in a “kit” form (i.e., all
necessary reagents and respective storage containers are
prepackaged as a unit) requiring only the addition of
water or buffer to the prepackaged reagent components
for reconstitution. A heightened awareness of the haz-
ards of certain chemicals and the numerous regulatory
agency requirements has caused clinical chemistry labo-
ratories to readily eliminate massive stocks of chemicals
and opt instead for the ease of using prepared reagents.
Periodically, especially in hospital laboratories involved
in research and development, biotechnology applica-
tions, specialized analyses, or method validation, the
laboratorian may still face preparing various reagents or
solutions. As a result of reagent deterioration, supply and
demand, or the institution of cost-containment programs,

Uploaded By: Noura Natel


https://students-hub.com

6 PART 1= BASIC PRINCIPLES AND PRACTICE OF CLINICAL CHEMISTRY

the decision may be made to prepare reagents in-house.
Therefore, a thorough knowledge of chemicals, standards,
solutions, buffers, and water requirements is necessary.

Chemicals

Analytic chemicals exist in varying grades of purity:
analytic reagent (AR); ultrapure, chemically pure (CP);
United States Pharmacopeia (USP); National Formulary
(NF); and technical or commercial gralde.3 A commit-
tee of the American Chemical Society (ACS; www.acs.
org) established specifications for AR grade chemicals,
and chemical manufacturers will either meet or exceed
these requirements. Labels on reagents state the actual
impurities for each chemical lot or list the maximum
allowable impurities. The labels should be clearly printed
with the percentage of impurities present and either the
initials AR or ACS or the term For laboratory use or ACS
Standard-Grade Reference Materials. Chemicals of this
category are suitable for use in most analytic labora-
tory procedures. Ultrapure chemicals have been put
through additional purification steps for use in specific
procedures such as chromatography, atomic absorption,
immunoassays, molecular diagnostics, standardization,
or other techniques that require extremely pure chemi-
cals. These reagents may carry designations of HPLC
(high-performance liquid chromatography) or chro-
matographic (see later) on their labels.

Because USP and NF grade chemicals are used to man-
ufacture drugs, the limitations established for this group
of chemicals are based only on the criterion of not being
injurious to individuals. Chemicals in this group may
be pure enough for use in most chemical procedures;
however, it should be recognized that the purity stan-
dards are not based on the needs of the laboratory and,
therefore, may or may not meet all assay requirements.

Reagent designations of CP or pure grade indicate that
the impurity limitations are not stated and that prepara-
tion of these chemicals is not uniform. Melting point
analysis is often used to ascertain the acceptable purity
range. It is not recommended that clinical laboratories
use these chemicals for reagent preparation unless further
purification or a reagent blank is included. Technical or
commercial grade reagents are used primarily in manufac-
turing and should never be used in the clinical laboratory.

Organic reagents also have varying grades of purity
that differ from those used to classify inorganic reagents.
These grades include a practical grade with some impu-
rities; CP, which approaches the purity level of reagent
grade chemicals; spectroscopic (spectrally pure) and
chromatographic (minimum purity of 99% determined
by gas chromatography) grade organic reagents, with
purity levels attained by their respective procedures; and
reagent grade (ACS), which is certified to contain impu-
rities below certain levels established by the ACS. As in
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any analytic method, the desired organic reagent purity
is dictated by the particular application.

Other than the purity aspects of the chemicals,
laws related to the Occupational Safety and Health
Administration (OSHA)* require manufacturers to clear-
ly indicate the lot number, plus any physical or biologic
health hazard and precautions needed for the safe use
and storage of any chemical. A manufacturer is required
to provide technical data sheets for each chemical manu-
factured on a document called a Material Safety Data
Sheet (MSDS). A more detailed discussion of this topic
may be found in Chapter 2.

Reference Materials

Unlike other areas of chemistry, clinical chemistry is
involved in the analysis of biochemical by-products found
in biological fluids, such as serum, plasma, or urine, mak-
ing purification and a known exact composition of the
material almost impossible. For this reason, traditionally
defined standards used in analytical chemistry do not
readily apply in clinical chemistry.

Recall that a primary standard is a highly purified
chemical that can be measured directly to produce a
substance of exact known concentration and purity. The
ACS purity tolerances for primary standards are 100 +
0.02%. Because most biologic constituents are unavail-
able within these limitations, the National Institute of
Standards and Technology (NIST; http://ts.nist.gov)—
certified standard reference materials (SRMs) are used
instead of ACS primary standard materials.>-

The NIST developed certified reference materials/
SRMs for use in clinical chemistry laboratories. They
are assigned a value after careful analysis, using state-of-
the-art methods and equipment. The chemical composi-
tion of these substances is then certified; however, they
may not possess the purity equivalent of a primary stan-
dard. Because each substance has been characterized for
certain chemical or physical properties, it can be used in
place of an ACS primary standard in clinical work and is
often used to verify calibration or accuracy/bias assess-
ments. Many manufacturers use a NIST SRM when
producing calibrator and standard materials, and in this
way, these materials are considered “traceable to NIST”
and may meet certain accreditation requirements. There
are SRMs for a number of routine analytes, hormones,
drugs, and blood gases, with others being added.!°

A secondary standard is a substance of lower purity,
with its concentration determined by comparison with
a primary standard. The secondary standard depends
not only on its composition, which cannot be directly
determined, but also on the analytic reference method.
Once again, because physiologic primary standards are
generally unavailable, clinical chemists do not by defi-
nition have “true” secondary standards. Manufacturers
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of secondary standards will list the SRM or primary
standard used for comparison. This information may be
needed during laboratory accreditation processes.

Water Specifications?

Water is the most frequently used reagent in the labora-
tory. Because tap water is unsuitable for laboratory appli-
cations, most procedures, including reagent and stan-
dard preparation, use water that has been substantially
purified. Water solely purified by distillation results in
distilled water; water purified by ion exchange produces
deionized water. Reverse osmosis, which pumps water
across a semipermeable membrane, produces RO water.
Water can also be purified by ultrafiltration, ultra-
violet light, sterilization, or ozone treatment. Laboratory
requirements generally call for reagent grade water
that, according to the Clinical and Laboratory Standards
Institute (CLSI), is classified into one of six categories
based on the specifications needed for its use rather than
the method of purification or preparation.'? These cate-
gories include clinical laboratory reagent water (CLRW),
special reagent water (SRW), instrument feed water,
water supplied by method manufacturer, autoclave and
wash water, and commercially bottled purified water.
Laboratories need to assess whether the water meets
the specifications needed for its application. Most water
monitoring parameters include at least microbiological
count, pH (related to the hydrogen ion concentration),
resistivity (measure of resistance in ohms and influenced
by the number of ions present), silicate, particulate mat-
ter, and organics. Each category has a specific acceptable
limit. A long-held convention for categorizing water
purity was based on three types, I through III, with type I
water having the most stringent requirements and gener-
ally suitable for routine laboratory use.

Prefiltration can remove particulate matter from
municipal water supplies before any additional treat-
ments. Filtration cartridges are composed of glass; cot-
ton; activated charcoal, which removes organic materials
and chlorine; and submicron filters (0.2 mm), which
remove any substances larger than the filter’s pores,
including bacteria. The use of these filters depends on
the quality of the municipal water and the other purifi-
cation methods used. For example, hard water (contain-
ing calcium, iron, and other dissolved elements) may
require prefiltration with a glass or cotton filter rather
than activated charcoal or submicron filters, which
quickly become clogged and are expensive to use. The
submicron filter may be better suited after distillation,
deionization, or reverse osmosis treatment.

Distilled water has been purified to remove almost
all organic materials, using a technique of distillation
much like that found in organic chemistry laboratory
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distillation experiments in which water is boiled and
vaporized. The vapor rises and enters into the coil of a
condenser, a glass tube that contains a glass coil. Cool
water surrounds this condensing coil, lowering the tem-
perature of the water vapor. The water vapor returns to
a liquid state, which is then collected. Many impurities
do not rise in the water vapor, remaining in the boiling
apparatus. The water collected after condensation has
less contamination. Because laboratories use thousands
of liters of water each day, stills are used instead of small
condensing apparatuses; however, the principles are
basically the same. Water may be distilled more than
once, with each distillation cycle removing additional
impurities.

Deionized water has some or all ions removed,
although organic material may still be present, so it is
neither pure nor sterile. Generally, deionized water is
purified from previously treated water, such as prefil-
tered or distilled water. Deionized water is produced
using either an anion or a cation exchange resin, fol-
lowed by replacement of the removed ions with hydroxyl
or hydrogen ions. The ions that are anticipated to be
removed from the water will dictate the type of ion
exchange resin to be used. One column cannot service
all ions present in water. A combination of several res-
ins will produce different grades of deionized water. A
two-bed system uses an anion resin followed by a cation
resin. The different resins may be in separate columns or
in the same column. This process is excellent in remov-
ing dissolved ionized solids and dissolved gases.

Reverse osmosis is a process that uses pressure to
force water through a semipermeable membrane, pro-
ducing water that reflects a filtered product of the origi-
nal water. It does not remove dissolved gases. Reverse
osmosis may be used for the pretreatment of water.

Ultrafiltration and nanofiltration, like distillation,
are excellent in removing particulate matter, microor-
ganisms, and any pyrogens or endotoxins. Ultraviolet
oxidation (removes some trace organic material) or ster-
ilization processes (uses specific wavelengths), together
with ozone treatment, can destroy bacteria but may leave
behind residual products. These techniques are often
used after other purification processes have been used.

Production of reagent grade water largely depends on
the condition of the feed water. Generally, reagent grade
water can be obtained by initially filtering it to remove
particulate matter, followed by reverse osmosis, deion-
ization, and a 0.2 mm filter or more restrictive filtration
process. Type Ill/autoclave wash water is acceptable for
glassware washing but not for analysis or reagent prepa-
ration. Traditionally, type II water was acceptable for
most analytic requirements, including reagent, quality
control, and standard preparation, while type I water was
used for test methods requiring minimum interference,
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such as trace metal, iron, and enzyme analyses. Use with
HPLC may require less than a 0.2 mm final filtration
step and falls into the SRW category. Some molecular
diagnostic or mass spectrophotometric techniques may
require special reagent grade water; some reagent grade
water should be used immediately, so storage is discour-
aged because the resistivity changes. Depending on the
application, CLRW should be stored in a manner that
reduces any chemical or bacterial contamination and for
short periods.

Testing procedures to determine the quality of
reagent grade water include measurements of resis-
tance, pH, colony counts (for assessing bacterial con-
tamination) on selective and nonselective media for
the detection of coliforms, chlorine, ammonia, nitrate
or nitrite, iron, hardness, phosphate, sodium, silica,
carbon dioxide, chemical oxygen demand, and metal
detection. Some accreditation agencies'® recommend
that laboratories document culture growth, pH, and
specific resistance on water used in reagent preparation.
Resistance is measured because pure water, devoid of
ions, is a poor conductor of electricity and has increased
resistance. The relationship of water purity to resis-
tance is linear. Generally, as purity increases, so does
resistance. This one measurement does not suffice for
determination of true water purity because a nonionic
contaminant may be present that has little effect on
resistance. Note that reagent water meeting specifica-
tions from other organizations, such as the ASTM, may
not be equivalent to those established for each type by
the CLSI, and care should be taken to meet the assay
procedural requirements for water type requirements.

Solution Properties

In clinical chemistry, substances found in biologic fluids
are measured (e.g., serum, plasma, urine, and spinal
fluid). A substance that is dissolved in a liquid is called
a solute; in laboratory science, these biologic solutes are
also known as analytes. The liquid in which the solute is
dissolved—in this instance, a biologic fluid—is the sol-
vent. Together they represent a solution. Any chemical
or biologic solution is described by its basic properties,
including concentration, saturation, colligative proper-
ties, redox potential, conductivity, density, pH, and ionic
strength.

Concentration
Analyte concentration in solution can be expressed in
many ways. Routinely, concentration is expressed as
percent solution, molarity, molality, or normality, and
because these non-SI expressions are so widely used,
they will be discussed here. Note that the SI expression
for the amount of a substance is the mole.

Percent solution is expressed as equal parts per
hundred or the amount of solute per 100 total units
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of solution. Three expressions of percent solutions are
weight per weight (w/w), volume per volume (v/v), and,
most commonly, weight per volume (w/v). For v/v solu-
tions, it is recommended that grams per deciliter (g/dL)
be used instead of percent or % (v/v).

Molarity (M) is expressed as the number of moles
per 1 L of solution. One mole of a substance equals its
gram molecular weight (gmw), so the customary units
of molarity (M) are moles/liter. The SI representation
for the traditional molar concentration is moles of
solute per volume of solution, with the volume of the
solution given in liters. The SI expression for concentra-
tion should be represented as moles per liter (mol/L),
millimoles per liter (mmol/L), micromoles per liter
(mmol/L), and nanomoles per liter (nmol/L). The famil-
iar concentration term molarity has not been adopted
by the SI as an expression of concentration. It should
also be noted that molarity depends on volume, and
any significant physical changes that influence volume,
such as changes in temperature and pressure, will also
influence molarity.

Molality (m) represents the amount of solute per 1 kg
of solvent. Molality is sometimes confused with molar-
ity; however, it can be easily distinguished from molarity
because molality is always expressed in terms of weight
per weight or moles per kilogram and describes moles
per 1,000 g (1 kg) of solvent. Note that the common
abbreviation (m) for molality is a lower case “m,” while
the upper case (M) refers to molarity. However, the
preferred expression for molality is moles per kilogram
(mol/kg) to avoid any confusion. Unlike molarity, molal-
ity is not influenced by temperature or pressure because
it is based on mass rather than volume.

Normality is the least likely of the four concentration
expressions to be encountered in clinical laboratories,
but it is often used in chemical titrations and chemical
reagent classification. It is defined as the number of gram
equivalent weights per 1 L of solution. An equivalent
weight is equal to the gmw of a substance divided by
its valence. The valence is the number of units that can
combine with or replace 1 mole of hydrogen ions for
acids and hydroxyl ions for bases and the number of
electrons exchanged in oxidation-reduction reactions.
It is the number of atoms/elements that can combine for
a particular compound; therefore, the equivalent weight
is the gram combining weight of a material. Normality
is always equal to or greater than the molarity of that
compound. Normality was previously used for report-
ing electrolyte values, such as sodium [Na*], potassium
[K*], and chloride [CI7], expressed as milliequivalents
per liter (mEq/L); however, this convention has been
replaced with the more familiar units of millimoles per
liter (mmol/L).

Solution saturation gives little specific informa-
tion about the concentration of solutes in a solution.
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Temperature, as well as the presence of other ions, can
influence the solubility constant for a solute in a given
solution and thus affect the saturation. Routine terms in
the clinical laboratory that describe the extent of satu-
ration are dilute, concentrated, saturated, and supersatu-
rated. A dilute solution is one in which there is relatively
little solute or one which has been made to a lower sol-
ute concentration per volume of solvent as when mak-
ing a dilution. In contrast, a concentrated solution has a
large quantity of solute in solution. A solution in which
there is an excess of undissolved solute particles can be
referred to as a saturated solution. As the name implies,
a supersaturated solution has an even greater concentra-
tion of undissolved solute particles than a saturated
solution of the same substance. Because of the greater
concentration of solute particles, a supersaturated solu-
tion is thermodynamically unstable. The addition of a
crystal of solute or mechanical agitation disturbs the
supersaturated solution, resulting in crystallization of
any excess material out of solution. An example is seen
when measuring serum osmolality by freezing point
depression.

Colligative Properties

The behavior of particles or solutes in solution dem-
onstrates four repeatable properties based only on the
relative number of each kind of molecule present. The
properties of osmotic pressure, vapor pressure, freezing
point, and boiling point are called colligative properties.
Vapor pressure is the pressure at which the liquid solvent
is in equilibrium with the water vapor. Freezing point
is the temperature at which the vapor pressures of the
solid and liquid phases are the same. Boiling point is the
temperature at which the vapor pressure of the solvent
reaches one atmosphere.

Osmotic pressure is the pressure that opposes
osmosis when a solvent flows through a semipermeable
membrane to establish equilibrium between compart-
ments of differing concentration. The osmotic pressure
of a dilute solution is proportional to the concentra-
tion of the molecules in solution. The expression for
concentration is the osmole. One osmole of a sub-
stance equals the molarity or molality multiplied by
the number of particles, not the kind, at dissociation.
If molarity is used, the resulting expression would be
termed osmolarity; if molality is used, the expression
changes to osmolality. Osmolality is preferred since
it depends on the weight rather than volume and is
not readily influenced by temperature and pressure
changes. When a solute is dissolved in a solvent, these
colligative properties change in a predictable manner
for each osmole of substance present; the freezing point
is lowered by —1.86°C, the boiling point is raised by
0.52°C, the vapor pressure is lowered by 0.3 mm Hg or
torr, and the osmotic pressure is increased by a factor of
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1.7 x 10* mm Hg or torr. In the clinical setting, freezing
point and vapor pressure depression can be measured
as a function of osmolality. Freezing point is preferred
since vapor pressure measurements can give inaccurate
readings when some substances, such as alcohols, are
present in the samples.

Redox Potential

Redox potential, or oxidation—reduction potential, is a
measure of the ability of a solution to accept or donate
electrons. Substances that donate electrons are called
reducing agents; those that accept electrons are con-
sidered oxidizing agents. The pneumonic—LEO (lose
electrons oxidized) the lion says GER (gain electrons
reduced)—may prove useful when trying to recall
the relationship between reducing/oxidizing agents and
redox potential.

Conductivity

Conductivity is a measure of how well electricity pass-
es through a solution. A solution’s conductivity qual-
ity depends principally on the number of respective
charges of the ions present. Resistivity, the reciprocal
of conductivity, is a measure of a substance’s resis-
tance to the passage of electrical current. The primary
application of resistivity in the clinical laboratory is for
assessing the purity of water. Resistivity or resistance
is expressed as ohms and conductivity is expressed as
ohms™! or mho.

pH and Buffers

Buffers are weak acids or bases and their related salts
that, as a result of their dissociation characteristics,
minimize changes in the hydrogen ion concentration.
Hydrogen ion concentration is often expressed as pH.
A lowercase p in front of certain letters or abbrevia-
tions operationally means the “negative logarithm of” or
“inverse log of” that substance. In keeping with this con-
vention, the term pH represents the negative or inverse
log of the hydrogen ion concentration. Mathematically,
pH is expressed as

_ 1
pH =log [
pH = —log[H*] (Eq. 1-1)

where [H*] equals the concentration of hydrogen ions in
moles per liter.

The pH scale ranges from 0 to 14 and is a convenient
way to express hydrogen ion concentration.

A buffer’s capacity to minimize changes in pH is
related to the dissociation characteristics of the weak
acid or base in the presence of its respective salt. Unlike
a strong acid or base, which dissociates almost com-
pletely, the dissociation constant for a weak acid or base
solution tends to be very small, meaning little dissocia-
tion occurs.
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The ionization of acetic acid (CH;COOH), a weak
acid, can be illustrated as follows:

[HA] <> [A7] + [HT]
[CH,COOH] ¢ [CH,COO7] + [H*] (Eq. 1-2)

where HA is a weak acid, A~ is a conjugate base, H" rep-
resents hydrogen ions, and [ | signifies concentration of
anything in the bracket. Sometimes the conjugate base,
A, will be referred to as a “salt” since, physiologically,
it will be associated with some type of cation such as
sodium (Na').

Note that the dissociation constant, K, for a weak
acid may be calculated using the following equation:

_ [AT][HT]
Ky = HA] (Eq. 1-3)
Rearrangement of this equation reveals
[HA]
[HT] =K, X [AT] (Eq. 1-4)

Taking the log of each quantity and then multiplying by
minus 1 (-1), the equation can be rewritten as

—log[H*] = —logK, X —log[HTé]]
By convention, lower case p means “negative log of”;
therefore, —log[H*] may be written as pH, and —-K, may
be written as pK,. The equation now becomes
[HA]
[A7]

(Eq. 1-5)

pH =pK, —log (Eq. 1-6)

Eliminating the minus sign in front of the log of the

HA]

quantity [ results in an equation known as the

Henderson-Hasselbalch equation, which mathematically
describes the dissociation characteristics of weak acids
(pK,) and bases (pKj) and the effect on pH:
- [A7]
pH = pK,+log THAT
When the ratio of [A7] to [HA] is 1, the pH equals the
pK and the buffer has its greatest buffering capacity. The
dissociation constant K, and therefore the pK_, remains
the same for a given substance. Any changes in pH are
solely due to the ratio of base/salt [A™] concentration to
weak acid [HA] concentration.

Tonic strength is another important aspect of buffers,
particularly in separation techniques. Ionic strength is
the concentration or activity of ions in a solution or buf-
fer. It is defined!'* as follows:

(Eq. 1-7)

1 =1=13CiZi* or

2{(CD) x (ZD)?)

5 (Eq. 1-8)

where Ci is the concentration of the ion, Zi is the charge
of the ion, and X is the sum of the quantity (Ci)(Zi)? for
each ion present. In mixtures of substances, the degree of
dissociation must be considered. Increasing ionic strength
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increases the ionic cloud surrounding a compound and
decreases the rate of particle migration. It can also pro-
mote compound dissociation into ions effectively increas-
ing the solubility of some salts, along with changes in
current, which can also affect electrophoretic separation.

CLINICAL LABORATORY SUPPLIES

Many different supplies are required in today’s medi-
cal laboratory; however, several items are common to
most facilities, including thermometers, pipets, flasks,
beakers, burets, desiccators, and filtering material. The
following is a brief discussion of the composition and
general use of these supplies.

Thermometers/Temperature

The predominant practice for temperature measure-
ment uses the Celsius (°C) or centigrade scale; how-
ever, Fahrenheit (°F) and Kelvin (°K) scales are also
used.!>!® The SI designation for temperature is the
Kelvin scale. Table 1-3 gives the conversion formulas
between Fahrenheit and Celsius scales and Appendix C
(on the companion web site) lists the various conversion
formulas between them all.

All analytic reactions occur at an optimal temperature.
Some laboratory procedures, such as enzyme determi-
nations, require precise temperature control, whereas
others work well over a wide range of temperatures.
Reactions that are temperature dependent use some type
of heating/cooling cell, heating/cooling block, or water/
ice bath to provide the correct temperature environment.
Laboratory refrigerator temperatures are often critical
and need periodic verification. Thermometers are either
an integral part of an instrument or need to be placed
in the device for temperature maintenance. The three
major types of thermometers discussed include liquid-
in-glass, electronic thermometer or thermistor probe,
and digital thermometer; however, several other types
of temperature-indicating devices are in use. Regardless
of which is being used, all temperature reading devices
must be calibrated to ascertain accuracy. Liquid-in-glass
thermometers use a colored liquid (red or other colored
material), or at one time mercury, encased in plastic or
glass material with a bulb at one end and a graduated

COMMON TEMPERATURE

Celsius (Centigrade)  °C (9/5) + 32 (Multiply Celsius
to Fahrenheit temperature by 9; divide the
answer by 5, then add 32)

(°F — 32)5/9 (Subtract 32 and
divide the answer by 9; then
multiply that answer by 5)

Fahrenheit to Celsius
(Centigrade)
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stem. They usually measure temperatures between 20°C
and 400°C. Partial immersion thermometers are used for
measuring temperatures in units such as heating blocks
and water baths and should be immersed to the proper
height as indicated by the continuous line etched on
the thermometer stem. Total immersion thermometers
are used for refrigeration applications, and surface ther-
mometers may be needed to check temperatures on flat
surfaces, such as in an incubator or heating oven. Visual
inspection of the liquid-in-glass thermometer should
reveal a continuous line of liquid, free from separation
or gas bubbles. The accuracy range for a thermometer
used in clinical laboratories is determined by the specific
application, but generally, the accuracy range should
equal 50% of the desired temperature range required by
the procedure.

Liquid-in-glass thermometers should be calibrated
against an NIST-certified or NIST-traceable thermometer
for critical laboratory applications.!” NIST has an SRM
thermometer with various calibration points (0°C, 25°C,
30°C, and 37°C) for use with liquid-in-glass thermom-
eters. Gallium, another SRM, has a known melting point
and can also be used for thermometer verification.

As automation advances and miniaturizes, the need
for an accurate, fast-reading electronic thermometer
(thermistor) has increased and is now routinely incor-
porated in many devices. The advantages of a thermistor
over the more traditional liquid-in-glass thermometers
are size and millisecond response time. Similar to the
liquid-in-glass thermometers, the thermistor can be
calibrated against an SRM thermometer or the gallium
melting point cell.'®!9 When the thermistor is calibrated
against the gallium cell, it can be used as a reference for
any type of thermometer.

Glassware and Plasticware

Until recently, laboratory supplies (e.g., pipets, flasks,
beakers, and burets) consisted of some type of glass and
could be correctly termed glassware. As plastic mate-
rial was refined and made available to manufacturers,
plastic has been increasingly used to make laboratory
utensils. Before discussing general laboratory supplies,
a brief summary of the types and uses of glass and
plastic commonly seen today in laboratories is given.
(See Appendices G, H, and I on the book’s companion
web site.) Regardless of design, most laboratory sup-
plies must satisfy certain tolerances of accuracy and fall
into two classes of precision tolerance, either Class A or
Class B as given by the American Society for Testing and
Materials (ASTM; vavv.astm.org).w’21 Those that satisfy
Class A ASTM precision criteria are stamped with the let-
ter “A” on the glassware and are preferred for laboratory
applications. Class B glassware generally have twice the
tolerance limits of Class A, even if they appear identical,
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and are often found in student laboratories where dura-
bility is needed. Vessels holding or transferring liquid
are designed either to contain (TC) or to deliver (TD)
a specified volume. As the names imply, the major
difference is that TC devices do not deliver that same
volume when the liquid is transferred into a container,
whereas the TD designation means that the labware will
deliver that amount.

Glassware used in the clinical laboratory usually fall
into one of the following categories: Kimax/Pyrex (boro-
silicate), Corex (aluminosilicate), high silica, Vycor
(acid and alkali resistant), low actinic (amber colored),
or flint (soda lime) glass used for disposable material.??
Whenever possible, routinely used clinical chemistry
glassware should consist of high thermal borosilicate
or aluminosilicate glass and meet the Class A toler-
ances recommended by the NIST/ASTM/ISO 9000. The
manufacturer is the best source of information about
specific uses, limitations, and accuracy specifications
for glassware.

Plasticware is beginning to replace glassware in the
laboratory setting. The unique high resistance to corro-
sion and breakage, as well as varying flexibility, has made
plasticware most appealing. Relatively inexpensive, it
allows most items to be completely disposable after each
use. The major types of resins frequently used in the
clinical chemistry laboratory are polystyrene, polyethyl-
ene, polypropylene, Tygon, Teflon, polycarbonate, and
polyvinyl chloride. Again, the individual manufacturer is
the best source of information concerning the proper use
and limitations of any plastic material.

In most laboratories, glass or plastic that is in direct
contact with biohazardous material is usually disposable.
If not, it must be decontaminated according to appropri-
ate protocols. Should the need arise, however, clean-
ing of glass or plastic may require special techniques.
Immediately rinsing glass or plastic supplies after use,
followed by washing with a powder or liquid detergent
designed for cleaning laboratory supplies and several dis-
tilled water rinses, may be sufficient. Presoaking glass-
ware in soapy water is highly recommended whenever
immediate cleaning is impractical. Many laboratories
use automatic dishwashers and dryers for cleaning.
Detergents and temperature levels should be compatible
with the material and the manufacturer’s recommenda-
tions. To ensure that all detergent has been removed
from the labware, multiple rinses with appropriate grade
water is recommended. Check the pH of the final rinse
water and compare it with the initial pH of the prerinse
water. Detergent-contaminated water will have a more
alkaline pH as compared with the pH of the appropriate
grade water. Visual inspection should reveal spotless ves-
sel walls. Any biologically contaminated labware should
be disposed of according to the precautions followed by
that laboratory.
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Some determinations, such as those used in assess-
ing heavy metals or assays associated with molecular
testing, require scrupulously clean or disposable glass-
ware. Some applications may require plastic rather than
glass because glass can absorb metal ions. Successful
cleaning solutions are acid dichromate and nitric acid.
It is suggested that disposable glass and plastic be used
whenever possible.

Dirty reusable pipets should be placed immediately
in a container of soapy water with the pipet tips up. The
container should be long enough to allow the pipet tips
to be covered with solution. A specially designed pipet
soaking jar and washing/drying apparatus are recom-
mended. For each final water rinse, fresh reagent grade
water should be provided. If possible, designate a pipet
container for final rinses only. Cleaning brushes are
available to fit almost any size glassware and are recom-
mended for any articles that are washed routinely.

Although plastic material is often easier to clean
because of its nonwettable surface, it may not be appro-
priate for some applications involving organic solvents
or autoclaving. Brushes or harsh abrasive cleaners should
not be used on plasticware. Acid rinses or washes are
not required. The initial cleaning procedure described
in Appendix J (on the book’s companion web site) can
be adapted for plasticware as well. Ultrasonic cleaners
can help remove debris coating the surfaces of glass or
plasticware. Properly cleaned laboratory ware should be
completely dried before using.

Laboratory Vessels

Flasks, beakers, and graduated cylinders are used to
hold solutions. Volumetric and Erlenmeyer flasks are
two types of containers in general use in the clinical
laboratory.

A Class A volumetric flask is calibrated to hold one
exact volume of liquid (TC). The flask has a round,
lower portion with a flat bottom and a long, thin neck
with an etched calibration line. Volumetric flasks are
used to bring a given reagent to its final volume with the
prescribed diluent and should be Class A quality. When
bringing the bottom of the meniscus to the calibration
mark, a pipet should be used when adding the final drops
of diluent to ensure maximum control is maintained and
the calibration line is not missed.

Erlenmeyer flasks and Griffin beakers are designed
to hold different volumes rather than one exact amount.
Because Erlenmeyer flasks and Griffin beakers are often
used in reagent preparation, flask size, chemical inert-
ness, and thermal stability should be considered. The
Erlenmeyer flask has a wide bottom that gradually
evolves into a smaller, short neck. The Griffin beaker
has a flat bottom, straight sides, and an opening as wide
as the flat base, with a small spout in the lip.

Graduated cylinders are long, cylindrical tubes usu-
ally held upright by an octagonal or circular base. The
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cylinder has calibration marks along its length and is
used to measure volumes of liquids. Graduated cylinders
do not have the accuracy of volumetric labware. The
sizes routinely used are 10, 25, 50, 100, 500, 1,000, and
2,000 mL.

All laboratory utensils used in critical measurement
should be Class A whenever possible to maximize
accuracy and precision and thus decrease calibration
time. (Fig. 1-1 illustrates representative laboratory
glassware.)

Pipets

Pipets are glass or plastic utensils used to transfer liquids;
they may be reusable or disposable. Although pipets may
transfer any volume, they are usually used for volumes of
20 mL or less; larger volumes are usually transferred or
dispensed using automated pipetting devices or jar-style
pipetting apparatus. Table 1-4 outlines the classification
applied here.

Similar to many laboratory utensils, pipets are
designed to contain (TC) or to deliver (TD) a particular
volume of liquid. The major difference is the amount of
liquid needed to wet the interior surface of the ware and
the amount of any residual liquid left in the pipet tip.
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FIGURE 1-1 Laboratory glassware.
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PIPET CLASSIFICATION

I. Design
A. To contain (TC)
B. To deliver (TD)

Il. Drainage characteristics
A. Blowout
B. Self-draining

lll. Type

A. Measuring or graduated
1. Serologic
2. Mohr
3. Bacteriologic
4. Ball, Kolmer, or Kahn
5. Micropipet

B. Transfer
1. Volumetric
2. Ostwald-Folin
3. Pasteur pipets
4. Automatic macropipets or micropipets

Most manufacturers stamp TC or TD near the top of the
pipet to alert the user as to the type of pipet. Like other
TC-designated labware, a TC pipet holds or contains
a particular volume but does not dispense that exact
volume, whereas a TD pipet will dispense the volume
indicated. When using either pipet, the tip must be
immersed in the intended transfer liquid to a level that
will allow the tip to remain in solution after the volume
of liquid has entered the pipet—without touching the
vessel walls. The pipet is held upright, not at an angle
(Fig. 1-2). Using a pipet bulb or similar device, a slight
suction is applied to the opposite end until the liquid
enters the pipet and the meniscus is brought above
the desired graduation line (Fig. 1-3A), suction is then
stopped. While the meniscus level is held in place, the
pipet tip is raised slightly out of the solution and wiped
with a laboratory tissue of any adhering liquid. The lig-
uid is allowed to drain until the bottom of the meniscus
touches the desired calibration mark (Figs. 1-2B and
1-3). With the pipet held in a vertical position and the
tip against the side of the receiving vessel, the pipet
contents are allowed to drain into the vessel (e.g., test
tube, cuvet, and flask). A blowout pipet has a continuous
etched ring or two small, close, continuous rings located
near the top of the pipet. This means that the last drop
of liquid should be expelled into the receiving vessel.
Without these markings, a pipet is self-draining, and the
user allows the contents of the pipet to drain by grav-
ity. The tip of the pipet should not be in contact with
the accumulating fluid in the receiving vessel during
drainage. With the exception of the Mohr pipet, the tip
should remain in contact with the side of the vessel for
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Serologic/Mohr

N

Correct

Volumetric/Ostwald-Folin

i

"‘

Correct

FIGURE 1-2 Correct and incorrect pipet positions.

several seconds after the liquid has drained. The pipet
is then removed. Various pipet bulbs are illustrated in
Figure 1-4.

Measuring or graduated pipets are capable of dis-
pensing several different volumes. Because the gradu-
ation lines located on the pipet may vary, they should
be indicated on the top of each pipet. For example, a
5 mL pipet can be used to measure 5, 4, 3, 2, or 1 mL of
liquid, with further graduations between each milliliter.
The pipet is designated as 5 in 1/10 increments (Fig. 1-5)
and could deliver any volume in tenths of a milliliter,
up to 5 mL. Another pipet, such as a 1 mL pipet, may
be designed to dispense 1 mL and have subdivisions of
hundredths of a milliliter. The markings at the top of a

Bottom of
the meniscus

—— Meniscus
10 —=— Graduation line

== ©

FIGURE 1-3 Pipetting technique. (A) Meniscus is brought above
the desired graduation line. (B) Liquid is allowed to drain until the
bottom of the meniscus touches the desired calibration mark.
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measuring or graduated pipet indicate the volume(s) it
is designed to dispense. The subgroups of measuring or
graduated pipets are Mohr, serologic, and micropipets.
A Mohr pipet does not have graduations to the tip. It is a
self-draining pipet, but the tip should not be allowed to
touch the vessel while the pipet is draining. A serologic
pipet has graduation marks to the tip and is generally a
blowout pipet. A micropipet is a pipet with a total holding
volume of less than 1 mL; it may be designed as either a
Mohr or a serologic pipet. Measuring pipets are used to
transfer reagents and to make dilutions and can be used
to repeatedly transfer a particular solution.

The next major category is the transfer pipets. These
pipets are designed to dispense one volume without fur-
ther subdivisions. The bulblike enlargement in the pipet
stem easily distinguishes the Ostwald-Folin and volumetric

((H

Ny <17 0
5in 1/10 g =T
S L N\

Major divisions

Total volume
FIGURE 1-5 Volume indication of a pipet.

subgroups. Ostwald-Folin pipets are used with biologic
fluids having a viscosity greater than that of water. They
are blowout pipets, indicated by two etched continu-
ous rings at the top. The volumetric pipet is designed
to dispense or transfer aqueous solutions and is always
self-draining. This type of pipet usually has the greatest
degree of accuracy and precision and should be used
when diluting standards, calibrators, or quality-control
material. They should only be used once. Pasteur pipets
do not have calibration marks and are used to transfer
solutions or biologic fluids without consideration of a
specific volume. These pipets should not be used in any
quantitative analytic techniques.

The automatic pipet is the most routinely used pipet in
today’s clinical chemistry laboratory. The term automatic,
as used here, implies that the mechanism that draws up
and dispenses the liquid is an integral part of the pipet. It
may be a fully automated/self-operating, semiautomatic,
or completely manually operated device. Automatic and
semiautomatic pipets have many advantages, includ-
ing safety, stability, ease of use, increased precision,
the ability to save time, and less cleaning required as a
result of the contaminated portions of the pipet (e.g., the
tips) often being disposable. Figure 1-6 illustrates many

FIGURE 1-6 (A) Fixed volume, ultramicrodigital, air-displacement pipettes with tip ejector. (B) Fixed-volume
air-displacement pipet. (C) Digital electronic positive-displacement pipets. (D) Syringe pipets.
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common automatic pipets. A pipet associated with only
one volume is termed a fixed volume, and models able
to select different volumes are termed variable; however,
only one volume may be used at a time. The available
range of volumes is 1 pL to 5,000 mL. The widest volume
range usually seen in a single pipet is 0 to 1 mL. A pipet
with a pipetting capability of less than 1 mL is considered
a micropipet, and a pipet that dispenses greater than 1 mL
is called an automatic macropipet.

In addition to classification by volume delivery
amounts, automatic pipets can also be categorized
according to their mechanism: air-displacement, posi-
tive-displacement, and dispenser pipets. An air-displace-
ment pipet relies on a piston for creating suction to draw
the sample into a disposable tip that must be changed
after each use. The piston does not come in contact
with the liquid. A positive-displacement pipet operates by
moving the piston in the pipet tip or barrel, much like
a hypodermic syringe. It does not require a different tip
for each use. Because of carryover concerns, rinsing and
blotting between samples may be required. Dispensers
and dilutor/dispensers are automatic pipets that obtain
the liquid from a common reservoir and dispense it
repeatedly. The dispensing pipets may be bottle-top,
motorized, handheld, or attached to a dilutor. The dilu-
tor often combines sampling and dispensing functions.
Figure 1-7 provides examples of different types of auto-
matic pipetting devices. These pipets should be used
according to the individual manufacturer’s directions.
Many automated pipets use a wash between samples to
eliminate carryover problems. However, to minimize
carryover contamination with manual or semiautomatic
pipets, careful wiping of the tip may remove any liquid
that adhered to the outside of the tip before dispensing
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any liquid. Care should be taken to ensure that the ori-
fice of the pipet tip is not blotted, drawing sample from
the tip. Another precaution in using manually operated
semiautomatic pipets is to move the plunger in a con-
tinuous and steady manner.

Disposable one-use pipet tips are designed for use
with air-displacement pipets. The laboratory scientist
should ensure that the pipet tip is seated snugly onto
the end of the pipet and free from any deformity. Plastic
tips used on air-displacement pipets can vary. Different
brands can be used for one particular pipet but they do
not necessarily perform in an identical manner. Plastic
burrs may be present on the interior of the tip that can-
not always be detected by the naked eye. A method using
a 0.1% solution of phenol red in distilled water has been
used to compare the reproducibility of different brands
of pipet tips.”> When using this method, the pipet and
the operator should remain the same so that variation is
only a result of changes in the pipet tips.

Tips for positive-displacement pipets are made of
straight columns of glass or plastic. These tips must
fit snugly to avoid carryover and can be used repeat-
edly without being changed after each use. As previously
mentioned, these devices may need to be rinsed and
dried between samples to minimize carryover.

Class A pipets, like all other Class A labware, do not
need to be recalibrated by the laboratory. Automatic
pipetting devices, as well as non—Class A materials, do
need recalibration. A gravimetric method (see Box 1-1)
can accomplish this task by delivering and weighing
a solution of known specific gravity, such as water. A
currently calibrated analytic balance and at least Class 2
weights should be used. A pipet should be used only if it
is within £1.0% of the expected value.

FIGURE 1-7 (A) Digital dilutor/dispenser. (B, C) Dispenser.
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BOX 1-1 GRAVIMETRIC PIPET CALIBRATION

Materials

Pipet

10 to 20 pipet tips, if needed

Balance capable of accuracy and resolution to £0.1%
of dispensed volumetric weight

Weighing vessel large enough to hold volume of
liquid

Type I/CLRW

Thermometer and barometer

Procedure

1. Record the weight of the vessel. Record the
temperature of the water. It is recommended that
all materials be at room temperature. Obtain the
barometric pressure.

2. Place a small volume (0.5 mL) of the water into
the container. To prevent effects from evapora-
tion, it is desirable to loosely cover each container
with a substance such as Parafilm. Avoid handling
of the containers.

3. Weigh each container plus water to the nearest
0.1 mg or set the balance to zero.

4. Using the pipet to be tested, draw up the speci-
fied amount. Carefully wipe the outside of the tip.
Care should be taken not to touch the end of
the tip; this will cause liquid to be wicked out
of the tip, introducing an inaccuracy as a result of
technique.

5. Dispense the water into the weighed vessel.

Touch the tip to the side.

. Record the weight of the vessel.

. Subtract the weight obtained in step 3 from that

obtained in step 6. Record the result.

N O

Although gravimetric validation is the most desirable
method, pipet calibration may also be accomplished by
using photometric methods, particularly for automatic
pipetting devices. When a spectrophotometer is used,
the molar extinction coefficient of a compound, such
as potassium dichromate, is obtained. After an aliquot
of diluent is pipetted, the change in concentration will
reflect the volume of the pipet. Another photometric
technique used to assess pipet accuracy compares the
absorbances of dilutions of potassium dichromate, or
another colored liquid with appropriate absorbance spec-
tra, using Class A volumetric labware versus equivalent
dilutions made with the pipetting device.

These calibration techniques are time consuming
and, therefore, impractical for use in daily checks. It is
recommended that pipets be checked initially and subse-
quently three or four times per year, or as dictated by the
laboratory’s accrediting agency. Many companies offer
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8. If plastic tips are used, change the tip between
each dispensing. Repeat steps 1 to 6 for a mini-
mum of nine additional times.

9. Obtain the average or mean of the weight of the
water. Multiply the mean weight by the corre-
sponding density of water at the given tempera-
ture and pressure. This may be obtained from the
Handbook of Chemistry and Physics.® At 20°C,
the density of water is 0.9982.

10. Determine the accuracy or the ability of the pipet
to dispense the expected (selected or stated)
volume according to the following formula:

Mean volume

O,
Expected volume SR

(Eq. 1-9)

The manufacturer usually gives acceptable limitations
for a particular pipet, but they should not be used

if the value differs by more than 1.0% from the
expected value.

Precision can be indicated as the percent coef-
ficient of variation (%CV) or standard deviation (SD)
for a series of repetitive pipetting steps. A discussion
of %CV and SD can be found in Chapter 3. The equa-
tions to calculate the SD and %CV are as follows:

SD = \/ S(x — x)?

n-1

%V =32 x 100 (Eq. 1-10)

Required imprecision is usually +1 SD. The %CV will
vary with the expected volume of the pipet, but
the smaller the %CV value, the greater the preci-
sion. When n is large, the data are more statistically
valid.2124

calibration services; the one chosen should also satisfy
any accreditation requirements. A quick, daily check for
many larger volume automatic pipetting devices involves
the use of volumetric flasks. For example, a bottle-top
dispenser that routinely delivers 2.5 mL of reagent may
be checked by dispensing four aliquots of the reagent
into a 10 mL Class A volumetric flask. The bottom of the
meniscus should meet with the calibration line on the
volumetric flask.

Burets

A buret looks like a wide, long, graduated pipet with a
stopcock at one end. A buret’s usual total volume ranges
from 25 to 100 mL of solution and is used to dispense a
particular volume of liquid during a titration (Fig. 1-8).

Syringes
Syringes are sometimes used for transfer of small volumes
(less than 500 pL) in blood gas analysis or in separation
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Volumetric flask Erlenmeyer flask Griffin beaker are called deliquescent substances. Closed and sealed
containers, referred to as desiccators, that contain des-
iccant material may be used to store more hygroscopic
substances. Many sealed packets or shipping containers,
often those that require refrigeration, include some type
of small packet of desiccant material to prolong storage.

Balances

L) A properly operating balance is essential in producing
S ™ high-quality reagents and standards. However, because

many laboratories discontinued in-house reagent prepa-
ration, balances may no longer be as widely used.
Burets Graduated cylinder Filtering flask Balances are classified according to their design, number
s of pans (single or double), and whether they are mechan-
ical or electronic or classified by operating ranges, as
determined by precision balances (readability =2 ng),
analytic balances (readability =0.001 g), or microbal-
ances (readability =0.1 pg; Fig. 1-9).

Analytic and electronic balances are currently the
most popular in the clinical laboratory. Analytic balances
are required for the preparation of any primary standard.
The mechanical analytic balance is also known as a sub-
stitution balance. It has a single pan enclosed by sliding
transparent doors, which minimize environmental influ-
ences on pan movement. The pan is attached to a series
of calibrated weights that are counterbalanced by a single
weight at the opposite end of a knife-edge fulcrum. The
operator adjusts the balance to the desired mass and
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FIGURE 1-8 Examples of laboratory glassware.

techniques such as chromatography or electrophoresis.
The syringes are glass and have fine barrels. The plunger
is often made of a fine piece of wire. Tips are not used
when syringes are used for injection of sample into a
gas chromatographic system. In electrophoresis work,
however, disposable Teflon tips may be used. Expected
inaccuracies for volumes less than 5 pL are 2%, whereas
for greater volumes, the inaccuracy is approximately 1%.

Desiccators and Desiccants

Many compounds combine with water molecules to form
loose chemical crystals. The compound and the associ-
ated water are called a hydrate. When the water of crys-
tallization is removed from the compound, it is said to be
anhydrous. Substances that take up water on exposure to
atmospheric conditions are called hygroscopic. Materials
that are very hygroscopic can remove moisture from the
air as well as from other materials. These materials make
excellent drying substances and are sometimes used as
desiccants (drying agents) to keep other chemicals from
becoming hydrated. If these compounds absorb enough FIGURE 1-9 (A) Electronic top-loading balance.
water from the atmosphere to cause dissolution, they (B) Electronic analytic balance with printer.

B
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places the material, contained within a tared weighing
vessel, on the sample pan. An optical scale allows the
operator to visualize the mass of the substance. The
weight range for certain analytic balances is from 0.01
mg to 160 g.

Electronic balances are single-pan balances that
use an electromagnetic force to counterbalance the
weighed sample’s mass. Their measurements equal the
accuracy and precision of any available mechanical bal-
ance, with the advantage of a fast response time (less
than 10 seconds).

Test weights used for calibrating balances should
be selected from the appropriate ANSI/ASTM Classes 1
through 4.2°> This system has replaced the former NIST
Class S standards used prior to 1993. Class 1 weights
provide the greatest precision and should be used for
calibrating high-precision analytic balances in the weight
range of 0.01 to 0.1 mg. Former NBS S standard weights
are equivalent to ASTM Class 2 (0.001 to 0.01 g), and
S-1 is equivalent to ASTM Class 3 (0.01 to 0.1 g). The
frequency of calibration is dictated by the accreditation/
licensing guidelines for a specific laboratory. Balances
should be kept scrupulously clean and be located in an
area away from heavy traffic, large pieces of electrical
equipment, and open windows. The level checkpoint
should always be corrected before weighing occurs.

BASIC SEPARATION TECHNIQUES

Contemporary modifications of filtration and dialysis use
matrix-based fibrous material providing a mechanism of
separation in many homogeneous immunoassays. These
materials may be coated with specific antibody-ligand to
foster selection of specific materials or species. Certain
labels use magnetic particles in conjunction with strong
magnets to effect separation. Further discussion of sepa-
ration mechanisms used in immunoassays may be found
in Chapters 8 and 9. Basic universally used separation
mechanisms, outside of those incorporated in immuno-
assay, are centrifugation, filtration, and dialysis.

Centrifugation

Centrifugation is a process in which centrifugal force is
used to separate solid matter from a liquid suspension.
The centrifuge carries out this action. It consists of a head
or rotor, carriers, or shields (Fig. 1-10) that are attached
to the vertical shaft of a motor or air compressor and
enclosed in a metal covering. The centrifuge always has a
lid and an on/off switch; however, many models include
a brake or a built-in tachometer, which indicates speed,
and some centrifuges are refrigerated. Centrifugal force
depends on three variables: mass, speed, and radius. The
speed is expressed in revolutions per minute (rpm), and
the centrifugal force generated is expressed in terms
of relative centrifugal force (RCF) or gravities (g). The
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FIGURE 1-10 (A) Benchtop centrifuge.
(B) Swinging-bucket rotor. (C) Fixed-head rotor.

speed of the centrifuge is related to the RCF by the
following equation:

RCF=1.118 x 107 x r X (rpm)?  (Eq. 1-11)

where 1.118 x 107 is a constant, determined from the
angular velocity, and r is the radius in centimeters,
measured from the center of the centrifuge axis to the
bottom of the test tube shield or bucket. The RCF value
may also be obtained from a nomogram similar to that
found in Appendix F on the book’s companion web
site. Centrifuge classification is based on several crite-
ria, including benchtop or floor model, refrigeration,
rotor head (e.g., fixed, hematocrit, swinging-bucket, or
angled; Fig. 1-10), or maximum speed attainable (i.e.,
ultracentrifuge). Centrifuges are generally used to sepa-
rate serum or plasma from the blood cells as the blood
samples are being processed; to separate a supernatant
from a precipitate during an analytic reaction; to separate
two immiscible liquids, such as a lipid-laden sample; or
to expel air.
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Centrifuge care includes daily cleaning of any spills
or debris, such as blood or glass, and ensuring that the
centrifuge is properly balanced and free from any exces-
sive vibrations. Balancing the centrifuge load is critical
(Fig. 1-11). Many newer centrifuges will automatically
decrease their speed if the load is not evenly distributed,
but more often, the centrifuge will shake and vibrate or
make more noise than expected. A centrifuge needs to
be balanced based on equalizing both the volume and
weight distribution across the centrifuge head. Many
laboratories will make up “balance” tubes that approxi-
mate routinely used volumes and tube sizes, including
the stopper on phlebotomy tubes, which can be used to
match those needed from patient samples. A good rule of
thumb is one of even placement and one of “opposition.”
Exact positioning of tubes depends on the design of the
centrifuge holders.

The centrifuge cover should remain closed until the
centrifuge has come to a complete stop to avoid any
aerosol contamination. It is recommended that the timer,
brushes (if present), and speed be periodically checked.
The brushes, which are graphite bars attached to a
retainer spring, create an electrical contact in the motor.
The specific manufacturer’s service manual should be
consulted for details on how to change brushes and on
lubrication requirements. The speed of a centrifuge is
easily checked using a tachometer or strobe light. The
hole located in the lid of many centrifuges is designed
for speed verification using these devices but may also
represent an aerosol biohazard. Accreditation agencies
require periodic verification of centrifuge speeds.

FIGURE 1-11 Properly balanced centrifuge. Colored circles repre-
sent counterbalanced positions for sample tubes.
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FIGURE 1-12 Methods of folding a filter paper. (
fourths.

A) In a fan. (B) In

Filtration

Filtration can be used instead of centrifugation for the
separation of solids from liquids. However, paper filtra-
tion is only occasionally used in today’s laboratory and,
therefore, only the basics are discussed here. Filter mate-
rial is made of paper, cellulose and its derivatives, polyes-
ter fibers, glass, and a variety of resin column materials.
Traditionally, filter paper was folded in a manner that
allowed it to fit into a funnel. In method A, round filter
paper is folded like a fan (Fig. 1-12A); in method B, the
paper is folded into fourths (Fig. 1-12B).

Filter papers differ in pore size and should be selected
according to separation needs and associated flow rate
for given liquids. Filter paper should not be used when
using strong acids or bases. When the filter paper is
placed inside the funnel, the solution slowly drains
through the filter paper within the funnel and into a
receiving vessel. The liquid that passes through the filter
paper is called the filtrate.

Dialysis

Dialysis is another method for separating macromol-
ecules from a solvent or smaller substances. It became
popular when used in conjunction with the Technicon
AutoAnalyzer system in the 1970s. Basically, a solution
is put into a bag or is contained on one side of a semiper-
meable membrane. Larger molecules are retained within
the sack or on one side of the membrane, while smaller
molecules and solvents diffuse out. This process is very
slow. The use of columns that contain a gel material
has replaced manual dialysis separation in most analytic
procedures.

LABORATORY MATHEMATICS
AND CALCULATIONS

Significant Figures

Significant figures are the minimum number of digits
needed to express a particular value in scientific nota-
tion without loss of accuracy. The number 814.2 has
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four significant figures, because in scientific notation
it is written as 8.142 x 102, The number 0.000641 has
three significant figures, because the scientific nota-
tion expression for this value is 6.41 x 10~*. The zeros
are merely holding decimal places and are not needed
to properly express the number in scientific notation.
However, by convention, zeros following a decimal point
are considered significant. For example, 10.00 has four
significant figures.

Logarithms

The base 10 logarithm (log) of a positive number N great-
er than zero is equal to the exponent to which 10 must
be raised to produce N. Therefore, it can be stated that
N equals 10%, and the log of N is equal to x. The number
N is the antilogarithm (antilog) of x.

The logarithm of a number, which is written in
decimal format, consists of two parts: the character, or
characteristic, and the mantissa. The characteristic is
the number to the left of the decimal point in the log
and is derived from the exponent, and the mantissa is
that portion of the logarithm to the right of the decimal
point and is derived from the number itself. Although
several approaches can be taken to determine the log,
one approach is to write the number in scientific nota-
tion. The number 1,424 expressed in scientific notation
is 1.424 x 103, making the characteristic value a 3. The
characteristic can also be determined by adding the
number of significant figures and then subtracting 1
from the sum. The mantissa is derived from a log table
or calculator having a log function for the remainder of
the number. For 1.424, a calculator would give a man-
tissa of 0.1535. Certain calculators with a log function
do not require conversion to scientific notation. This
would give a log value of 3.1535 (3 + 0.1535).

To determine the original number from a log value, the
process is done in reverse. This process is termed the anti-
logarithm. If given a log of 3.1535, most calculators require
that you enter this value, use an inverse or secondary/
shift function, and enter log, and the resulting value
should be 1.424 x 10°. Consult the specific manufacturer’s
directions to become acquainted with the proper use of
these functions.

pH (Negative Logarithms)
The characteristic of a log may be positive or negative,
but the mantissa is always positive. In certain circum-
stances, the laboratory scientist must deal with negative
logs. Such is the case with pH or pK,. As previously
stated, the pH of a solution is defined as minus the log
of the hydrogen ion concentration. The following is a
convenient formula to determine the negative logarithm
when working with pH or pK_:
pH
pK

=x—logN (Eq. 1-12)

a
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where x is negative exponent base 10 expressed without
the minus sign and N is the decimal portion of the scien-
tific notation expression.

For example, if the hydrogen ion concentration of a
solution is 5.4 x 1079, then x = 6 and N = 5.4. Substitute
this information into Equation 1-12, and it becomes

pH=06-log5.4 (Eq. 1-13)

The logarithm of N (5.4) is equal to 0.7324, or 0.73. The
pH becomes

pH=6-0.73=5.27 (Eq. 1-14)

The same formula can be applied to obtain the hydrogen
ion concentration of a solution when only the pH is
given. Using a pH of 5.27, the equation becomes

527 =x—1logN (Eq. 1-15)

In this instance, the x term is always the next largest
whole number. For this example, the next largest whole
number is 6. Substituting for x, the equation becomes

5.27=6—logN (Eq. 1-16)

A shortcut is to simply subtract the pH from x (6 —
5.27 = 0.73) and take the antilog of that answer 5.73.
The final answer is 5.73 X 107°. Note that rounding,
while allowed, can alter the answer. A more algebraically
correct approach follows in Eqs. 1-17 through 1-19.
Multiply all the variables by —1:

(=1)(5.27) = (=1)(6) — (=1)(logN)
—5.27 =-6 + logN

Solve the equation for the unknown quantity by adding
a positive 6 to both sides of the equal sign and the equa-
tion becomes

(Eq. 1-17)

6 —5.27 =logN

0.73 =logN (Eq. 1-18)

The result is 0.73, which is the antilogarithm value of N,
which is 5.37, or 5.4:

Antilog 0.73=N; N=537=5.4 (Eq. 1-19)

The hydrogen ion concentration for a solution with
a pH of 5.27 is 5.4 x 107°. Many scientific calcula-
tors have an inverse function or syntax that allows
for more direct calculation of negative logarithms.
It is important, however, to fully understand the
proper use of the many calculator functions available,
keeping in mind that the specific steps vary between
manufacturers.

Concentration

A detailed description of each concentration term (e.g.,
molarity and normality) may be found at the beginning
of this chapter. The following discussion focuses on
the basic mathematical expressions needed to prepare
reagents of a stated concentration.
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Percent Solution

A percent solution is determined in the same manner
regardless of whether weight/weight, volume/volume, or
weight/volume units are used. Percent implies “parts per
100,” which is represented as percent (%) and is inde-
pendent of the molecular weight of a substance.

Example 1-1 Weight/Weight (w/w)

To make up 100 g of a 5% aqueous solution of hydrochloric
acid (using 12 M HCI), multiply the total amount by the
percent expressed as a decimal. The calculation becomes

5% = -2 = 0.050

130 (Eq. 1-20)

Therefore,

0.50x100g=5gof 12M HCl (Eq. 1-21)

Another way of arriving at the answer is to set up a ratio
so that

2

100

X

=

1l 1l
(6, gy
S

(Eq. 1-22)

Example 1-2 Weight/Volume (w/v)

The most frequently used term for a percent solution is
weight per volume, which is often expressed as grams per
100 mL of the diluent. To make up 1,000 mL of a 10%
(w/v) solution of NaOH, use the preceding approach.
The calculations become

10/100 = 0.10 X 1,000 =100 g
(% expressed as a decimal) (total amount)
or
10 _ x
100 1,000
x =100 (Eq. 1-23)

Therefore, add 100 g of 10% NaOH to a 1,000 mL volu-
metric Class A flask and dilute to the calibration mark
with reagent grade water.

Example 1-3 Volume/Volume (v/v)
Make up 50 mL of a 2% (v/v) concentrated hydrochloric
acid solution.

2/100 =0.02 x50 =1 mL

or

[~

o
— 8|x

10

=
Il

(Eq. 1-24)

Therefore, add 40 mL of water to a 50 mL Class A volu-
metric flask, add 1 mL of concentrated HCI, mix, and
dilute up to the calibration mark with reagent grade
water. Remember, always add acid to water!

Molarity

Molarity (M) is routinely expressed in units of moles
per liter (mol/L) or sometimes millimoles per millili-
ter (mmol/mL). Remember that 1 mol of a substance
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is equal to the gmw of that substance. When trying to
determine the amount of substance needed to yield a
particular concentration, initially decide what final con-
centration units are needed. For molarity, the final units
will be moles per liter (mol/L) or millimoles per milliliter
(mmol/mL). The second step is to consider the existing
units and the relationship they have to the final desired
units. Essentially, try to put as many units as possible
into “like” terms and arrange so that the same units can-
cel each other out, leaving only those wanted in the final
answer. To accomplish this, it is important to remember
what units are used to define each concentration term.
It is key to understand the relationship between molar-
ity (moles/liter), moles, and gmw. While molarity is
given in these examples, the approach for molality is the
same except that one molal is expressed as one mole of
solute per kilogram of solvent. For water, one kilogram
is proportional to one liter, so molarity and molality are
equivalent.

Example 1-4

How many grams are needed to make 1 L of a 2 M solu-
tion of HCI?

Step 1: Which units are needed in the final answer?
Answer: Grams per liter (g/L).

Step 2: Assess other mass/volume terms used in the prob-
lem. In this case, moles are also needed for the calcula-
tion: How many grams are equal to 1 mole? The gmw of
HCI, which can be determined from the periodic table,
will be equal to 1 mole. For HCI, the gmw is 36.5, so the
equation may be written as

36.5@HCI o 2mot _ 73@HCI
mol © O
Cancel out like units, and the final units should be
grams per liter. In this example, 73 grams HCI per liter
is needed to make up a 2 M solution of HCI.

(Eq. 1-25)

Example 1-5

A solution of NaOH is contained within a Class A 1 L
volumetric flask filled to the calibration mark. The con-
tent label reads 24 g of NaOH. Determine the molarity.
Step 1: What units are ultimately needed? Answer: Moles
per liter (mol/L).

Step 2: The units that exist are grams and 1 L. NaOH may
be expressed as moles and grams. The gmw of NaOH
is calculated to equal 40 g/mol. Rearrange the equation
so that grams can be canceled and the remaining units
reflect those needed in the answer, which are mole/L.
Step 3: The equation becomes

24 ¢ NaOH w1 )
© 40 ¢ NaOH
By canceling out like units and performing the appro-
priate calculations, the final answer of 0.6 M or 0.6 mol/L
is derived.

=0.6 mTc’l (Eq. 1-26)
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Example 1-6

Make up 250 mL of a 4.8 M solution of HCI.

Step 1: Units needed? Answer: Grams (g).

Step 2: Determine the gmw of HCI (36.5 g), which is
needed to calculate the molarity.

Step 3: Set up the equation, cancel out like units, and
perform the appropriate calculations:

36.5@HCl . 4.8 mel HCL, 250 mE'x T
-] 1,000 wl
= 43.8@HCI (Eq. 1-27)

In a 250 mL volumetric flask, add 200 mL of reagent
grade water. Add 43.8 g of HCI and mix. Dilute up to the
calibration mark with reagent grade water.

Although there are various methods to calculate
laboratory mathematical problems, this technique of
canceling like units can be used in most clinical chem-
istry situations, regardless of whether the problem
requests molarity, normality, or exchanging one con-
centration term for another. However, it is necessary to
recall the interrelationship between all the units in the
expression.

Normality

Normality (N) is expressed as the number of equivalent
weights per liter (Eq/L) or milliequivalents per milliliter
(mmol/mL). Equivalent weight is equal to gmw divided
by the valence (V). Normality has often been used in
acid-base calculations because an equivalent weight of a
substance is also equal to its combining weight. Another
advantage in using equivalent weight is that an equiva-
lent weight of one substance is equal to the equivalent
weight of any other chemical.

Example 1-7
Give the equivalent weight, in grams, for each substance
listed below.

1. NaCl (gmw = 58 g, valence = 1)

58/1 = 58 g per equivalent weight  (Eq. 1-28)
2. HCI (gmw = 36, valence = 1)

36/1 = 36 g per equivalent weight  (Eq. 1-29)
3. H,S0, (gmw = 98, valence = 2)

98/2 =49 g per equivalent weight  (Eq. 1-30)

A. What is the normality of a 500 mL solution that
contains 7 g of H,S0O,? The approach used to calculate
molarity could be used to solve this problem as well.
Step 1: Units needed? Answer: Normality expressed as
equivalents per liter (Eq/L).

Step 2: Units you have? Answer: Milliliters and grams.
Now determine how they are related to equivalents per
liter. (Hint: There are 49 g per equivalent—see Equation
1-30 above.)
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Step 3: Rearrange the equation so that like terms cancel
out, leaving Eq/L. This equation is

TEHS0, 1€ 1,000 mt
500 mE 49 gH,50, T 10

=0.285 Eq/L=0.285 N

(Eq. 1-31)

Because 500 mL is equal to 0.5 L, the final equation
could be written by substituting 0.5 L for 500 mL, elimi-
nating the need to include the 1,000 mL/L conversion
factor in the equation.

B. What is the normality of a 0.5 M solution of H,SO,?
Continuing with the previous approach, the final equa-

tion is
0.5 mol H,S0, 98 gH,S0, 1EgH,S0,
O “molH,50, 99 gH,50,
=1Eg/L=1N (Eq. 1-32)

When changing molarity into normality or vice versa, the
following conversion formula may be applied:

MxV=N (Eq. 1-33)

where V is the valence of the compound. Using this for-
mula, Example 1-7.3 becomes

05Mx2=1N (Eq. 1-34)

Example 1-8

What is the molarity of a 2.5 N solution of HCI? This
problem may be solved in several ways. One way is to
use the stepwise approach in which existing units are
exchanged for units needed. The equation is

25 BqHCL 36 gHEl 1 (o) HCI
() 1Eq ~ 36 gHCI

= 2.5 mol/L HCl (Eq. 1-35)

The second approach is to use the normality-to-
molarity conversion formula. The equation now becomes

MxV=25N
V=1
M=22N_55N
When the valence of a substance is 1, the molarity will
equal the normality. As previously mentioned, normality
either equals or is greater than the molarity.

(Eq. 1-36)

Specific Gravity

Density is expressed as mass per unit volume of a sub-
stance. The specific gravity is the ratio of the density of a
material when compared with the density of pure water
at a given temperature and allows the laboratory scien-
tist a means of expressing density in terms of volume.
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The units for density are grams per milliliter. Specific
gravity is often used with very concentrated materials,
such as commercial acids (e.g., sulfuric and hydrochloric
acids).

The density of a concentrated acid can also be
expressed in terms of an assay or percent purity. The
actual concentration is equal to the specific gravity mul-
tiplied by the assay or percent purity value (expressed as
a decimal) stated on the label of the container.

Example 1-9

A. What is the actual weight of a supply of concentrated
HCI whose label reads specific gravity 1.19 with an assay
value of 37%?

1.19 g/mL X 0.37 = 0.44 g/mL of HCl  (Eq. 1-37)

B. What is the molarity of this stock solution? The final
units desired are moles per liter (mol/L). The molarity of
the solution is

0.44 gHCl _ 1@uoDHCI ., 1,000 sl
mt 36.5 g HCI O

=12.05 mol/L or 12 M

(Eq. 1-38)

Conversions

To convert one unit into another, the same approach of
crossing out like units can be applied. In some instances,
a chemistry laboratory may report a given analyte using
two different concentration units—for example, calcium.
The recommended SI unit for calcium is millimoles per
liter. The better known and more traditional units are
milligrams per deciliter (mg/dL). Again, it is important
to understand the relationship between the units given
and those needed in the final answer.

Example 1-10

Convert 8.2 mg/dL calcium to millimoles per liter
(mmol/L). The gmw of calcium is 40 g. So, if there are 40
g per mol, then it follows that there are 40 mg per mmol.
The units wanted are mmol/L. The equation becomes

82mg” 14t 1,000mL  1(mmo
a " 100 () 0 mg
_ M)Sfmmol (Eq. 1-39)

Once again, the systematic stepwise approach of deleting
similar units can be used for this conversion problem.

A frequently encountered conversion problem or,
more precisely, a dilution problem occurs when a weaker
concentration or different volume is needed than the
stock substance available, but the concentration terms
are the same. The following formula is used:

VX C =V, xC, (Eq. 1-40)
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This formula is useful only if the concentration and
volume units between the substances are the same and if
three of four variables are known.

Example 1-11
What volume is needed to make 500 mL of a 0.1 M solu-
tion of Tris buffer from a solution of 2 M Tris buffer?

V, x2M=0.1 M x 500 mL

(VP2 M) = (0.1 M)(500 mL); (V,)(2 M) =50
therefore vV, =50/2=25mL (Eq. 1-41)

It requires 25 mL of the 2 M solution to make up 500 mL
of a 0.1 M solution. This problem differs from the other
conversions in that it is actually a dilution of a stock
solution. While this approach will provide how much
stock is needed when making the solution, the labora-
tory scientist must subtract that volume from the final
volume to determine the amount of diluent needed, in
this case 475 mL. A more involved discussion of dilution
problems follows.

Dilutions

A dilution represents the ratio of concentrated or stock
material to the total final volume of a solution and
consists of the volume or weight of the concentrate
plus the volume of the diluent, with the concentration
units remaining the same. This ratio of concentrated or
stock solution to the total solution volume equals the
dilution factor. Because a dilution is made by adding a
more concentrated substance to a diluent, the dilution
is always less concentrated than the original substance.
The relationship of the dilution factor to concentration
is an inverse one; thus, the dilution factor increases as the
concentration decreases. To determine the dilution factor,
simply take the concentration needed and divide by the
stock concentration, leaving it in a reduced-fraction form.

Example 1-12

What is the dilution factor needed to make a 100 mmol/L
sodium solution from a 3,000 mmol/L stock solution?
The dilution factor becomes

160 _ 1
3,000 30

(Eq. 1-42)

The dilution factor indicates that the ratio of stock
material is 1 part stock made to a total volume of 30. To
actually make this dilution, 1 mL of stock is added to
29 mL of diluent. Note that the dilution factor indicates
the parts per total amount; however, in making the dilu-
tion, the sum of the amount of the stock material plus
the amount of the diluent must equal the total volume
or dilution fraction denominator. The dilution factor
may be correctly written as either a fraction or a ratio.
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Confusion arises when distinction is not made between
a ratio and a dilution, which by its very nature is a ratio
of stock to diluent. A ratio is always expressed using a
colon; a dilution can be expressed as either a fraction or a
ratio.?® Many directions in the laboratory are given orally.
For example, making a “1-in-4” dilution means adding
one part stock to a total of four parts. That is, one part
of stock would be added “to” three parts of diluent. The
dilution factor would be 1/4. Analyses performed on the
diluted material would need to be multiplied by 4 to get
the final concentration. That is very different from saying
make a “1-to-4” dilution! In this instance, the dilution
factor would be 1/5! It is important during procedures
that you fully understand the meaning of these expres-
sions. Patient sample or stock dilutions should be made
using reagent grade water, saline, or method-specific
diluent using Class A glassware. The sample and diluent
should be thoroughly mixed before use. It is not recom-
mended that sample dilutions be made in smaller volume
sample cups or holders. Any total volume can be used as
long as the fraction reduces to give the dilution factor.

Example 1-13

If in the preceding example 150 mL of the 100 mmol/L
sodium solution was required, the dilution ratio of stock
to total volume must be maintained. Set up a ratio between
the desired total volume and the dilution factor to deter-
mine the amount of stock needed. The equation becomes

1 X

30 150

x=5 (Eq. 1-43)
Note that 5/150 reduces to the dilution factor of 1/30. To
make up this solution, 5 mL of stock is added to 145 mL
of the appropriate diluent, making the ratio of stock vol-
ume to diluent volume equal to 5/145. Recall that the dilu-
tion factor includes the total volume of both stock plus
diluent in the denominator and differs from the amount
of diluent to stock that is needed.

Example 1-14

Many laboratory scientists like using (V,)(C,) = (V,)(C,)
for simple dilution calculations. This is fine, as long as
you recall that you will need to subtract the stock volume
from the total final volume for the correct diluent volume.

(V)(C)) = (V,)(C))
(x)(3,000) = (150)(100)

x=75;150 — 5 =145 mL of diluent
should be added to 5 mL of stock (Eq. 1-44)
Simple Dilutions

When making a simple dilution, the laboratory scientist
must decide on the total volume desired and the amount
of stock to be used.
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Example 1-15

A 1:10 (1/10) dilution of serum can be achieved by using
any of the following approaches. A ratio of 1:9—one part
serum and nine parts diluent (saline):

A. 100 pL of serum added to 900 puL of saline.
B. 20 pL of serum added to 180 pL of saline.
C. 1 mL of serum added to 9 mL of saline.

D. 2 mL of serum added to 18 mL of saline.

Note that the sum of the ratio of serum to diluent (1:9)
needed to make up each dilution satisfies the dilution
factor (1:10 or 1/10) of stock material to total volume.
When thinking about the stock to diluent volume, sub-
tract the parts of stock needed from the total volume
or parts to get the number of diluent “parts” needed.
Once the volume of each part, usually stock, is available,
multiply the diluent parts needed to obtain the correct
volume.

Example 1-16

You have a 10 g/dL stock of protein standard. You need

a 2 g/dL standard. You only have 0.200 mL of 10 g/dL

stock to use. The procedure requires 0.100 mL.
Solution:

2gdL

1 g
T0 g/l 5 = Dilution factor

(Eq. 1-45)

You will need 1 part or volume of stock of a total of
5 parts or volumes. Subtracting 1 from 5 yields that 4
parts or volumes of diluent is needed (Fig. 1-13). In this
instance, you need at least 0.100 mL for the procedure.
You have 0.200 mL of stock. You can make the dilution
in various ways, as seen in Example 1-17. This is a per-
sonal decision and often reflects the volumes of available
pipets, etc.

1 } Stock “part” or volume

<

“Parts” or volumes of diluent
needed to make a 1/5 dilution

J

FIGURE 1-13 Simple dilution. Consider this diagram depicting a
substance having a 1/5 dilution factor. The dilution factor repre-
sents that 1 part of stock is needed from a total of 5 parts. To make
this dilution, you would determine the volume of 1 “part,” usually
the stock or patient sample. The remainder of the “parts” or total
would constitute the amount of diluent needed, or four times the
volume used for the stock.
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Example 1-17

There are several ways to make a 1/5 dilution having
only 0.200 mL of stock and needing a total minimum
volume of 0.100 mL.

(a) Add 0.050 mL stock (1 part) to 0.200 mL of diluent
(4 parts x 0.050 mL).

(b) Add 0.100 mL of stock (1 part) to 0.400 mL of dilu-
ent (4 parts x 0.100 mL).

(¢) Add 0.200 mL of stock (1 part) to 0.800 mL of dilu-
ent (4 parts x 0.200 mL).

The dilution factor is also used to determine the final
concentration of a dilution by multiplying the original
concentration by the inverse of the dilution factor or
the dilution factor denominator when it is expressed as
a fraction.

Example 1-18

Determine the concentration of a 200 pmol/mL human
chorionic gonadotropin (hCG) standard that was
diluted 1/50. This value is obtained by multiplying
the original concentration, 200 pmol/mL hCG, by the
dilution factor, 1/50. The result is 4 pmol/mL hCG.
Quite often, the concentration of the original material
is needed.

Example 1-19
A 1:2 dilution of serum with saline had a creatinine
result of 8.6 mg/dL. Calculate the actual serum creatinine
concentration.
Dilution factor: 1/2
Dilution result = 8.6 mg/dL

Because this result represents 1/2 of the concentra-
tion, the actual serum creatinine value is

2x8.6=17.2=17.2 mg/dL (Eq. 1-46)
Serial Dilutions

A serial dilution may be defined as multiple progressive
dilutions ranging from more concentrated solutions to
less concentrated solutions. Serial dilutions are extreme-
ly useful when the volume of concentrate or diluent is
in short supply and needs to be minimized or a number
of dilutions are required, such as in determining a titer.
The volume of patient sample available to the labora-
tory may be small (e.g., pediatric samples), and a serial
dilution may be needed to ensure that sufficient sample
is available. The serial dilution is initially made in the
same manner as a simple dilution. Subsequent dilutions
will then be made from each preceding dilution. When
a serial dilution is made, certain criteria may need to be
satisfied. The criteria vary with each situation but usually
include such considerations as the total volume desired,
the amount of diluent or concentrate available, the dilu-
tion factor, the final concentration needed, and the sup-
port materials required.
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Example 1-20

A sample is to be diluted 1:2, 1:4, and, finally, 1:8. It is
arbitrarily decided that the total volume for each dilution
is to be 1 mL. Note that the least common denominator
for these dilution factors is 2. Once the first dilution is
made (1/2), a 1:2 (least common denominator between 2
and 4) dilution of it will yield

12x1/2=1/4
(initial dilution factor)(next dilution factor)

= (final dilution factor) (Eq. 1-47)

By making a 1:2 dilution of the first dilution, the sec-
ond dilution factor of 1:4 is satisfied. Making a 1:2 dilution
of the 1:4 dilution will result in the next dilution (1:8). To
establish the dilution factor needed for subsequent dilu-
tions, it is helpful to solve the following equation for (x):

Stock/preceding concentration X (x)

= (final dilution factor) (Eq. 1-48)

To make up these dilutions, three test tubes are labeled
1:2, 1:4, and 1:8, respectively. One milliliter of diluent
is added to each test tube. To make the primary dilution
of 1:2, 1 mL of serum is added to test tube no. 1. The
solution is mixed, and 1 mL of the primary dilution is
removed and added to test tube no. 2. After mixing, this
solution contains a 1:4 dilution. Then 1 mL of the 1:4
dilution from test tube no. 2 is added to test tube no. 3.
Mix, and the resultant dilution in this test tube is 1:8,
satisfying all of the previously established criteria. Refer
to Figure 1-14 for an illustration of this serial dilution.

Example 1-21

Another type of serial dilution combines several dilution
factors that are not multiples of one another. In our pre-
vious example, 1:2, 1:4, and 1:8 dilutions are all related
to one another by a factor of 2. Consider the situation
when 1:10, 1:20, 1:100, and 1:200 dilution factors are
required. There are several approaches to solving this
type of dilution problem. One method is to treat the 1:10
and 1:20 dilutions as one serial dilution problem, the
1:20 and 1:100 dilutions as a second serial dilution, and
the 1:100 and 1:200 dilutions as the last serial dilution.

L
11T12L\ e 11?1
—

mixture- mixture
#1 primary
1:2 dilution 1:4
1 mL primary 1mbL
} 1 mlL serum dilution 1:4 mixture

1 mL diluent

— 1 mL diluent U— 1 mL diluent

FIGURE 1-14 Serial dilution.
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Another approach is to consider what dilution factor of
the concentrate is needed to yield the final dilution. In
this example, the initial dilution is 1:10, with subsequent
dilutions of 1:20, 1:100, and 1:200. The first dilution
may be accomplished by adding 1 mL of stock to 9 mL
of diluent. The total volume of solution is 10 mL. Our
initial dilution factor has been satisfied. In making the
remaining dilutions, 2 mL of diluent is added to each
test tube.

Initial/preceding dilution X (x) = dilution needed

Solve for (x).
Using the dilution factors listed above and solving for
(x), the equations become

1:10 x (x) =1:20

where (x) = 2(or 1 part stock to 1 part diluent)
1:20 X (x) = 1:100

where (x) = 5(or 1 part stock to 4 parts diluent)
1:100(x) = 1:200

where (x) = 2(or 1 part stock to 1 part diluent)
(Eq. 1-49)

In practice, the 1:10 dilution must be diluted by a
factor of 2 to obtain a subsequent 1:20 dilution. Because
the second tube already contains 2 mL of diluent, 2 mL
of the 1:10 dilution should be added (1 part stock to 1
part diluent). In preparing the 1:100 dilution from this, a
1:5 dilution factor of the 1:20 mixture is required (1 part
stock to 4 parts diluent). Because this tube already con-
tains 2 mL, the volume of diluent in the tube is divided
by its parts, which is 4; thus, 500 uL, or 0.500 mL, of
stock should be added. The 1:200 dilution is prepared in
the same manner using a 1:2 dilution factor (1 part stock
to 1 part diluent) and adding 2 mL of the 1:100 to the
2 mL of diluent already in the tube.

Water of Hydration

Some compounds are available in a hydrated form. To
obtain a correct weight for these chemicals, the attached
water molecule(s) must be included.

Example 1-22

How much CuSO, - 5H,0 must be weighed to prepare
1 L of 0.5 M CuSO,? When calculating the gmw of
this substance, the water weight must be considered so
that the gmw is 250 g rather than gmw of CuSO, alone
(160 g). Therefore,

250@®@CuSO, - 5SH,0 05 mel _

ol % 1® 125 /L

Cancel out like terms to obtain the result of 125 g/L. A

reagent protocol often designates the use of an anhy-

drous form of a chemical; frequently, however, all that is
available is a hydrated form.

(Eq. 1-50)
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Example 1-23
A procedure requires 0.9 g of CuSO,. All that is avail-
able is CuSO,, - 5H,0. What weight of CuSO, - 5H,0 is
needed? Calculate the percentage of CuSO, present in
CuSO, - 5H,0. The percentage is

290 = 0.64, or 64%
Therefore, 1 g of CuSO, - 5H,0 contains 0.64 g of CuSO,,
so the equation becomes

0.9 g CuSO, needed
0.64 CuSO, in CuSO, - 5H,0

=1.41 g CuSO, - 5H,0 required (Eq. 1-52)

(Eq. 1-51)

Graphing and Beer’'s Law

The Beer-Lambert law (Beer’s law) mathematically
establishes the relationship between concentration and
absorbance in many photometric determinations. Beer’s
law is expressed as

A = abc (Eq. 1-53)

where A is absorbance; a is the absorptivity constant
for a particular compound at a given wavelength under
specified conditions of temperature, pH, and so on; b is
the length of the light path; and c is the concentration.
If a method follows Beer’s law, then absorbance is
proportional to concentration as long as the length of
the light path and the absorptivity of the absorbing spe-
cies remain unaltered during the analysis. In practice,
however, there are limits to the predictability of a linear
response. Even in automated systems, adherence to
Beer’s law is often determined by checking the linearity
of the test method over a wide concentration range. The
limits of linearity often represent the reportable range
of an assay. This term should not be confused with the
reference ranges associated with clinical significance of a
test. Assays measuring absorbance generally obtain the
concentration results by using a Beer’s law graph, known
as a standard graph or curve. This graph is made by plot-
ting absorbance versus the concentration of known stan-
dards (Fig. 1-15). Because most photometric assays set
the initial absorbance to zero (0) using a reagent blank,
the initial data points are 0,0. Graphs should be labeled
properly and the concentration units must be given. The
horizontal axis is referred to as the x-axis, whereas the
vertical line is the y-axis. It is not important which vari-
able (absorbance or concentration) is assigned to an indi-
vidual axis, but it is important that the values assigned
to them are uniformly distributed along the axis. By con-
vention, in the clinical laboratory, concentration is usu-
ally plotted on the x-axis. On a standard graph, only the
standard and their associated absorbances are plotted.
Once a standard graph has been established, it is per-
missible to run just one standard, or calibrator, as long
as the system remains the same. One-point calculation
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Unknown absorbance = 0.250
Concentration from graph = 3.2
FIGURE 1-15 Standard curve.

or calibration refers to the calculation of the compari-
son of the known standard/calibrator concentration and
its corresponding absorbance to the absorbance of the
unknown value according to the following ratio:

Concentration of standard (C S)
Absorbance of standard (A))

Concentration of unknown (Cu)

Eq. 1-54

Absorbance of unknown (A ) (Bq )

Solving for the concentration of the unknown, the equa-
tion becomes

A

utoA

S

(Eq. 1-55)

Example 1-24

The biuret protein assay is very stable and follows Beer’s
law. Rather than make up a completely new standard
graph, one standard (6 g/dL) was assayed. The absor-
bance of the standard was 0.400, and the absorbance
of the unknown was 0.350. Determine the value of the
unknown in g/dL.

~ (0.350)(6 g/dL)
u (0.400)

This method of calculation is acceptable as long
as everything in the system, including the instrument
and lot of reagents, remains the same. If anything in
the system changes, a new standard graph should be
done. Verification of linearity and/or calibration is
required whenever a system changes or becomes unsta-
ble. Regulatory agencies often prescribe the condition of
verification as well as how often the linearity needs to
be checked.

C =5.25g/dL (Eq. 1-56)

Enzyme Calculations

Another application of Beer’s law is the calculation of
enzyme assay results. When calculating enzyme results,
the rate of absorbance change is often monitored continu-
ously during the reaction to give the difference in absor-
bance, known as the delta absorbance, or AA. Instead of
using a standard graph or a one-point calculation, the
molar absorptivity of the product is used. If the absorp-
tivity constant and absorbance, in this case AA, is given,
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Beer’s law can be used to calculate the enzyme concentra-
tion directly without initially needing a standard graph,
as follows:

A =abC
A
= Eq. 1-57
C b (Eq. 1-57)

When the absorptivity constant (a) is given in units of
grams per liter (moles) through a 1 centimeter (cm) light
path, the term molar absorptivity (€) is used. Substitution
of € for a and AA for A produces the following Beer’s law
formula:

AA

Units used to report enzyme activity have tradition-
ally included weight, time, and volume. In the early
days of enzymology, method-specific units (e.g., King
Armstrong, Caraway) were all different and confusing.
In 1961, the Enzyme Commission of the International
Union of Biochemistry recommended using one unit,
the international unit (IU), for reporting enzyme activ-
ity. The IU is defined as the amount of enzyme that will
catalyze 1 pmol of substrate per minute per liter. These
units were often expressed as units per liter (U/L). The
designations IU, U, or IU/L were adopted by many clini-
cal laboratories to represent the IU. Although the report-
ing unit is the same, unless the analysis conditions are
identical, use of the IU does not standardize the actual
enzyme activity, and therefore, results between different
methods of the same enzyme do not result in equiva-
lent activity of the enzyme. For example, an alkaline
phosphatase performed at 37°C will catalyze more
substrate than if it is run at lower temperature, such as
25°C, even though the unit of expression, U/L, will be
the same. The SI recommended unit is the katal, which
is expressed as moles per liter per second. Whichever
unit is used, calculation of the activity using Beer’s law
requires inclusion of the dilution and, depending on the
reporting unit, possible conversion to the appropriate
term (e.g., pmol to mol, mL to L, minute to second, and
temperature factors). Beer’s law for the IU now becomes

C = (AM10° (1V)
& {B)(SV)

where TV is the total volume of sample plus reagents in
mL and SV is the sample volume used in mL. The 107°
converts moles to wmol for the IU. If another unit of
activity is used, such as the katal, conversion into liters
and seconds would be needed, but the conversions to
and from micromoles are excluded.

(Eq. 1-59)

Example 1-25

The AA per minute for an enzyme reaction is 0.250. The
product measured has a molar absorptivity of 12.2 x 103
at 425 nm at 30°C. The incubation and reaction tempera-
ture are also kept at 30°C. The assay calls for 1 mL of
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reagent and 0.050 mL of sample. Give the enzyme activ-
ity results in international units.

Applying Beer’s law and the necessary conversion
information, the equation becomes

_ (0.250)(10°%)(1.050 mL)
(12.2 x 10*)(1)(0.050mL)

Note: b is usually given as 1 cm; because it is a constant,
it may not be considered in the calculation.

=430U (Eq. 1-60)

SPECIMEN CONSIDERATIONS

The process of specimen collection, handling, and
processing remains one of the primary areas of preana-
lytic error. Careful attention to each phase is necessary
to ensure proper subsequent testing and reporting of
meaningful results. All accreditation agencies require
laboratories to clearly define and delineate the proce-
dures used for proper collection, transport, and process-
ing of patient samples and the steps used to minimize
and detect any errors, along with the documentation
of the resolution of any errors. The Clinical Laboratory
Improvement Amendments Act of 1988 (CLIA 88)2%7
specifies that procedures for specimen submission and
proper handling, including the disposition of any speci-
men that does not meet the laboratories’ criteria of
acceptability, be documented.

Types of Samples

Phlebotomy, or venipuncture, is the act of obtaining a blood
sample from a vein using a needle attached to a syringe or
a stoppered evacuated tube. These tubes come in different
volume sizes: from pediatric sizes (=150 uL) to larger 7 mL
tubes. The most frequent site for venipuncture is the
antecubital vein of the arm. A tourniquet made of pliable
rubber tubing or a strip with hook and loop tape (Velcro)
at the end is wrapped around the arm, causing cessation of
blood flow and dilation of the veins, making them easier to
detect. The gauge of the needle is inversely related to the
size of the needle; the larger the number, the smaller the
needle bore and length. An intravenous (IV) infusion set,
sometimes referred to as a butterfly because of the appear-
ance of the setup, may be used whenever the veins are frag-
ile, small, or hard to reach or find. The butterfly is attached
to a piece of tubing, which is then attached to either a hub
or a tube. Because of potential needle sticks, this practice
may be discouraged. Sites adjacent to IV therapy should be
avoided; however, if both arms are involved in IV therapy
and the IV cannot be discontinued for a short time, a site
below the 1V site should be sought. The initial sample
drawn (5 mL) should be discarded because it is most likely
contaminated with IV fluid and only subsequent sample
tubes should be used for analytic purposes.

In addition to venipuncture, blood samples can be col-
lected using a skin puncture technique that customarily
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involves the outer area of the bottom of the foot (a heel
stick), the fleshy part of the middle of the last phalanx of
the third or fourth (ring) finger (finger stick), or possibly
the fleshy portion of the earlobe. A sharp lancet is used
to pierce the skin and a capillary tube (i.e., short, narrow
glass tube) is used for sample collection.?®

Analytic testing of blood involves the use of whole
blood, serum, or plasma. Whole blood, as the name
implies, uses both the liquid portion of the blood called
plasma and the cellular components (red blood cells, white
blood cells, and platelets). This requires blood collection
into a vessel containing an anticoagulant. Complete mixing
of the blood immediately following venipuncture is neces-
sary to ensure the anticoagulant can adequately inhibit the
blood’s clotting factors. As whole blood sits, the cells fall
toward the bottom, leaving a clear yellow supernate on top
called plasma. If a tube does not contain an anticoagulant,
the blood’s clotting factors are active to form a clot incor-
porating the cells. The clot is encapsulated by the large
protein fibrinogen. The remaining liquid is called serum
rather than plasma (Fig. 1-16). Most testing in the clini-
cal chemistry laboratory is performed on either plasma or
serum. The major difference between plasma and serum
is that serum does not contain fibrinogen (i.e., there is
less protein in serum than plasma) and some potassium is
released from platelets (serum potassium is slightly higher
in serum than in plasma). It is important that serum sam-
ples be allowed to completely clot (=20 minutes) before
being centrifuged. Plasma samples also require centrifuga-
tion but do not need to allow for clotting time and their use
can decrease turnaround time for reporting results.

Centrifugation of the sample accelerates the process
of separating the plasma and cells. Specimens should be
centrifuged for approximately 10 minutes at an RCF of
1,000g to 2,000g but should avoid mechanical destruc-
tion of red cells that can result in hemoglobin release,
called hemolysis.

Arterial blood samples measure blood gases (par-
tial pressures of oxygen and carbon dioxide) and pH.
Syringes are used instead of evacuated tubes because of
the pressure in an arterial blood vessel. The radial, bra-
chial, and femoral arteries are the primary arterial sites.
Arterial punctures are more difficult to perform because
of inherent arterial pressure, difficulty in stopping bleed-
ing afterward, and the undesirable development of a
hematoma, which cuts off the blood supply to the sur-
rounding tissue.?’

Continued metabolism may occur if the serum or
plasma remains in contact with the cells for any period.
Evacuated tubes may incorporate plastic, gel-like mate-
rial that serves as a barrier between the cells and the
plasma or serum and seals these compartments from one
another during centrifugation. Some gels can interfere
with certain analytes, notably trace metals, and drugs
such as the tricyclic antidepressants.
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Before separation... Separation

—

Whole blood
(if anticoagulant
present)

O

FIGURE 1-16 Blood sample.

Proper patient identification is the first step in sample
collection. The importance of using the proper collec-
tion tube, avoiding prolonged tourniquet application,
drawing tubes in the proper order, and proper labeling
of tubes cannot be stressed strongly enough. Prolonged
tourniquet application causes a stasis of blood flow and
an increase in hemoconcentration and anything bound
to proteins or the cells. Having patients open and close
their fist during phlebotomy is of no value and may
cause an increase in potassium and, therefore, should
be avoided. IV contamination should be considered if
a large increase occurs in the substances being infused,
such as glucose, potassium, sodium, and chloride, with a
decrease of other analytes such as urea and creatinine. In
addition, the proper antiseptic must be used. Isopropyl
alcohol wipes, for example, are used for cleaning and
disinfecting the collection site; however, this is not the
proper antiseptic for disinfecting the site when drawing
blood alcohol levels.

Blood is not the only sample analyzed in the
clinical chemistry laboratory. Urine is the next most
common fluid for determination. Most quantitative
analyses of urine require a timed sample (usually
24 hours); a complete sample (all urine must be col-
lected in the specified time) can be difficult because
many timed samples are collected by the patient in
an outpatient situation. Creatinine analysis is often
used to assess the completeness of a 24-hour urine
sample because creatinine output is relatively free
from interference and is stable, with little change in
output within individuals. The average adult excretes
1 to 2 g of creatinine per 24 hours. Urine volume
differs widely among individuals; however, a 4 L con-
tainer is adequate (average output is =2 L). It should
be noted that this analysis differs from the creatinine
clearance test used to assess glomerular filtration rate,
which compares urine creatinine output with that in
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—t— PLASMA
Anticoagulant present—plasma
contains fibrinogen

—— SERUM
No anticoagulant present

—— CLOT
Formed encapsulating cells

the serum or plasma in a specified time interval and
urine volume (often correcting for the surface area).
The generic formula is

Uv/p (Eq. 1-61)

where U represents the urine creatinine value in mg/dL,
V is urine volume per unit of time expressed in mlL/min,
and P is the plasma or serum creatinine value in mg/dL.
This formula expresses the creatinine clearance value in
ml/min (see Chapter 27).

Other body fluids analyzed by the clinical chemistry
laboratory include cerebrospinal fluid (CSF), paracen-
tesis fluids (pleural, pericardial, and peritoneal), and
amniotic fluids. The color and characteristics of the
fluid before centrifugation should be noted for these
samples. Before centrifugation, a laboratorian should also
verify that the sample is designated for clinical chemistry
analysis only because a single fluid sample may be shared
among several departments (i.e., hematology or microbi-
ology) and centrifugation could invalidate certain tests
in those areas.

CSF is an ultrafiltrate of the plasma and will, ordinar-
ily, reflect the values seen in the plasma. For glucose
and protein analysis (total and specific proteins), it is
recommended that a blood sample be analyzed concur-
rently with the analysis of those analytes in the CSF.
This will assist in determining the clinical utility of the
values obtained on the CSF sample. This is also true for
lactate dehydrogenase and protein assays requested on
paracentesis fluids. All fluid samples should be handled
immediately without delay between sample procure-
ment, transport, and analysis.

Amniotic fluid is used to assess fetal lung matu-
rity (L/S ratio), congenital diseases, hemolytic diseases,
genetic defects, and gestational age. The laboratory
scientist should verify the specific handling of this fluid
with the manufacturer of the testing procedure(s).
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Sample Processing

When samples arrive in the laboratory, they are pro-
cessed. In the clinical chemistry laboratory, this means
correctly matching the blood collection tube(s) with the
appropriate analyte request and patient identification
labels. This is a particularly sensitive area of preanalytic
error. Bar code labels on primary sample tubes are a
popular means to detect errors and to minimize clerical
errors at this point of the processing. In some facilities,
samples are numbered or entered into work lists or a
second identification system that is useful during the
analytic phase. The laboratory scientist must also ascer-
tain if the sample is acceptable for further processing.
The criteria used depend on the test involved but usually
include volume considerations (i.e., is there sufficient
volume for testing needs?), use of proper anticoagulants
or preservatives, whether timing is clearly indicated and
appropriate for timed testing, and whether the specimen
is intact and has been properly transported (e.g., cooled
or on ice, within a reasonable period, protected from
light, and in a tube that is properly capped). Unless a
whole blood analysis is being performed, the sample is
then centrifuged as previously described and the serum
or plasma should be separated from the cells if not ana-
lyzed immediately.

Once processed, the laboratory scientist should note
the presence of any serum or plasma characteristics such
as hemolysis and icterus (increased bilirubin pigment) or
the presence of turbidity often associated with lipemia
(increased lipids). Samples should be analyzed within
4 hours; to minimize the effects of evaporation, samples
should be properly capped and kept away from areas of
rapid airflow, light, and heat. If testing is to occur after
that time, samples should be appropriately stored. For
most, this means refrigeration at 4°C for 8 hours. Many
analytes are stable at this temperature, with the excep-
tion of alkaline phosphatase (increases) and lactate dehy-
drogenase (decreases as a result of temperature labile
fractions four and five). Samples may be frozen at —20°C
and stored for longer periods without deleterious effects
on the results. Repeated cycles of freezing and thaw-
ing, like those that occur in so-called frost-free freezers,
should be avoided.

Sample Variables

Sample variables include physiologic considerations,
proper patient preparation, and problems in collec-
tion, transportation, processing, and storage. Although
laboratorians must include mechanisms to minimize the
effect of these variables on testing and must document
each preanalytic incident, it is often frustrating to try to
control the variables that largely depend on individu-
als outside of the laboratory. The best course of action
is to critically assess or predict the weak areas or links,
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identify potential problems, and put an action plan in
place that contains policies, procedures, or checkpoints
throughout the sample’s journey to the laboratory scien-
tist who is actually performing the test. Good commu-
nication with all personnel involved helps ensure that
whatever plans are in place meet the needs of the labo-
ratory and, ultimately, the patient and physician. Most
accreditation agencies require that laboratories consider
all aspects of preanalytic variation as part of their quality
assurance plans, including effective problem solving and
documentation.

Physiologic variation refers to changes that occur
within the body, such as cyclic changes (diurnal or
circadian variation) or those resulting from exercise,
diet, stress, gender, age, underlying medical conditions
(e.g., fever, asthma, and obesity), drugs, or posture
(Table 1-5). Most samples are drawn on patients who are
fasting (usually overnight for at least 8 hours). Because
overnight and fasting are relative terms, however, the
length of time and what was consumed during that
time should be determined before sample procurement
for those tests most affected by diet or fasting. When
fasting, many patients may avoid drinking water and
they may become dehydrated, which can be reflected
in higher than expected results. Patient preparation for
timed samples or those requiring specific diets or other
instructions must be well written and verbally explained
to patients. Elderly patients often misunderstand or are
overwhelmed by the directions given to them by physi-
cian office personnel. A laboratory information telephone
number listed on these printed directions can often serve
as an excellent reference for proper patient preparation.

Drugs can affect various analytes.?” It is important
to ascertain what, if any, medications the patient is
taking that may interfere with the test. Unfortunately,
many laboratorians do not have either the time for or
access to this information and the interest in this type
of interference only arises when the physician ques-
tions a result. Some frequently encountered influences
are smoking, which causes an increase in glucose as a
result of the action of nicotine; growth hormone; corti-
sol; cholesterol; triglycerides; and urea. High amounts or
chronic consumption of alcohol causes hypoglycemia,
increased triglycerides, and an increase in the enzyme
gamma-glutamyltransferase and other liver function
tests. Intramuscular injections increase the enzyme cre-
atine kinase and the skeletal muscle fraction of lactate
dehydrogenase. Opiates, such as morphine or meperi-
dine, cause increases in liver and pancreatic enzymes,
and oral contraceptives may affect many analytic results.
Many drugs affect liver function tests. Diuretics can
cause decreased potassium and hyponatremia. Thiazide-
type medications can cause hyperglycemia and prerenal
azotemia secondary to the decrease in blood volume.
Postcollection variations are related to those factors
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VARIABLES AFFECTING SELECT CHEMISTRY ANALYTES

FACTOR
Age
Gender

Diurnal variation

Day-to-day variation

Recent food ingestion

EXAMPLES OF ANALYTES AFFECTED
Albumin, ALP (T older), phosphorus (P), cholesterol

(T Males): Albumin, ALP, creatine, Ca?", uric acid, CK, AST, phosphate (PO,), blood urea
nitrogen, Mg?*, bilirubin, cholesterol

(T Females): Fe, cholesterol, v-globulins, o-lipoproteins
T in amM: ACTH, cortisol, Fe, aldosterone

T in pM: ACP, growth hormone, PTH, TSH

>20% for ALT, bilirubin, Fe, TSH, triglycerides

T Glucose, insulin, triglycerides, gastrin, ionized Ca2*

| chloride, phosphorus, potassium, amylase, ALP

Posture T When standing: albumin, cholesterol, aldosterone, Ca?*
Activity T In ambulatory patients: CK
T With exercise: lactic acid, creatine, protein, CK, AST, LD
1 With exercise: cholesterol, triglycerides
Stress T ACTH, cortisol, catecholamines
Race

TP T (black), albumin | (black); IgG 40% T, and IgA 20%T (black male vs. white male); — CK/

LD T black males; T cholesterol and triglycerides > white >40 years old (glucose incidence
diabetes in Asian, black, Native American, Hispanic)

Require fasting
aldosterone/renin

Anaerobic and require
ICE slurry (immedi-
ate cooling)

Hemolysis
hemolysis)

Fasting blood sugar, glucose tolerance test, triglycerides, lipid panel, gastrin, insulin,

Lactic acid, ammonia, blood gas (if not analyzed within 30 min = 1 pH, and po,), iCa™
(heparinized whole blood if not analyzed within 30 min)

T K*, ammonia, PO,, Fe, Mg?*, ALT, AST, LD, ALP, ACP, catecholamines, CK (marked

ALP, alkaline phosphatase; CK, creatine kinase; AST, aspartate aminotransferase; ACTH, adrenocorticotropic hormone; ACP, acid phosphatase; PTH,
parathyroid hormone; TSH, thyroid-stimulating hormone; ALT, alanine aminotransferase; LD, lactate dehydrogenase; TP, total protein.

discussed under specimen processing. Clerical errors are
the most frequently encountered, followed by inadequate
separation of cells from serum, improper storage, and
collection.

Chain of Custody

When laboratory tests are likely linked to a crime or
accident, they become forensic in nature. In these cases,
documented specimen identification is required at each
phase of the process. Each facility has its own forms and
protocols; however, the patient, and usually a witness,
must identify the sample. It should have a tamper-proof
seal. Any individual in contact with the sample must
document receipt of the sample, the condition of the
sample at the time of receipt, and the date and time it
was received. In some instances, one witness verifies the
entire process and cosigns as the sample moves along.
Any analytic test could be used as part of legal testimony;
therefore, the laboratory scientist should give each
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sample—even without the documentation—the same
attention given to a forensic sample.

Electronic and Paper Reporting of Results

Electronic transmission of laboratory data and the
more routine use of an electronic medical record, cod-
ing, billing, and other data management systems have
caused much debate regarding appropriate standards
needed in terms of both reporting guidelines and safe-
guards to ensure privacy of the data and records.
Complicating matters is that there are many different
data management systems in use by health-care agen-
cies that all use laboratory information. For example,
the Logical Observation Identifiers Names and Codes
(LOINC) system, International Federation of Clinical
Chemistry/International Union of Pure and Applied
Chemistry (IFCC/IUPAC), ASTM, Health Level 7 (HL7),
and Systematized Nomenclature of Medicine, Reference
Technology (SNOMED RT) are databases that use their
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own coding systems for laboratory observations. There
are also additional proprietary systems in use, adding to
the confusion. In an attempt to standardize these process-
es and to protect the confidentiality of patient informa-
tion as required by the Health Insurance Portability and
Accountability Act (HIPAA), the Healthcare Common
Procedure Coding System (HCPCS) test and services
coding system was developed to be recognized by all
insurers for reimbursement purposes. The International
Classification of Diseases (ICD) developed by the World
Health Organization (WHO) uses codes identifying
patient diseases and conditions. In the United States,
ICD version 9 with clinical modifications (CM) will soon
be replaced by ICD-10. The clinical modifications are
maintained by the National Center for Health Statistics.
Incorporated into the HCPCS system is the Current
Procedural Terminology (CPT) codes, developed by
the American Medical Association, that identify almost
all laboratory tests and procedures. The CPT codes are
divided into different subcategories, with tests or services
assigned five-digit numbers followed by the name of the
test or service. Together, these standard coding systems
help patient data and tracking of disease transmission
between all stakeholders such as physicians, patients,
epidemiologists, and insurers.

Clinical laboratory procedures are found in CPT
Category I with coding numbers falling between 80000
and 89000. There can be several codes for a given test
based on the reason and type of testing and there are
codes given for common profiles or array of tests that
represent each test’s separate codes. For example, blood
glucose testing includes the codes 82947 (quantitative
except for strip reading), 82948 (strip reading), and
82962 (self-monitoring by FDA cleared device) and
the comprehensive metabolic panel (80053) includes

albumin, alkaline phosphatase, total bilirubin, blood
urea nitrogen, total calcium, carbon dioxide, chloride,
creatinine, glucose, potassium, total protein, sodium,
and alanine and aspartate transaminases and their asso-
ciated codes. At a minimum, any system must include a
unique patient identifier, test name, and code that relates
back to the HCPCS and ICD databases. For reporting
purposes, whether paper or electronic, the report should
include the unique patient identifier and test name
including any appropriate abbreviations, the test value
with the unit of measure, date and time of collection,
sample information, reference ranges, plus any other per-
tinent information for proper test interpretation. Results
that are subject to autoverification should be indicated
in the report. Table 1-6 lists the information that is often
required by accreditation agencies.!

MINIMUM ELEMENTS OF
PAPER OR ELECTRONIC
PATIENT REPORTS

TABLE 1-6

Name and address of laboratory performing the
analysis including any reference laboratories used

Patient name and identification number or unique
identifier

Name of physician or person ordering the test

Date and time of specimen collection

Date and time of release of results (or available if needed)
Specimen source or type

Test results and units of measure if applicable

Reference ranges, when available

Comments relating to any sample or testing interfer-
ences that may alter interpretation

f N
For additional student resources please visit thePoint at http:/thepoint.lww.com. lhﬂpoml %

QUESTIONS

1. What is the molarity for a solution containing
100 g of NaCl made up to 500 mL with distilled
water? Assume a gram molecular weight (from
periodic table) of approximately 58 grams.

a. 345 M
b. 1.72 M
c. 200 M
d. 527M
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2. What is the normality for a solution containing 100
g of NaCl made up to 500 mL with distilled water?
Assume a gram molecular weight (from periodic
table) of approximately 58 grams.

a. 3.45
b. 0.86
c. 1.72
d. 6.9
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. What is the percent (w/v) for a solution containing
100 g of NaCl made up to 500 mL with distilled
water?

a. 20%

b. 5%

c. 29%

d. 58%

. What is the dilution factor for a solution containing
100 g of NaCl made up to 500 mL with distilled
water?

a. Ii'50r1/5

b. 5

c. 50 or 1/50

d. 10

. What is the value in mg/dL for a solution containing

10 mg of CaCl, made with 100 mL of distilled water?
a. 10

100

50

Cannot determine without additional infor-

mation

b.
c.
d.

. What is the molarity of a solution containing 10
mg of CaCl, made with 100 mL of distilled water?
Assume a gram molecular weight from the periodic
table of approximately 111 grams.

a. 9x107™*

b. 1.1 x 1073

c. 11.1

d. 90

. Youmustmake 1L of0.2M acetic acid (CH3COOH).
All you have available is concentrated glacial acetic
acid (assay value, 98%; specific gravity, 1.05 g/mL).
It will take milliliters of acetic acid to make
this solution. Assume a gram molecular weight of
60.05 grams.

a. 11.7

b. 1.029

c. 3.42

d. 12.01

. What is the hydrogen ion concentration of an
acetate buffer having a pH of 4.24?

a. 5.75x 107

b. 1.19 x 107!

c. 0.62

d. 0.76 x 107*

. Using the Henderson-Hasselbalch equation, give
the ratio of salt to weak acid for a Veronal buffer
with a pH of 8.6 and a pK_ of 7.43.

a. 14.7/1

b. 1/8.6

c. 1.17/1

d. 1743
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The pK, for acetic acid is 4.76. If the concentra-
tion of salt is 5 mmol/L and that of acetic acid is
10 mmol/L, what is the expected pH?

a. 4.46

b. 5.06

c. 104

d. 56

. The hydrogen ion concentration of a solution is

0.0000937. What is the pH?
a. 4.03
b. 937 x 107
c. 9.07
d. 8.03

Perform the following conversions:
4 % 10* mg=__g
13x10°mL=___
0.02mL=___ puL
5x102mL=__ uL
5102 L=__mL

4cm=

dL

mm

What volume of 14 N H,SO, is needed to make
250 mL of 3.2 M H,SO, solution? Assume a gram
molecular weight of 98.08 grams.

a. 114 mL

b. 1.82 mL

c. .75 mL

d. 7mL

A 24-hour urine has a total volume of 1,200 mL.
A 1:200 dilution of the urine specimen gives a
creatinine result of 0.8 mg/dL. The serum value is
1.2 mg/dL. What is the final value of creatinine in
mg/dL in the undiluted urine sample?

a. 160

b. 0.8

c. 960

d. 860

A 24-hour urine has a total volume of 1,200 mL.
A 1:200 dilution of the urine specimen gives a
creatinine result of 0.8 mg/dL. The serum value is
1.2 mg/dL. What is the result in terms of grams per
24 hours?

a. 1.92

b. 0.08

c. 80

d. 19

A new medical technologist was selecting ana-
lyte standards to develop a standard curve for a
high-performance liquid chromatography (HPLC)
procedure. This analyte must have a 100% purity
level and must be suitable for HPLC. Which of the

Uploaded By: Noura Natel


https://students-hub.com

34

following labels would be most appropriate for
this procedure?
a. ACS with no impurities listed
b. USP
c. NF

. CP
e. ACS with impurities listed

17. When selecting quality control reagents for mea-
suring an analyte in urine, the medical technologist
should select:

a. A quality control reagent prepared in a urine
matrix.

b. A quality control reagent prepared in a serum
matrix.

c. A quality control reagent prepared in deion-
ized water.

d. The matrix does not matter; any quality con-
trol reagent as long as the analyte of measure
is chemically pure.

18. A patient’s serum sample was placed on the chem-
istry analyzer and the output indicated “out of
range” for the measurement of creatine kinase
(CK) enzyme. A dilution of the patient serum was
required. Which of the following should be used to
prepare a dilution of patient serum?

a. Deionized water

b. Tap water

c. Another patient’s serum with confirmed, low
levels of CK

d. Type III water

e. Type I water
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. True or False? Laboratory liquid in glass thermom-
eters should be calibrated against an NIST-certified
thermometer.

Which of the following containers is calibrated to
hold only one exact volume of liquid?

a. Volumetric flask

b. Erlenmeyer flask

c. Griffin beaker

d. Graduated cylinder

Which of the following does NOT require calibra-
tion in the clinical laboratory?

Electronic balance

Liquid in glass thermometer

Centrifuge

. Volumetric flask

Air displacement pipet

o an o

Which of the following errors is NOT considered a
preanalytical error?

a. During a phlebotomy procedure, the patient
is opening and clenching his fist multiple
times.

b. The blood was not permitted to clot and
spun in a centrifuge after 6 minutes of collec-
tion.

c. The patient was improperly identified leading
to a mislabeled blood sample.

d. The serum sample was diluted with tap
water.

e. During phlebotomy, the EDTA tube was col-
lected prior to the red clot tube.
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Chapter Objectives wm

Upon completion of this chapter, the clinical
laboratorian should be able to do the following:

e Discuss safety awareness for clinical laboratory personnel.

e List the responsibilities of employer and employee in
providing a safe workplace.

e Identify hazards related to handling chemicals, biologic
specimens, and radiologic materials.

e Choose appropriate personal protective equipment when
working in the clinical laboratory.

Identify the classes of fires and the types of fire extinguish-

ers to use for each.

Describe steps used as precautionary measures when

working with electrical equipment, cryogenic materials,

and compressed gases and avoiding mechanical hazards

associated with laboratory equipment.

e Select the correct means for disposal of waste generated in
the clinical laboratory.

e Qutline the steps required in documentation of an accident

in the workplace.

Key TERMS

Airborne pathogens
Biohazard

Bloodborne pathogens
Carcinogen

Chemical hygiene plan
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Corrosive chemical

Cryogenic material

Fire tetrahedron

Hazard communication standard
Hazardous material

High-efficiency particulate air (HEPA) filter
Laboratory standard
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Safety Data Sheet (SDS)

Mechanical hazard

Medical waste

National Fire Protection Association (NFPA)
Occupational Safety and Health Act (OSHA)

LABORATORY SAFETY AND REGULATIONS

Clinical laboratory personnel, by the nature of the work
they perform, are exposed daily to a variety of real or
potential hazards: electric shock, toxic vapors, com-
pressed gases, flammable liquids, radioactive material,
corrosive substances, mechanical trauma, poisons, and
the inherent risks of handling biologic materials, to name
a few. Each clinician should develop an understanding
of the risks associated with these hazards and must be
“safety conscious” at all times.

Laboratory safety necessitates the effective control
of all hazards that exist in the clinical laboratory at any
given time. Safety begins with the recognition of hazards
and is achieved through the application of common
sense, a safety-focused attitude, good personal behavior,
good housekeeping in all laboratory work and storage
areas, and, above all, the continual practice of good labo-
ratory technique. In most cases, accidents can be traced
directly to two primary causes: unsafe acts (not always
recognized by personnel) and unsafe environmental
conditions. This chapter discusses laboratory safety as it
applies to the clinical laboratory.

Occupational Safety and Health Act

Public Law 91-596, better known as the Occupational
Safety and Health Act (OSHA), was enacted by the U.S.
Congress in 1970. The goal of this federal regulation was
to provide all employees (clinical laboratory personnel
included) with a safe work environment. Under this legis-
lation, the Occupational Safety and Health Administration
(also known as OSHA) is authorized to conduct on-site
inspections to determine whether an employer is comply-
ing with the mandatory standards. Safety is no longer only
a moral obligation but also a federal law. In about half
of the states, this law is administered by individual state
agencies rather than by the federal OSHA. These states still
fall within delineated OSHA regions, but otherwise they
bear all administrative, consultation, and enforcement
responsibilities. The state regulations must be at least as
stringent as the federal ones, and many states incorporate
large sections of the federal regulations verbatim.

OSHA standards that regulate safety in the lab-
oratory include the Bloodborne Pathogen Standard,
Formaldehyde Standard, Laboratory Standard, Hazard
Communication Standard, Respiratory Protection
Standard, Air Contaminants Standard, and Personal
Protective Equipment Standard. Because laws, codes,
and ordinances are updated frequently, current reference
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Radioactive material
Reactive chemical
Teratogen

Universal precaution

materials should be reviewed. Assistance can be obtained
from local libraries, the Internet, and federal, state, and
local regulatory agencies. The primary standards appli-
cable to clinical laboratory safety are summarized next.

Bloodborne Pathogens [29 CFR 1910.1030]

This standard applies to all exposure to blood or other
potentially infectious materials in any occupational
setting. It defines terminology relevant to such expo-
sures and mandates the development of an exposure
control plan. This plan must cover specific preventative
measures including exposure evaluation, engineering
controls, work practice controls, and administrative
oversight of the program. Universal precautions and per-
sonal protective equipment (PPE) are foremost among
these infection control measures. The universal precau-
tions concept is basically an approach to infection con-
trol in which all human blood, tissue, and most fluids
are handled as if known to be infectious for the human
immunodeficiency virus (HIV), hepatitis B virus (HBV),
and other bloodborne pathogens. The standard also
provides fairly detailed directions for decontamination
and the safe handling of potentially infectious laboratory
supplies and equipment, including practices for manag-
ing laundry and infectious wastes. Employee informa-
tion and training are covered regarding recognition of
hazards and risk of infection. There is also a requirement
for HBV vaccination or formal declination within 10 days
of assuming duties that present exposure. In the event of
an actual exposure, the standard outlines the procedure
for postexposure medical evaluation, counseling, and
recommended testing or postexposure prophylaxis.

Hazard Communication [29 CFR 1910.1200]

This subpart to OSHAs Toxic and Hazardous Substances
regulations is intended to ensure that the hazards of all
chemicals used in the workplace have been evaluated and
that this hazard information is successfully transmitted to
employers and their employees who use the substances.
Informally referred to as the OSHA “HazCom Standard,”
it defines hazardous substances and provides guidance for
evaluating and communicating identified hazards. The
primary means of communication are through proper
labeling, the development and use of safety data sheets
(SDSs), and employee education.

Occupational Exposure to Hazardous Chemicals in
Laboratories [29 CFR 1910.1450]

This second subpart to OSHA’s Toxic and Hazardous
Substances regulations is also known as the “OSHA Lab
Standard.” It was intended to address the shortcomings of
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the Hazard Communication Standard regarding its appli-
cation peculiar to the handling of hazardous chemicals in
laboratories, whose multiple small-scale manipulations
differ from the industrial volumes and processes targeted
by the original HazCom Standard. The Lab Standard
requires the appointment of a chemical hygiene officer and
the development of a chemical hygiene plan to reduce or
eliminate occupational exposure to hazardous chemicals.
This plan is required to describe the laboratory’s methods
of identifying and controlling physical and health hazards
presented by chemical manipulations, containment, and
storage. The chemical hygiene plan must detail engineer-
ing controls, PPE, safe work practices, and administrative
controls, including provisions for medical surveillance
and consultation, when necessary.

Other Regulations and Guidelines

There are other federal regulations relating to labora-
tory safety, such as the Clean Water Act, the Resource
Conservation and Recovery Act (RCRA), and the Toxic
Substances Control Act. In addition, clinical laboratories
are required to comply with applicable local and state laws,
such as fire and building codes. The Clinical and Laboratory
Standards Institute (CLSI, formerly National Committee for
Clinical Laboratory Standards [NCCLS]) provides excel-
lent general laboratory safety and infection control guide-
lines in their documents GP17-A2 (Clinical Laboratory
Safety; Approved Guideline, Second Edition) and M29-
A3 (Protection of Laboratory Workers from Occupationally
Acquired Infections; Approved Guideline, Third Edition).
Safety is also an important part of the requirements
for initial and continued accreditation of health-care
institutions and laboratories by voluntary accrediting
bodies such as The Joint Commission (TJC; former-
ly the Joint Commission on Accreditation of Health
Care Organizations [JCAHO]) and the Commission on
Laboratory Accreditation of the College of American
Pathologists (CAP). TJC publishes a yearly accreditation
manual for hospitals and the Accreditation Manual for
Pathology and Clinical Laboratory Services, which includes
a detailed section on safety requirements. CAP publishes
an extensive inspection checklist (Laboratory General
Checklist) as part of their Laboratory Accreditation Program,
which includes a section dedicated to laboratory safety.
Over the past decade, several new laws and direc-
tives have been emplaced regarding enhanced secu-
rity measures for particular hazardous substances with
potential for nefarious use in terrorist activities. These
initiatives are typically promulgated by the Department
of Homeland Security in cooperation with the respec-
tive agency regulating chemical, nuclear, or biological
agents of concern. Although most laboratories do not
store or use the large volumes of chemicals required
to trigger chemical security requirements, many labo-
ratories do surpass the thresholds for radiological and
biological agents. Management and employees must be
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cognizant of security requirements for substances in
quantities qualifying them for regulation under enhanced
security measures for chemical (Chemical Facilities Anti-
Terrorism Standards, 6 CFR 27), radiological (NRC
Security Orders and Increased Controls for licensees
holding sources above Quantities of Concern), and biologi-
cal (Select Agents and Toxins, 42 CFR 73) agents. Most
security measures involve restriction of access to only
approved or authorized individuals, assessment of secu-
rity vulnerabilities, secure physical containment of the
agents, and inventory monitoring and tracking.

SAFETY AWARENESS FOR CLINICAL
LABORATORY PERSONNEL

Safety Responsibility

The employer and the employee share safety responsibil-
ity. While the individual employee has an obligation to
follow safe work practices and be attentive to potential
hazards, the employer has the ultimate responsibility for
safety and delegates authority for safe operations to labo-
ratory managers and supervisors. In order to ensure clar-
ity and consistency, safety management in the laboratory
should start with a written safety policy. Laboratory super-
visors, who reflect the attitudes of management toward
safety, are essential members of the safety program.

Employer’s Responsibilities

 Establish laboratory work methods and safety policies.

* Provide supervision and guidance to employees.

e Provide safety information, training, PPE, and medi-
cal surveillance to employees.

e Provide and maintain equipment and laboratory facili-
ties that are free of recognized hazards and adequate
for the tasks required.

The employee also has a responsibility for his or her
own safety and the safety of coworkers. Employee con-
duct in the laboratory is a vital factor in the achievement
of a workplace without accidents or injuries.

Employee’s Responsibilities

* Know and comply with the established laboratory safe
work practices.

e Have a positive attitude toward supervisors, cowork-
ers, facilities, and safety training.

* Be alert and give prompt notification of unsafe con-
ditions or practices to the immediate supervisor
and ensure that unsafe conditions and practices are
corrected.

* Engage in the conduct of safe work practices and use
of PPE.

Signage and Labeling

Appropriate signs to identify hazards are critical, not only
to alert laboratory personnel to potential hazards but
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- ®
NGEH! FLAMMABLE

DANGER! POISON

When using, the following safety precautions are recommended:

SAFETY GLASSES %l
& SHIELD VENT HOOD

LAB COAT, APRON
[ e ™ Py m
B EXTINGUISHER
L

Distributed by:

Baxter He;lthcare Corporation _O

Scientific Products Division FLAMMABLE « VAPOR HARMFUL » MAY BE FATAL OR

McGaw Park, IL 60085-6787 USA CAUSE BLINDNESS IF SWALLOWED o CANNOT BE MADE

Rev. 11104 NON-POISONOUS « HARMFUL IF INHALED » CAUSES
IRRITATION « NON-PHCTOCHEMICALLY REACTIVE

Keep away from heat, sparks and fiame. Keep container tightly closed and upright to
prevent leakage. Avoid breathing vapor or spray mist. Avoid contact with eyes, skin and @

Cat. G4324-5GL
Baxter

Scientific Products
SIP" Methyl Alcohol

(Methanol - Anhydrous)
CH,OH  FW 32.04

For Laboratory Use
Store at 68-86°F (20-30°C)

Flash Point: 11°C (52°F Closed Cup)
Maximum Limits and Specifications

Methyl Alcohot; 99.8% Minimum by volume
Residue after Evaporation: 0.001% Maximum
Water: 0.10% Maximum

CAS — (67-56-1);

Qty. 5 gallons (18.9L)

o
>-®

Made in USA

Lot No. KEAM

clothing. Use only with adequate ventitation. Wash thoroughly after handling. In case of
fire, use water spray, alcohol foam, dry chemical or CO,. In case of spillage, absorb and
flush with Jarge volumes of water immediately.

FIRST AID: In case of skin contact, flush with plenty of water; for eyes, flush with
plenty of water for 15 minutes and get medical attention. 1f swallowed, if conscious,
induce vomiting by giving two glasses of water and sticking finger down throat. Have
patient lie down and keep warm. Cover eyes to exclude fight. Never give anything by
mouth to an unconscious person. If inhaled, remove to fresh air. iIf necessary, give
oxygen or apply artificial respiration. —
NOTE: It is unlawful to use this fluid in any food or drink or in any drug or cosmetic for
internal or external use. Not for internat or external use on man or animal.

DOT Description: Methyl Alcohol, Flammable Liguid, UN1230

FIGURE 2-1 Sample chemical label: (1) statement of hazard; (2) hazard class; (3) safety precautions; (4) National Fire Protection Agency
(NFPA) hazard code; (5) fire extinguisher type; (6) safety instructions; (7) formula weight; and (8) lot number. Color of the diamond in the
NFPA label indicates hazard: Red = flammable. Store in an area segregated for flammable reagents. Blue = health hazard. Toxic if inhaled,
ingested, or absorbed through the skin. Store in a secure area. Yellow = reactive and oxidizing reagents. May react violently with air, water,
or other substances. Store away from flammable and combustible materials. White = corrosive. May harm skin, eyes, or mucous membranes.
Store away from red-, blue-, and yellow-coded reagents. Gray = presents no more than moderate hazard in any of the categories. For gener-
al chemical storage. Exception = reagent incompatible with other reagents of same color bar. Store separately. Hazard code (4)—Following
the NFPA use, each diamond shows a red segment (flammability), a blue segment (health; i.e., toxicity), and a yellow segment (reactivity).
Printed over each color-coded segment is a black number showing the degree of hazard involved. The fourth segment, as stipulated by
the NFPA, is left blank. It is reserved for special warnings, such as radioactivity. The numeric ratings indicate degree of hazard: 4 = extreme;

3 =severe; 2= moderate; 1 = slight; and 0 = none according to present data. (Courtesy of Baxter International Inc.).

also to identify specific hazards that may arise because
of emergencies such as fire or explosion. The National
Fire Protection Association (NFPA) developed a stan-
dard hazard identification system (diamond-shaped,
color-coded symbol), which has been adopted by many
clinical laboratories. At a glance, emergency personnel
can assess health hazards (blue quadrant), flammable
hazards (red quadrant), reactivity/stability hazards (yel-
low quadrant), and other special information (white
quadrant). In addition, each quadrant shows the magni-
tude of severity, graded from a low of 0 to a high of 4,
of the hazards within the posted area. (Note the NFPA
hazard code symbol in Fig. 2-1.)

Manufacturers of laboratory chemicals also provide
precautionary labeling information for users. Information
indicated on the product label includes statement of the
hazard, precautionary measures, specific hazard class,
first aid instructions for internal/external contact, the
storage code, the safety code, and personal protec-
tive gear and equipment needed. This information is
in addition to specifications on the actual lot analysis
of the chemical constituents and other product notes
(Fig. 2-1). Over the last two decades, there has been
an effort to standardize hazard terminology and clas-
sification under an internationally recognized guideline,
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titled the Globally Harmonized System of Classification
and Labeling of Hazardous Chemicals (GHS). This system
incorporates universal definitions and symbols to clearly
communicate specific hazards in a single concise label
format (Fig. 2-2). Although not yet law, or codified as a
regulatory standard, OSHA is presently working to align
the existing Hazard Communication Standard with pro-
visions of the GHS and encourages employers to begin
adopting the program.

All in-house prepared reagents and solutions should
be labeled in a standard manner and include the chemi-
cal identity, concentration, hazard warning, special han-
dling, storage conditions, date prepared, expiration date
(if applicable), and preparer’s initials.

SAFETY EQUIPMENT

Safety equipment has been developed specifically for use
in the clinical laboratory. The employer is required by
law to have designated safety equipment available, but it
is also the responsibility of the employee to comply with
all safety rules and to use safety equipment.

All laboratories are required to have safety show-
ers, eyewash stations, and fire extinguishers and to
periodically test and inspect the equipment for proper
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ToxiFlam (Contains: XYZ)
Danger! Toxic If Swallowed, Flammable Liquid and Vapor

Do not eat, drink or use tobacco when using this product. Wash hands
thoroughly after handling. Keep container tightly closed. Keep away
from heat/sparks/open flame. - No smoking. Wear protective gloves
and eye/face protection. Ground container and receiving equipment.

Use explosion-proof electrical equipment. Take precautionary measures against static discharge.
Use only non-sparking tools. Store in cool/well-ventilated place.

IF SWALLOWED: Immediately call a POISON CONTROL CENTER or doctor/physician. Rinse mouth.
In case of fire, use water fog, dry chemical, CO2, or "alcohol" foam.
See Safety Data Sheet for further details regarding safe use of this product.

MyCompany, MyStreet, MyTown NJ 00000, Tel: 111 222 3333

FIGURE 2-2 Example of a GHS inner container label (e.g., bottle inside a shipping box).

operation. It is recommended that safety showers deliver
30 to 50 gallons of water per minute at 20 to 50 pounds
per square inch (psi) and be located in areas where cor-
rosive liquids are stored or used. Eyewash stations must
be accessible (i.e., within 100 feet or 10 s travel) in labo-
ratory areas presenting chemical or biological exposure
hazards. Other items that must be available for personnel
include fire blankets, spill kits, and first aid supplies.

Mechanical pipeting devices must be used for manip-
ulating all types of liquids in the laboratory, including
water. Mouth pipeting is strictly prohibited.

Chemical Fume Hoods and Biosafety Cabinets

Fume Hoods

Fume hoods are required to contain and expel noxious
and hazardous fumes from chemical reagents. Fume
hoods should be visually inspected for blockages. A piece
of tissue paper placed at the hood opening will indicate
airflow direction. The hood should never be operated
with the sash fully opened, and a maximum operating
sash height should be established and conspicuously
marked. Containers and equipment positioned within
hoods should not block airflow. Periodically, ventila-
tion should be evaluated by measuring the face velocity
with a calibrated velocity meter. The velocity at the face
of the hood (with the sash in normal operating posi-
tion) should be 100 to 120 feet per minute and fairly
uniform across the entire opening. Smoke testing is also
recommended to locate no flow or turbulent areas in
the working space. As an added precaution, personal air
monitoring should be conducted in accordance with the
chemical hygiene plan of the facility.

Biosafety Cabinets
Biological safety cabinets (BSCs) remove particles that
may be harmful to the employee who is working with
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potentially infectious biologic specimens. The Centers
for Disease Control and Prevention (CDC) and the
National Institutes of Health have described four levels
of biosafety, which consist of combinations of laboratory
practices and techniques, safety equipment, and labora-
tory facilities. The biosafety level of a laboratory is based
on the operations performed, the routes of transmission
of the infectious agents, and the laboratory function or
activity. Accordingly, biosafety cabinets are designed to
offer various levels of protection, depending on the bio-
safety level of the specific laboratory (Table 2-1). BSCs
should be periodically recertified to ensure continued
optimal performance as filter occlusion or rupture can
compromise their effectiveness.

Chemical Storage Equipment

Safety equipment is available for the storage and han-
dling of hazardous chemicals and compressed gases.
Safety carriers should always be used to transport glass
bottles of acids, alkalis, or organic solvents in volumes
larger than 500 mL, and approved safety cans should be
used for storing, dispensing, or disposing of flammables
in volumes greater than 1 quart. Steel safety cabinets
with self-closing doors are required for the storage of
flammable liquids, and only specially designed, explo-
sion-proof refrigerators may be used to store flammable
materials. Only the amount of chemical needed for that
day should be available at the bench. Gas cylinder sup-
ports or clamps must be used at all times, and larger
cylinders should be transported with valve caps on,
using handcarts.

PPE and Hygiene

The parts of the body most frequently subject to
injury in the clinical laboratory are the eyes, skin, and
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COMPARISON OF BIOSAFETY CABINET CHARACTERISTICS

TABLE 2-1

APPLICATIONS

NONVOLATILE TOXIC
CHEMICALS AND
RADIONUCLIDES

Yes

VOLATILE TOXIC
CHEMICALS AND
RADIONUCLIDES

When exhausted
outdoors

FACE
BSC CLASS VELOCITY

| 75

AIRFLOW PATTERN

In at front through HEPA to the
outside or into the room
through HEPA

70% recirculated to the cabinet
work area through HEPA;
30% balance can be exhausted
through HEPA back into the
room or to outside through a
canopy unit

30% recirculated, 70% exhausted.
Exhaust cabinet air must pass
through a dedicated duct to
the outside through a HEPA
filter

11, A1 Yes (minute amounts) No

1, B1 100 Yes Yes (minute amounts)

I, B2 100 No recirculation; total exhaust Yes Yes (small amounts)
to the outside through a

HEPA filter

Similar to Il, A1, but has 100 Ifm
intake air velocity and plenums
are under negative pressure to
room; exhaust air can be
ducted to the outside through

When exhausted
outdoors (formally “B3")
(minute amounts)

I, A2 100 Yes

a canopy unit

BSC, biological safety cabinet; HEPA, high-efficiency particulate air; Ifm, linear feet per minute.
Adapted from Biosafety in Microbiological and Biomedical Laboratories. 5th ed. Revised December 2009.

respiratory and digestive tracts. Hence, the use of PPE
and proper hygiene is very important. Safety glasses,
goggles, visors, or work shields protect the eyes and face
from splashes and impact. Contact lenses do not offer
eye protection; it is strongly recommended that they
not be worn in the clinical chemistry laboratory, unless
additional protective eyewear is also utilized. If any solu-
tion is accidentally splashed into the eye(s), thorough
irrigation is required.

Gloves and rubberized sleeves protect the hands and
arms when using caustic chemicals. Gloves are required
for routine laboratory use; however, polyvinyl or other
nonlatex gloves are an acceptable alternative for people
with latex allergies. Certain glove materials offer bet-
ter protection against particular reagent formulations.
Nitrile gloves, for example, offer a wider range of com-
patibility with organic solvents than do latex gloves.
Laboratory coats, preferably with knit-cuffed sleeves,
should be full length and buttoned and made of lig-
uid-resistant material. When performing manipulations
prone to splash hazards, the laboratory coat should be
supplemented with an impermeable apron and/or sleeve
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garters, constructed of suitable material to guard against
the substances. Proper footwear is required; shoes con-
structed of porous materials, open-toed shoes, and san-
dals are considered ineffective against spilled hazardous
liquids.

Respirators may be required for various procedures
in the clinical laboratory. Whether used for biologic
or chemical hazards, the correct type of respirator
must be used for the specific hazard. Respirators with
high-efficiency particulate air (HEPA) filters must be
worn when engineering controls are not feasible, such
as when working directly with patients with tuberculosis
(TB) or when performing procedures that may aerosolize
specimens of patients with a suspected or confirmed case
of TB. Training, maintenance, and written protocol for
use of respirators are required according to the respira-
tory protection standard.

Each employer must provide (at no charge) labora-
tory coats, gloves, or other protective equipment to all
employees who may be exposed to biologic or chemi-
cal hazards. It is the employer’s responsibility to clean
and maintain any PPE used by more than one person.
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All contaminated PPE must be removed and properly
cleaned or disposed of before leaving the laboratory.

Hand washing is a crucial component of both infec-
tion control and chemical hygiene. After removing
gloves, hands should be washed thoroughly with soap
and warm water, even if glove breakthrough or contami-
nation is not suspected. The use of antimicrobial soap is
not as important as the physical action of washing the
hands with water and any mild soap. After any work with
highly toxic or carcinogenic chemicals, the face should
also be washed.

BIOLOGIC SAFETY
General Considerations

All blood samples and other body fluids should be
collected, transported, handled, and processed using
universal precautions (i.e., presumed to be infectious).
Gloves, gowns, and face protection must be used during
manipulations or transfers when splashing or splattering
is most likely to occur. Consistent and thorough hand
washing is an essential component of infection control.
Antiseptic gels and foams may be used at waterless sta-
tions between washes, but they should not take the place
of an actual hand wash.

Centrifugation of biologic specimens produces finely
dispersed aerosols that are a high-risk source of infec-
tion. Ideally, specimens should remain capped during
centrifugation, or several minutes should be allowed to
elapse after centrifugation is complete before opening the
lid. As a preferred option, the use of a sealed-cup centri-
fuge is recommended.

Spills

Any blood, body fluid, or other potentially infectious
material spill must be cleaned up, and the area or equip-
ment must be disinfected immediately. Safe cleanup
includes the following recommendations:

e Alert others in area of the spill.

e Wear appropriate protective equipment.

e Use mechanical devices to pick up broken glass or
other sharp objects.

* Absorb the spill with paper towels, gauze pads, or tissue.

* Clean the spill site using a common aqueous detergent.

* Disinfect the spill site using approved disinfectant or
10% bleach, using appropriate contact time.

* Rinse the spill site with water.

* Dispose of all materials in appropriate biohazard con-
tainers.

Bloodborne Pathogens

In December 1991, OSHA issued the final rule for occupa-
tional exposure to bloodborne pathogens. To minimize
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employee exposure, each employer must have a written
exposure control plan. The plan must be available to all
employees whose duties may result in reasonably antici-
pated occupational exposure to blood or other potentially
infectious materials. The exposure control plan must be
discussed with all employees and be available to them
while they are working. The employee must be provided
with adequate training in all techniques described in the
exposure control plan at initial work assignment and
annually thereafter. All necessary safety equipment and
supplies must be readily available and inspected on a
regular basis.

Clinical laboratory personnel are knowingly or
unknowingly in frequent contact with potentially bio-
hazardous materials. In recent years, new and serious
occupational hazards to personnel have arisen, and this
problem has been complicated because of the general
lack of understanding of the epidemiology, mechanisms
of transmission of the disease, or inactivation of the caus-
ative agent. Special precautions must be taken when han-
dling all specimens because of the continual increase in
the proportion of infectious samples received in the labo-
ratory. Therefore, in practice, specimens from patients
with confirmed or suspected hepatitis, acquired immu-
nodeficiency syndrome (AIDS), or other potentially
infectious diseases should be handled no differently than
other routine specimens. Adopting a universal precau-
tions policy, which considers blood and other body fluids
from all patients as potentially infective, is required.

Airborne Pathogens

Because of a global resurgence of TB, OSHA issued
a statement in 1993 that the agency would enforce
CDC Guidelines for Preventing the Transmission of
Tuberculosis in Health Care Facilities. The purpose of
the guidelines is to encourage early detection, isolation,
and treatment of active cases. A TB exposure control
program must be established, and risks to laboratory
workers must be assessed. In 1997, a proposed standard
(29 CFR 1910.1035, Tuberculosis) was issued by OSHA
only to be withdrawn again when it was determined
that existing CDC guidelines could be enforced by
OSHA through its “general duty” clause and Respiratory
Protection Standard. The CDC guidelines require the
development of a tuberculosis infection control program
by any facility involved in the diagnosis or treatment
of cases of confirmed infectious TB. TB isolation areas
with specific ventilation controls must be established in
health-care facilities. Those workers in high-risk areas
may be required to wear a respirator for protection. All
health-care workers considered to be at risk must be
screened for TB infection.

Other specific pathogens, including viruses, bacteria,
and fungi, may be considered airborne transmission
risks. Protective measures in the clinical laboratory
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generally involve work practice and engineering controls
focused on prevention of aerosolization, containment/
isolation, and respiratory protection of N-95 (filtration
of 95% of particles >0.3 pm) or better.

Shipping

Clinical laboratories routinely ship regulated material.
The U.S. Department of Transportation (DOT) and the
International Air Transport Association (IATA) have
specific requirements for carrying regulated materi-
als. There are two types of specimen classifications.
Known or suspect infectious specimens are labeled
infectious substances if the pathogen can be readily
transmitted to humans or animals. Diagnostic speci-
mens are those tested as routine screening or for initial
diagnosis. Each type of specimen has rules and pack-
aging requirements. The DOT guidelines are found in
the Code of Federal Regulations, Title 49, Subchapter
C; TATA publishes its own manual, Dangerous Goods
Regulations.

CHEMICAL SAFETY
Hazard Communication

In the August 1987 issue of the Federal Register, OSHA
published the new Hazard Communication Standard
(Right to Know Law, 29 CFR 1910.1200). The Right
to Know Law was developed for employees who may
be exposed to hazardous chemicals in the workplace.
Employees must be informed of the health risks associ-
ated with those chemicals. The intent of the law is to
ensure that health hazards are evaluated for all chemicals
that are produced and that this information is relayed
to employees.

To comply with the regulation, clinical laboratories
must

e Plan and implement a written hazard communication
program.

e Obtain SDSs for each hazardous compound present in
the workplace and have the SDSs readily accessible to
employees.

e Educate all employees annually on how to inter-
pret chemical labels, SDSs, and health hazards of
the chemicals and how to work safely with the
chemicals.

* Maintain hazard warning labels on containers received
or filled on-site.

Safety Data Sheet

The SDS is a major source of safety information for
employees who may use hazardous materials in their
occupations. Employers are responsible for obtaining
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the SDS from the chemical manufacturer or developing
an SDS for each hazardous agent used in the workplace.
A standardized format is not mandatory, but all require-
ments listed in the law must be addressed. A summary
of the SDS information requirements includes the fol-
lowing;:

e Product name and identification

e Hazardous ingredients

e Permissible exposure limit

e Physical and chemical data

e Health hazard data and carcinogenic potential

* Primary routes of entry

e Fire and explosion hazards

e Reactivity data

e Spill and disposal procedures

e PPE recommendations

e Handling

* Emergency and first aid procedures

 Storage and transportation precautions

e Chemical manufacturer’s name, address, and telephone
number

* Special information section

The SDS must provide the specific compound
identity, together with all common names. All infor-
mation sections must be completed, and the date that
the SDS was printed must be indicated. Copies of the
SDS must be readily accessible to employees during
all shifts.

The new GHS also addresses Safety Data Sheets and
provides a more rigid format of 16 sections similar to
those listed above.

OSHA Laboratory Standard

Occupational Exposure to Hazardous Chemicals in
Laboratories (29 CFR 1910.1450), also known as the
laboratory standard, was enacted in May 1990 to pro-
vide laboratories with specific guidelines for handling
hazardous chemicals. This OSHA standard requires
each laboratory that uses hazardous chemicals to have
a written chemical hygiene plan. This plan provides
procedures and work practices for regulating and reduc-
ing exposure of laboratory personnel to hazardous
chemicals. Hazardous chemicals are those that pose a
physical or health hazard from acute or chronic expo-
sure. Procedures describing how to protect employ-
ees against teratogens (substances that affect cellular
development in a fetus or embryo), carcinogens, and
other toxic chemicals must be described in the plan.
Training in the use of hazardous chemicals must be
provided to all employees and must include recognition
of signs and symptoms of exposure, location of SDS, the
chemical hygiene plan, and how to protect themselves
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against hazardous chemicals. A chemical hygiene officer
must be designated for any laboratory using hazardous
chemicals. The protocol must be reviewed annually and
updated when regulations are modified or chemical
inventory changes. Remember that practicing consistent
and thorough hand washing is an essential component
of preventative chemical hygiene.

Toxic Effects from Hazardous Substances

Toxic substances have the potential of producing del-
eterious effects (local or systemic) by direct chemical
action or interference with the function of body sys-
tems. They can cause acute or chronic effects related to
the duration of exposure (i.e., short-term, or single con-
tact, versus long-term, or prolonged, repeated contact).
Almost any substance, even the most benign seeming,
can pose risk of damage to a workers lungs, skin,
eyes, or mucous membranes following long- or short-
term exposure and can be toxic in excess. Moreover,
some chemicals are toxic at very low concentrations.
Exposure to toxic agents can be through direct contact
(absorption), inhalation, ingestion, or inoculation/
injection.

In the clinical chemistry laboratory, personnel should
be particularly aware of toxic vapors from chemical sol-
vents, such as acetone, chloroform, methanol, or carbon
tetrachloride, that do not give explicit sensory irritation
warnings, as do bromide, ammonia, and formaldehyde.
Air sampling or routine monitoring may be necessary to
quantify dangerous levels. Mercury is another frequently
disregarded source of poisonous vapors. It is highly
volatile and toxic and is rapidly absorbed through the
skin and respiratory tract. Mercury spill kits should
be available in areas where mercury thermometers are
used. Most laboratories are phasing out the use of mer-
cury and mercury-containing compounds. Laboratories
should have a policy on mercury reduction or elimi-
nation and a method for legally disposing of mercury.
Several compounds, including formaldehyde and methy-
lene chloride, have substance-specific OSHA standards,
which require periodic monitoring of air concentrations.
Laboratory engineering controls, PPE, and procedural
controls must be adequate to protect employees from
these substances.

Storage and Handling of Chemicals

To avoid accidents when handling chemicals, it is
important to develop respect for all chemicals and to
have a complete knowledge of their properties. This
is particularly important when transporting, dispens-
ing, or using chemicals that, when in contact with
certain other chemicals, could result in the formation
of substances that are toxic, flammable, or explosive.
For example, acetic acid is incompatible with other
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acids such as chromic and nitric acid, carbon tetra-
chloride is incompatible with sodium, and flammable
liquids are incompatible with hydrogen peroxide and
nitric acid.

Arrangements for the storage of chemicals will
depend on the quantities of chemicals needed and the
nature or type of chemicals. Proper storage is essential
to prevent and control laboratory fires and accidents.
Ideally, the storeroom should be organized so that each
class of chemicals is isolated in an area that is not used
for routine work. An up-to-date inventory should be
kept that indicates location of chemicals, minimum/
maximum quantities required, and shelf life. Some
chemicals deteriorate over time and become hazardous
(e.g., many ethers and tetrahydrofuran form explosive
peroxides). Storage should not be based solely on
alphabetical order because incompatible chemicals
may be stored next to each other and react chemi-
cally. They must be separated for storage, as shown in
Table 2-2.

Flammable/Combustible Chemicals

Flammable and combustible liquids, which are used
in numerous routine procedures, are among the most
hazardous materials in the clinical chemistry laboratory
because of possible fire or explosion. They are classi-
fied according to flash point, which is the temperature
at which sufficient vapor is given off to form an ignit-
able mixture with air. A flammable liquid has a flash
point below 37.8°C (100°F) and combustible liquids, by
definition, have a flash point at or above 37.8°C (100°F).
Some commonly used flammable and combustible sol-
vents are acetone, benzene, ethanol, heptane, isopropa-
nol, methanol, toluene, and xylene. It is important to
remember that flammable or combustible chemicals also
include certain gases, such as hydrogen, and solids, such
as paraffin.

STORAGE REQUIREMENTS

SUBSTANCE
Flammable liquids
Mineral acids

Caustics

Perchloric acid
Air-reactive substances

Heat-reactive substances
requiring refrigeration

Unstable substances
(shock-sensitive
explosives)
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STORED SEPARATELY
Flammable solids
Organic acids

Oxidizers

Water-reactive substances
Others
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Corrosive Chemicals

Corrosive chemicals are injurious to the skin or eyes
by direct contact or to the tissue of the respirato-
ry and gastrointestinal tracts if inhaled or ingested.
Typical examples include acids (acetic, sulfuric, nitric,
and hydrochloric) and bases (ammonium hydroxide,
potassium hydroxide, and sodium hydroxide). External
exposures to concentrated corrosives can cause severe
burns and require immediate flushing with copious
amounts of clean water.

Reactive Chemicals

Reactive chemicals are substances that, under certain
conditions, can spontaneously explode or ignite or
that evolve heat or flammable or explosive gases. Some
strong acids or bases react with water to generate heat
(exothermic reactions). Hydrogen is liberated if alkali
metals (sodium or potassium) are mixed with water
or acids, and spontaneous combustion also may occur.
The mixture of oxidizing agents, such as peroxides, and
reducing agents, such as hydrogen, generates heat and
may be explosive.

Carcinogenic Chemicals

Carcinogens are substances that have been determined
to be cancer-causing agents. OSHA has issued lists of
confirmed and suspected carcinogens and detailed stan-
dards for the handling of these substances. Benzidine is
a common example of a known carcinogen. If possible,
a substitute chemical or different procedure should
be used to avoid exposure to carcinogenic agents. For
regulatory (OSHA) and institutional safety requirements,
the laboratory must maintain an accurate inventory of
carcinogens.

Chemical Spills

Strict attention to good laboratory technique can help
prevent chemical spills. However, emergency procedures
should be established to handle any accidents. If a spill
occurs, the first step should be to assist/evacuate person-
nel, and then confinement and cleanup of the spill can
begin. There are several commercial spill kits available
for neutralizing and absorbing spilled chemical solutions
(Fig. 2-3). However, no single kit is suitable for all types
of spills. Emergency procedures for spills should also
include a reporting system.

RADIATION SAFETY
Environmental Protection

A radiation safety policy should include environmental
and personnel protection. All areas where radioactive
materials are used or stored must be posted with caution
signs, and traffic in these areas should be restricted to
essential personnel only. Regular and systematic moni-
toring must be emphasized, and decontamination of

STUDENTS-HUB.com

FIGURE 2-3 Spill cleanup kit.

laboratory equipment, glassware, and work areas should
be scheduled as part of routine procedures. Records must
be maintained as to the quantity of radioactive mate-
rial on hand as well as the quantity that is disposed. A
Nuclear Regulatory Commission (NRC) or agreement
state license is required if the amount of radioactive
material exceeds a certain level. The laboratory safety
officer must consult with the institutional safety officer
about these requirements.

Personal Protection

It is essential that only properly trained personnel work
with radioisotopes. Good work practices must consis-
tently be employed to ensure that contamination and
inadvertent internalization are avoided. Users should be
monitored to ensure that the maximal permissible dose
of radiation is not exceeded. Radiation monitors must be
evaluated regularly to detect degree of exposure for the
laboratory employee. Records must be maintained for the
length of employment plus 30 years.

Nonionizing Radiation

Nonionizing forms of radiation are also a concern in
the clinical laboratory. Equipment often emits a variety
of wavelengths of electromagnetic radiation that must
be protected against through engineered shielding
or use of PPE (Table 2-3). These energies have vary-
ing biologic effects, depending on wavelength, power
intensity, and duration of exposure. Laboratorians must
be knowledgeable regarding the hazards presented by
their equipment to protect themselves and ancillary
personnel.
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EXAMPLES OF NONIONIZING RADIATION IN CLINICAL LABORATORIES

APPROXIMATE

SOURCE EQUIPMENT EXAMPLE

Radiofrequency coil in inductively coupled
plasma-mass spectrometer

Energy beam microwave used to accelerate

PROTECTIVE MEASURES

Engineered shielding and
posted pacemaker warning

Engineered shielding

tissue staining in histology prep processes

TYPE WAVELENGTH
Low frequency >1 cm
Microwaves 3 m-3 mm
Infrared 750 nm-0.3 cm Heat lamps, lasers
Visible spectrum ~ 400-750 nm General illumination and glare
Ultraviolet 4-400 nm
cabinets
FIRE SAFETY

The Chemistry of Fire

Fire is basically a chemical reaction that involves the
rapid oxidation of a combustible material or fuel, with
the subsequent liberation of heat and light. In the clinical
chemistry laboratory, all the elements essential for fire to
begin are present—fuel, heat or ignition source, and oxy-
gen (air). However, recent research suggests that a fourth
factor is present. This factor has been classified as a reac-
tion chain in which burning continues and even acceler-
ates. It is caused by the breakdown and recombination of
the molecules from the material burning with the oxygen
in the atmosphere.

The fire triangle has been modified into a three-
dimensional pyramid known as the fire tetrahedron
(Fig. 2-4). This modification does not contradict estab-
lished procedures in dealing with a fire but does provide
additional means by which fires may be prevented or
extinguished. A fire will extinguish if any of the three
basic elements (heat, air, or fuel) are removed.

Uninhibited Fuel
reaction
Oxygen
Heat

FIGURE 2-4 Fire tetrahedron.
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Germicidal lamps used in biologic safety

Containment and appropriate
warning labels

Filters, diffusers, and
nonreflective surfaces

Eye and skin protection;
UV warning labels

Classification of Fires

Fires have been divided into four classes based on the
nature of the combustible material and requirements for
extinguishment:

Class A: ordinary combustible solid materials, such as
paper, wood, plastic, and fabric

Class B: flammable liquids/gases and combustible
petroleum products

Class C: energized electrical equipment

Class D: combustible/reactive metals, such as magne-
sium, sodium, and potassium

Types and Applications of Fire Extinguishers

Just as fires have been divided into classes, fire extin-
guishers are divided into classes that correspond to the
type of fire to be extinguished. Be certain to choose the
right type—using the wrong type of extinguisher may be
dangerous. For example, do not use water on burning
liquids or electrical equipment.

Pressurized water extinguishers, as well as foam and
multipurpose dry-chemical types, are used for Class A
fires. Multipurpose dry-chemical and carbon dioxide
extinguishers are used for Class B and C fires. Halogenated
hydrocarbon extinguishers are particularly recommended
for use with computer equipment. Class D fires pres-
ent special problems, and extinguishment is left to
trained firefighters using special dry-chemical extinguish-
ers (Fig. 2-5). Generally, all that can be done for a Class D
fire in the laboratory is to try and isolate the burning metal
from combustible surfaces with sand or ceramic barrier
material. Personnel should know the location and type of
portable fire extinguisher near their work area and know
how to use an extinguisher before a fire occurs. In the
event of a fire, first evacuate all personnel, patients, and
visitors who are in immediate danger and then activate
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CLASS OF FIRE

TYPE OF EXTINGUISHER

OPERATION

A Class A Fires

Use these types of
extinguishers ———
Ordinary
Combustibles:
Wood, Paper,
Cloth, etc.

Water

PULL

PIN

Class B Fires
Use these types of
extinguishers ———

w

Flammable
Liquid
’\\‘b Grease
Gasoline
~. Paints
Oils, etc.

AIM

NOZZLE

SQUEEZE
TRIGGER

@ Class C Fires

Use these types of
extinguishers ———»
Electrical
equipment
Motors
Switches

Carbon Dioxide

SWEEP
NOZZLE

Dry Chemical

Class D Fires
Use this type of
agent ——»
Flammable
metals
Magnesium

Metal X

Cover burning material
with extinguishing
agent (scoop, sprinkle)

FIGURE 2-5 Proper use of fire extinguishers. (Adapted from the Clinical and Laboratory Safety Department,
The University of Texas Health Science Center at Houston.)

the fire alarm, report the fire, and, if possible, attempt
to extinguish the fire. Personnel should work as a team
to carry out emergency procedures. Fire drills must be
conducted regularly and with appropriate documentation.
Fire extinguishers must be inspected monthly to ensure
that they are mounted, visible, accessible, and charged.

CONTROL OF OTHER HAZARDS
Electrical Hazards

Most individuals are aware of the potential hazards asso-
ciated with the use of electrical appliances and equip-
ment. Direct hazards of electrical energy can result in
death, shock, or burns. Indirect hazards can result in fire
or explosion. Therefore, there are many precautionary
procedures to follow when operating or working around
electrical equipment:

e Use only explosion-rated (intrinsically wired) equip-
ment in hazardous atmospheres.

e Be particularly careful when operating high-voltage
equipment, such as electrophoresis apparatus.

e Use only properly grounded equipment (three-prong
plug).

e Check for frayed electrical cords.

e Promptly report any malfunctions or equipment pro-
ducing a “tingle” for repair.

* Do not work on “live” electrical equipment.
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* Never operate electrical equipment with wet hands.

e Know the exact location of the electrical control panel
for the electricity to your work area.

e Use only approved extension cords in temporary
applications and do not overload circuits. (Some local
regulations prohibit the use of any extension cord.)

e Have ground, polarity, and leakage checks and other
periodic preventive maintenance performed on out-
lets and equipment.

Compressed Gases Hazards

Compressed gases, which serve a number of functions
in the laboratory, present a unique combination of haz-
ards in the clinical laboratory: danger of fire, explosion,
asphyxiation, or mechanical injuries. There are sev-
eral general requirements for safely handling compressed
gases:

e Know the gas that you will use.

e Store tanks in a vertical position.

* Keep cylinders secured at all times.

e Never store flammable liquids and compressed gases
in the same area.

e Use the proper regulator, tubing, and fittings for the
type of gas in use.

* Do not attempt to control or shut off gas flow with the
pressure relief regulator.
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* Keep removable protection caps in place until the
cylinder is in use.

* Make certain that acetylene tanks are properly piped
(the gas is incompatible with copper tubing).

e Do not force a “frozen” or stuck cylinder valve.

e Use a hand truck to transport large cylinders.

e Always check cylinders on receipt and then periodi-
cally for any problems such as leaks.

* Make certain that the cylinder is properly labeled to
identify the contents.

* Empty tanks should be marked “empty.”

Cryogenic Materials Hazards

Liquid nitrogen is probably one of the most widely used
cryogenic fluids (liquefied gases) in the laboratory. There
are, however, several hazards associated with the use of
any cryogenic material: fire or explosion, asphyxiation,
pressure buildup, embrittlement of materials, and tissue
damage similar to that of thermal burns.

Only containers constructed of materials designed
to withstand ultralow temperatures should be used for
cryogenic work. In addition to the use of eye/face pro-
tection, hand protection to guard against the hazards
of touching supercooled surfaces is recommended. The
gloves, of impermeable material, should fit loosely so
that they can be taken off quickly if liquid spills on or
into them. Also, to minimize violent boiling/frothing
and splashing, specimens to be frozen should always be
inserted into the coolant very slowly. Cryogenic fluids
should be stored in well-insulated but loosely stoppered
containers that minimize loss of fluid resulting from
evaporation by boil-off and that prevent plugging and
pressure buildup.

Mechanical Hazards

In addition to physical hazards such as fire and electric
shock, laboratory personnel should be aware of the
mechanical hazards of equipment such as centrifuges,
autoclaves, and homogenizers.

Centrifuges, for example, must be balanced to distribute
the load equally. The operator should never open the lid
until the rotor has come to a complete stop. Safety inter-
locks on equipment should never be rendered inoperable.

Laboratory glassware itself is another potential hazard.
Agents, such as glass beads or boiling chips, should be
added to help eliminate bumping/boilover when liquids
are heated. Tongs or insulated gloves should be used to
remove hot glassware from ovens, hot plates, or water
baths. Glass pipets should be handled with extra care, as
should sharp instruments such as cork borers, needles,
scalpel blades, and other tools. A glassware inspection
program should be in place to detect signs of wear or
fatigue that could contribute to breakage or injury. All
infectious sharps must be disposed in OSHA-approved
containers to reduce the risk of injury and infection.
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Ergonomic Hazards

Although increased mechanization and automation have
made many tedious and repetitive manual tasks obsolete,
laboratory processes often require repeated manipulation
of instruments, containers, and equipment. These physi-
cal actions can, over time, contribute to repetitive strain
disorders such as tenosynovitis, bursitis, and ganglion
cysts. The primary contributing factors associated with
repetitive strain disorders are position/posture, applied
force, and frequency of repetition. Remember to consider
the design of hand tools (e.g., ergonomic pipets), adher-
ence to ergonomically correct technique, and equipment
positioning when engaging in any repetitive task. Chronic
symptoms of pain, numbness, or tingling in extremi-
ties may indicate the onset of repetitive strain disorders.
Other hazards include acute musculoskeletal injury.
Remember to lift heavy objects properly, keeping the load
close to the body and using the muscles of the legs rather
than the back. Gradually increase force when pushing or
pulling, and avoid pounding actions with the extremities.

DISPOSAL OF HAZARDOUS MATERIALS

The safe handling and disposal of chemicals and other
materials require a thorough knowledge of their proper-
ties and hazards. Generators of hazardous wastes have a
moral and legal responsibility, as defined in applicable
local, state, and federal regulations, to protect both the
individual and the environment when disposing of
waste. There are four basic waste disposal techniques:
flushing down the drain to the sewer system, incinera-
tion, landfill burial, and recycling.

Chemical Waste

In some cases, it is permissible to flush water-soluble sub-
stances down the drain with copious quantities of water.
However, strong acids or bases should be neutralized
before disposal. The laboratory must adhere to institu-
tional, local, and state regulations regarding the disposal
of strong acids and bases. Foul-smelling chemicals should
never be disposed of down the drain. Possible reaction
of chemicals in the drain and potential toxicity must be
considered when deciding if a particular chemical can be
dissolved or diluted and then flushed down the drain. For
example, sodium azide, which is used as a preservative,
forms explosive salts with metals, such as the copper, in
pipes. Many institutions ban the use of sodium azide due
to this hazard. In all cases, check with the local water
reclamation district or publicly owned treatment works
for specific limitations before utilizing sewer disposal.
Other liquid wastes, including flammable solvents,
must be collected in approved containers and segregated
into compatible classes. If practical, solvents such as
xylene and acetone may be filtered or redistilled for reuse.
If recycling is not feasible, disposal arrangements should
be made by specifically trained personnel. Flammable
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material can also be burned in specially designed incin-
erators with afterburners and scrubbers to remove toxic
products of combustion.

Also, before disposal, hazardous substances that are
explosive (e.g., peroxides) and carcinogens should be
transformed to less hazardous forms whenever feasible.
Solid chemical wastes that are unsuitable for incinera-
tion may be amenable to other treatments or buried in
an approved, permitted landfill. Note that certain chemi-
cal wastes are subject to strict “cradle to grave” tracking
under the RCRA, and severe penalties are associated with
improper storage, transportation, and disposal.

Radioactive Waste

The manner of use and disposal of isotopes is strictly
regulated by the NRC or NRC agreement states and
depends on the type of waste (soluble or nonsoluble),
its level of radioactivity, and the radiotoxicity and half-
life of the isotopes involved. The radiation safety officer
should always be consulted about policies dealing with
radioactive waste disposal. Many clinical laboratories
transfer radioactive materials to a licensed receiver for
disposal.

Biohazardous Waste

On November 2, 1988, President Reagan signed into
law The Medical Waste Tracking Act of 1988. Its pur-
pose was to (1) charge the Environmental Protection
Agency with the responsibility to establish a program
to track medical waste from generation to disposal, (2)
define medical waste, (3) establish acceptable tech-
niques for treatment and disposal, and (4) establish a
department with jurisdiction to enforce the new laws.
Several states have implemented the federal guidelines
and incorporated additional requirements. Some entities
covered by the rules are any health-care-related facil-
ity including, but not limited to, ambulatory surgical
centers; blood banks and blood drawing centers; clinics,
including medical, dental, and veterinary; clinical, diag-
nostic, pathologic, or biomedical research laboratories;
emergency medical services; hospitals; long-term care
facilities; minor emergency centers; occupational health
clinics and clinical laboratories; and professional offices
of physicians and dentists.

Medical waste is defined as special waste from health-
care facilities and is further defined as solid waste that,
if improperly treated or handled, “may transmit infec-
tious diseases.” (For additional information, see the TJC
web site: http://www jointcommission.org/). It comprises
animal waste, bulk blood and blood products, microbio-
logic waste, pathologic waste, and sharps. The approved
methods for treatment and disposition of medical waste
are incineration, steam sterilization, burial, thermal
inactivation, chemical disinfection, or encapsulation in
a solid matrix.
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Generators of medical waste must implement the fol-
lowing procedures:

* Employers of health-care workers must establish and
implement an infectious waste program.

e All biomedical waste should be placed in a bag marked
with the biohazard symbol and then placed into a
leakproof container that is puncture resistant and
equipped with a solid, tight-fitting lid. All containers
must be clearly marked with the word biohazard or
its symbol.

e All sharp instruments, such as needles, blades, and
glass objects, should be placed into special puncture-
resistant containers before placing them inside the bag
and container.

e Needles should not be transported, recapped, bent, or
broken by hand.

e All biomedical waste must then be disposed of accord-
ing to one of the recommended procedures.

* Highly pathogenic waste should undergo preliminary
treatment on-site.

e Potentially biohazardous material, such as blood or
blood products and contaminated laboratory waste,
cannot be directly discarded. Contaminated com-
bustible waste can be incinerated. Contaminated
noncombustible waste, such as glassware, should be
autoclaved before being discarded. Special attention
should be given to the discarding of syringes, needles,
and broken glass that could also inflict accidental cuts
or punctures. Appropriate containers should be used
for discarding these sharp objects.

ACCIDENT DOCUMENTATION
AND INVESTIGATION

Any accidents involving personal injuries, even minor
ones, should be reported immediately to a supervisor.
Manifestation of occupational illnesses and exposures
to hazardous substances should also be reported. Under
OSHA regulations, employers are required to main-
tain records of occupational injuries and illnesses for
the length of employment plus 30 years. The record-
keeping requirements include a first report of injury,
an accident investigation report, and an annual sum-
mary that is recorded on an OSHA injury and illness
log (Form 300).

The first report of injury is used to notify the insur-
ance company and the human resources or safety
department that a workplace injury has occurred. The
employee and the supervisor usually complete the
report, which contains information on the employer and
injured person, as well as the time and place, cause, and
nature of the injury. The report is signed and dated; then,
it is forwarded to the institution’s risk manager or insur-
ance representative.

The investigation report should include information
on the injured person, a description of what happened,
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the cause of the accident (environmental or personal),
other contributing factors, witnesses, the nature of the
injury, and actions to be taken to prevent a recurrence.
This report should be signed and dated by the person
who conducted the investigation.

Annually, a log and summary of occupational injuries
and illnesses should be completed and forwarded to the
U.S. Department of Labor, Bureau of Labor Statistics’
OSHA injury and illness log (Form 300). The standardized
form requests de-personalized information similar to the
first report of injury and the accident investigation report.
Information about every occupational death, nonfatal occu-
pational illness, biologic or chemical exposure, and nonfa-
tal occupational injury that involved loss of consciousness,
restriction of work or motion, transfer to another job, or
medical treatment (other than first aid) must be reported.

Because it is important to determine why and how an
accident occurred, an accident investigation should be

For additional student resources please visit thePoint at http:/thepoint.lww.com. thepolnt s

conducted. Most accidents can be traced to one of two
underlying causes: environmental (unsafe conditions)
or personal (unsafe acts). Environmental factors include
inadequate safeguards, use of improper or defective
equipment, hazards associated with the location, or poor
housekeeping. Personal factors include improper labora-
tory attire, lack of skills or knowledge, specific physi-
cal or mental conditions, and attitude. The employee’s
positive motivation is important in all aspects of safety
promotion and accident prevention.

It is particularly important that the appropriate author-
ity be notified immediately if any individual sustains a
contaminated needle puncture during blood collection or
a cut during subsequent specimen processing or handling.
For a summary of recommendations for the protection
of laboratory workers, refer to Protection of Laboratory
Workers from Occupationally Acquired Infections; Approved
Guideline, Third Edition, M29-A3 (CLSI).

el

QUESTIONS

1. Which of the following standards requires that
SDSs are accessible to all employees who come in
contact with a hazardous compound?

a. Hazard Communication Standard

b. Bloodborne Pathogen Standard

c. CDC Regulations

d. Personal Protection Equipment Standard

2. Chemicals should be stored
a. According to their chemical properties and
classification
b. Alphabetically, for easy accessibility
Inside a safety cabinet with proper ventilation
d. Inside a fume hood, if toxic vapors can be
released when opened

o

3. Proper PPE in the chemistry laboratory for routine
testing includes

a. Impermeable lab coat with eye/face protection
and appropriate disposable gloves

b. Respirators with HEPA filter

c. Gloves with rubberized sleeves

d. Safety glasses for individuals not wearing con-
tact lenses

4. A fire caused by a flammable liquid should be
extinguished using which type of extinguisher?
a. Class B
b. Halogen
c. Pressurized water
d. Class C
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5. Which of the following is the proper means of
disposal for the type of waste?
a. Microbiologic waste by steam sterilization
b. Xylene into the sewer system
c. Mercury by burial
d. Radioactive waste by incineration

6. What are the major contributing factors to repeti-
tive strain injuries?
a. Position/posture, applied force, and frequency
of repetition
b. Inattention on the part of the laboratorian
c. Temperature and vibration
d. Fatigue, clumsiness, and lack of coordination

7. Which of the following are examples of nonion-
izing radiation?
a. Ultraviolet light and microwaves
b. Gamma rays and x-rays
c. Alpha and beta radiation
d. Neutron radiation

8. One liter of 4 N sodium hydroxide (strong base) in
a glass 1 L beaker accidentally fell and spilled on
the laboratory floor. The first step is to:

a. Call 911.

b. Alert and evacuate those in the immediate area
out of harms way.

c. Throw some Kitty litter on the spill.

d. Squirt water on the spill to dilute the chemical.

e. Neutralize with absorbing materials in a nearby
spill kit.
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9. Of the following, which is NOT reportable to the
Department of Labor?
a. A laboratorian with a persistent cough that is
only triggered at work
b. A laboratorian that experienced a chemical burn
c. A laboratorian that tripped in the lab and
hit her head on the lab bench rendering her
unconscious

d. A laboratorian that was stuck by a contami-
nated needle after performing phlebotomy on
a patient

e. A laboratorian that forgot to wear his lab coat
and gloves while diluting patient serum
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Chapter Objectives wm

Upon completion of this chapter, the clinical
laboratorian should be able to do the following:

e Define the following terms: quality control, accuracy, preci-
sion, descriptive statistics, reference interval, random error,
sensitivity, specificity, systematic error, and confidence
intervals.

e Calculate the following: sensitivity, specificity, efficiency,
predictive value, mean, median, range, variance, and stan-
dard deviation.

e Understand why statistics are needed for effective quality
management.

 Read a descriptive statistics equation without fear.

e Understand the types, uses, and requirements for reference
intervals.

e Understand the basic protocols used to verify or establish a
reference interval.

e Appreciate how the test cutoff affects diagnostic performance.

e Evaluate laboratory data using multirules for quality control.

e Graph laboratory data and determine significant constant
or proportional errors.

e Determine if there is a trend or a shift, given laboratory data.

e Discuss the processes involved in method selection and
evaluation.

e Discuss proficiency testing programs in the clinical
laboratory.

e Describe how a process can be systematically improved.
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It is widely accepted that the majority of medical deci-
sions are made using laboratory data. It is therefore
critical that results generated by the laboratory be accu-
rate. Determining and maintaining accuracy requires
considerable effort and cost, entailing the use of a series
of approaches depending on the complexity of the test.
To begin, one must appreciate what quality is and how
quality is measured. To this end, it is vital to understand
basic statistical concepts that enable the laboratorian to
measure quality. Before implementing a new test, it is
important to determine if the test is capable of perform-
ing acceptably; method evaluation is used to verify the
acceptability of new methods prior to reporting patient
results. Once a method has been implemented, it is
essential that the laboratory ensures it remains valid
over time; this is achieved by a process known as qual-
ity control (QC). This chapter describes basic statistical
concepts and provides an overview of the procedures
necessary to implement a new method and ensure its
continuing accuracy.

BASIC CONCEPTS

Each day, high—volume clinical laboratories generate
thousands of results. This wealth of clinical laboratory
data must be summarized to monitor test performance.
The foundation for monitoring performance (known as
QQ) is descriptive statistics.
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Random error
Reference interval
Reference method
SDI

Sensitivity

Shift

Specificity
Systematic error
Trend

Descriptive Statistics: Measures of Center,
Spread, and Shape

When examined closely, a collection of seemingly similar
things always has at least slight differences for any given
characteristic (e.g., smoothness, size, color, weight, vol-
ume, and potency). Similarly, laboratory data will have
at least slight measurement differences. For example, if
glucose on a given specimen is measured 100 times in
a row, there would be a range of values obtained. Such
differences in laboratory values can be a result of a vari-
ety of sources. Although measurements will differ, their
values form patterns that can be visualized and analyzed
collectively. Laboratorians view and describe these pat-
terns using graphical representations and descriptive
statistics (Fig. 3-1).

When comparing and analyzing collections or sets of
laboratory data, patterns can be described by their cen-
ter, spread, and shape. Although comparing the center
of data is most common, comparing the spread can be
even more powerful. Assessment of data dispersion, or
spread, allows laboratorians to assess the predictability
(and the lack of) in a laboratory test or measurement.

Measures of Center

The three most commonly used descriptions of the center
of a dataset (Fig. 3-2) are the mean, the median, and the
mode. The mean is most commonly used and often called

QﬂiDC[EDC[ﬂiDC[CEDC[ﬂE__DC[CCDC[EDC[ﬂiDC[CED
mmmmmmmmmmmmm

Center

Sprgad

FIGURE 3-1 Basic measures of data include the center, spread, and shape.
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FIGURE 3-2 The center can be defined by the mean (x-bar
character), median, or mode.

the average. The median is the “middle” point of the data
and is often used with skewed data. The mode is rarely
used as a measure of the data’s center but is more often
used to describe data that seem to have two centers (i.e.,
bimodal). The mean is calculated by summing the obser-
vations and dividing by the number of the observations.

BOX 3-1 SOURCES OF ANALYTIC
VARIABILITY

Operator technique  Environmental conditions
(e.g., temperature,

humidity)

Instrument differences Reagents

Test accessories Power surges

Contamination Matrix effects (hemolysis,

lipemia, serum proteins)

(1)
(1)

2 Addup . ..

the data points (the x’s) and. ..

divide by the total number of
data points (n)

ixi/"

i=1

n
X = zxi/n to find the mean (“x bar”)
i=1

(Eq. 3-1)

The summation sign, X, is an abbreviation for (x1 +x,+ x5
+ ..+ xn) and is used in many statistical formulas. Often,
the mean of a specific dataset is called X, or “x bar.”

The median is the middle of the data after the data have
been rank ordered. It is the value that divides the data in
half. To determine the median, values are rank ordered
from least to greatest and the middle value is selected. For
example, given a sample of 5,4, 6, 5, 3, 7, 5, the rank order
of the points is 3, 4, 5, 5, 5, 6, 7. Because there are an odd
number of values in the sample, the middle value (median)
is 5; the value 5 divides the data in half. Given another
sample with an even number of values 5, 4, 6, 8, 9, 7, the
rank order of the pointsis 4, 5, 6, 7, 8, 9. The two “middle”
values are 6 and 7. Adding them yields 13 (6 + 7 = 13);
division by 2 provides the median (13/2 =6.5). The median
value of 6.5 divides the data in hallf.

The mode is the most frequently occurring value in
a dataset. Although it is seldom used to describe data, it
is referred to when in reference to the shape of data, a
bimodal distribution, for example. In the sample 3, 4, 5,
5,5, 6, 7, the value that occurs most often is 5. The mode
of this set is then 5. The dataset 3, 4, 5,5, 5,6, 7,8,9, 9,
9 has two modes, 5 and 9.

After describing the center of the dataset, it is very useful
to indicate how the data are distributed (spread). The spread
represents the relationship of all the data points to the mean
(Fig. 3-3). There are three commonly used descriptions

@@ DodrD
@@ DdrD
[ o o 1 )
@@ DD
[ o o o O o1 o}
@A DA D@D
@A DA DD
[ o o o O o O o}
@@ A O DA DA DA D
Q@@ oA DA DA DIT DI D
@@ oA DA DA DIT DI D
[ o o oy e o O o O o oy o] O o) 1 s o}
@@ rdr oA > DA DAC DA D@D
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Spgad

FIGURE 3-3 Spread is defined by the standard deviation and coefficient of variation.
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of spread: (1) range, (2) standard deviation (SD), and
(3) coefficient of variation (CV). The easiest measure of
spread to understand is the range. The range is simply the
largest value in the data minus the smallest value, which
represents the extremes of data one might encounter.
Standard deviation (also called “s,” SD, or &) is the most
frequently used measure of variation. Although calculat-
ing SD can seem somewhat intimidating, the concept is
straightforward; in fact, all of the descriptive statistics and
even the inferential statistics have a combination of math-
ematical operations that are by themselves no more com-
plex than a square root. The SD and, more specifically, the
variance represent the “average” distance from the center of
the data (the mean) and every value in the dataset. The CV
allows a laboratorian to compare SDs with different units.

Range is one description of the spread of data. It is
simply the difference between the highest and lowest
data points: range = high — low. For the sample 5, 4, 6,
5,3, 7, 5, the range is 7 — 3 = 4. The range is often a
good measure of dispersion for small samples of data. It
does have a serious drawback; the range is susceptible to
extreme values or outliers.

To calculate the SD of a dataset, it is easiest to first
determine the variance (s?). Variance is similar to the
mean in that it is an average. Variance is the average of
the squared distances of all values from the mean:

52:2 (xl.—?c)z/n -1

i=1

(Eq. 3-2)

As a measure of dispersion, variance represents the dif-
ference between each value and the average of the data.
Given the values 5, 4, 6, 5, 3, 7, 5, variance can be calcu-
lated as shown below:

X G+4+6+5+3+7+5)/7=5
B5-5+H-5+(06-5)

(x, — %) +5-5+B-5)
+(7-5+(5-5)
(x, — %) (0)% + (=D + (1)* + (0)*

+ (=22 + (2)*+(0)?

Z (x; — %)?

i=1

O+1+1+0+4+4
+0=10
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10/(7 = 1) = 10/6

z”-‘ (xi—i)z/n -1

i=1

n
2= (x; - >—<)2/n -1 1.67

i=1

(Eq. 3-3)

To calculate the SD (or “s”), simply take the square root
of the variance:

s(0)=\'s = | 2 (x, - ©fn - 1
i=1

Although it is important to understand how these mea-
sures are calculated, many instruments, laboratory infor-
mation systems, and software packages determine these
automatically. SD describes the distribution of all data
points around the mean.

Another way of expressing SD is in terms of the CV.
The CV is calculated by dividing the SD by the mean and
multiplying by 100 to express it as a percentage:

CV (%) = 100s
X
The CV simplifies comparison of SDs of test results
expressed in different units and concentrations. As
shown in Table 3-1, analytes measured at different
concentrations can have a drastically different SD but a
comparable CV. The CV is used extensively to summa-
rize QC data. The CV of highly precise analyzers can be
lower than 1%.

(Eq. 3-4)

(Eq. 3-5)

Measures of Shape
Although there are hundreds of different “shapes”—
distributions—that datasets can exhibit, the most
commonly discussed is the Gaussian distribution (also
called normal distribution; Fig. 3-4). The Gaussian
distribution describes many continuous laboratory
variables and shares several unique characteristics:
the mean, median, and mode are identical; the dis-
tribution is symmetric—meaning half the values fall
to the left of the mean and the other half fall to the
right—and the symmetrical shape is often called a
“bell curve.”

The total area under the Gaussian curve is 1.0, or
100%. Much of the area—68.3%—under the “normal”
curve is between *1 SD (pn £ 1o) (Fig. 3-5A). Most of

COMPARISON OF SD AND CV FOR TWO DIFFERENT ANALYTES

FSH CONCENTRATION sD cv
1 0.09 9.0

5 0.25 5.0
10 0.40 4.0
25 1.20 4.8
100 3.80 3.8

BHCG CONCENTRATION SD cv
10 0.8 8.0
100 515 5.5
1,000 52.0 5.2
10,000 500.00 5.0
100,000 4,897.0 4.9

SD, standard deviation; CV, coefficient of variation; FSH, follicle-stimulating hormone; BhCG, B-human chorionic gonadotropin.
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FIGURE 3-4 Shape is defined by how the distribution of data relates the center.
This is an example of data that have “normal” or Gaussian distribution.

the area—95.4%—under the “normal” curve is between
+2 SDs (p * 20; Fig. 3-5B). And almost all of the area—
99.7%—under the “normal” curve is between 3 SDs
(1 £ 30) (Fig. 3-5C).

The “68-95-99 Rule” summarizes the above relation-
ships between the area under a Gaussian distribution and
the SD. In other words, given any Gaussian distributed

———
-30 -2c -1c n +1c +20 +30
A
} \
-30 -20 -lo uw +1c +20 +30
B
1 1
-30 -26 -lo u +lo +20 +30
C

FIGURE 3-5 A normal distribution contains (A) ~68% of the results
within =1 SD (1s or 106), (B) 95% of the results within +2s (26), and
(C) 299% of the results within +3c.
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data, =68% of the data fall between £1 SD from the mean;
~95% of the data fall between +2 SDs from the mean;
and =99% fall between +3 SDs from the mean. Likewise,
if you selected a value in a dataset that is Gaussian
distributed, there is a 0.68 chance of it lying between
+1 SD from the mean; there is a 0.95 likelihood of it
lying between +2 SDs; and a 0.99 probability of it lying
between 13 SDs. (Note: the terms “chance,” “likelihood,”
and “probability” are synonymous in this example.)

As will be discussed in the reference interval section,
most patient data are not normally distributed. These
data may be skewed or exhibit multiple centers (bimodal,
trimodal, etc.) as shown in Figure 3—6. Plotting data in

Normal (Gaussian) Distribution

Skewed Distribution

Bimodal Distribution

FIGURE 3-6 Examples of normal (Gaussian), skewed, and bimodal
distributions. The type of statistical analysis that is performed to
analyze the data depends on the distribution (shape).
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histograms as shown in the figure is an useful and easy
way to visualize distribution. However, there are also
mathematical analyses (e.g., normality tests) that can
confirm if data fit a given distribution. The importance of
recognizing whether data are or are not normally distrib-
uted is related to the way it can be statistically analyzed.

Descriptive Statistics of Groups of
Paired Observations

While the use of basic descriptive statistics is satisfac-
tory for examining a single method, laboratorians fre-
quently need to compare two different methods. This is
most commonly encountered in comparison-of-methods
(COM) experiments. A COM experiment involves mea-
suring patient specimens by both an existing (refer-
ence) method and a new (test) method (described in
the Reference Interval and Method Evaluation sections
later). The data obtained from these comparisons consist
of two measurements for each patient specimen. It is
easiest to visualize and summarize the paired-method
comparison data graphically (Fig. 3-7). By convention,
the values obtained by the reference method are plotted
on the x-axis and the values obtained by the test method
are plotted on the y-axis.
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In Figure 3-7, the agreement between the two meth-
ods is estimated from the straight line that best fits the
points. Whereas visual estimation may be used to draw
the line, a statistical technique known as linear regres-
sion analysis provides objective measures of the location
and dispersion for the line. Three factors are generated
in a linear regression—the slope, the y-intercept, and
the correlation coefficient (r). In Figure 3-7, there is a
linear relationship between the two methods over the
entire range of values. The linear regression is defined
by the equation y = mx + b. The slope of the line is
described by m, and the value of the y-intercept (b) is
determined by plugging x = 0 into the equation and
solving for y. The correlation coefficient is a measure
of the strength of the relationship between the two
methods. The correlation coefficient can have values
from -1 to 1, with the sign indicating the direction
of relationship between the two variables. A positive
r indicates that both variables increase and decrease
together, whereas a negative r indicates that as one
variable increases, the other decreases. An r value of 0
indicates no relationship, whereas r = 1.0 indicates a
perfect relationship. Although many equate high posi-
tive values of r (0.95 or higher) with excellent agree-
ment between the test and comparative methods, most

Linear Regression Equation (y = 0.89x + 6.0)

Slope J

90
80
70
60
| e L

Sy/x =5.0 o

Test Method

40 %r

30 'Z:‘
20./.-

Correlation Coefficient —

[ ]
10 Z Y-intercept

b=6.0
\ \

r2=0.998
\ \ \

10 20 30 40

50 60 70 80 90

Reference Method

FIGURE 3-7 A generic example of a linear regression. A linear regression
compares two tests and yields important information about systematic and
random error. Systematic error is indicated by changes in the y-intercept
(constant error) and the slope (proportional error). Random error is indicated
by the standard error of the estimate (Sy); Sy« basically represents the
distance of each point from the regression line. The correlation coefficient
indicates the strength of the relationship between the tests.
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FIGURE 3-8 Anscombe's quartet demonstrates the need to visually inspect data. In each panel, y = 0.5x + 3, 2 =0.816,

Syx=4.1.

clinical chemistry comparisons should have correlation
coefficients greater than 0.98. When r is less than 0.99,
the regression formula can underestimate the slope and
overestimate the y-intercept. The absolute value of the
correlation coefficient can be increased by widening
the concentration range of samples being compared.
However, if the correlation coefficient remains less
than 0.99, then alternate regression statistics should
be used to derive more realistic estimates of the regres-
sion, slope, and y-intercept.!? Visual inspection of
data is essential prior to drawing conclusions from
the summary statistics as demonstrated by the famous
Anscombe quartet (Fig. 3-8). In this dataset, the slope,
y-intercept, and correlation coefficients are all identical,
yet visual inspection reveals that the underlying data are
completely different.

An alternate approach to visualizing paired data is
the difference plot, which is also known as the Bland-
Altman plot (Fig. 3-9). A difference plot indicates either
the percent or absolute bias (difference) between the
reference and test method values over the average range
of values. This approach permits simple comparison
of the differences to previously established maximum
limits. As is evident in Figure 3-9, it is easier to visualize
any concentration-dependent differences than by linear

STUDENTS-HUB.com

regression analysis. In this example, the percent differ-
ence is clearly greatest at lower concentrations, which
may not be obvious from a regression plot.

The difference between test and reference method
results is called error. There are two kinds of error mea-
sured in COM experiments: random and systematic.
Random error is present in all measurements and can be
either positive or negative. As described earlier, random
error can be a result of many factors including instru-
ment, operator, reagent, and environmental variations.
Random error is calculated as the SD of the points about
the regression line (S,/,). S,/ essentially refers to average
distance of the data from the regression line (Fig. 3-7).
The higher the S, the wider is the scatter and the
higher is the amount of random error.

BOX 3-2 TYPES OF ERROR IN

LABORATORY TESTING:
A PREVIEW OF THINGS TO COME

1. Systemic Error 2. Random Error

Constant Proportional
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FIGURE 3-9 An example of a difference (Bland-Altman) plot. Difference plots
are a useful tool to visualize concentration-dependent error.

Sy e Standard deviation of the
regression line

S = z Add up

Sy/x =Xy, - Y) The distance of each y-value

from the regression line

S =Z0; = Y)? Square each difference to
make the sum a positive
number

Sy/x = [Z(yl. - Yl.)z/n -2] Divide the sum of the
squares by the number of
points and subtract 2

Sy = sqrt [Z(y, —Yi)z/n—l] Take the square root
(Eq. 3-6)

In Figure 3-7, the S/ is 5.0. If the points were perfectly
in line with the linear regression, the S,/ would equal
0.0, indicating there would not be any random error. S,
is also known as the standard error of the estimate Sg and
is calculated according to Equation (3-6).

Systematic error influences observations consistently
in one direction (higher or lower). The measures of
slope and y-intercept provide estimates of the systematic
error. Systematic error can be further broken down into
constant error and proportional error. Constant sys-
tematic error exists when there is a continual difference
between the test method and the comparative method
values, regardless of the concentration. In Figure 3-7,
there is a constant difference of 6.0 between the test
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method values and the comparative method values. This
constant difference, reflected in the y-intercept, is called
constant systematic error. Proportional error exists when
the differences between the test method and the com-
parative method values are proportional to the analyte
concentration. Proportional error is present when the
slope is 1. In the example, the slope of 0.89 represents
the proportional error, where samples will be underesti-
mated in a concentration-dependent fashion by the test
method compared with the reference method; the error
is proportional, because it will increase with the analyte
concentration.

Inferential Statistics

The next level of complexity beyond paired descriptive
statistics is inferential statistics. Inferential statistics are
used to draw conclusions (inferences) regarding the
means or SDs of two sets of data. Inferential statistical
analyses are most commonly encountered in research
studies, but can also be used in COM studies.

An important consideration for inferential statistics
is the distribution of the data (shape). The distribution
of the data determines what kind of inferential statistics
can be used to analyze the data. Normally distributed
(Gaussian) data are typically analyzed using what are
known as “parametric” tests, which include a Student’s
t-test or analysis of variance (ANOVA). Data that are not
normally distributed require a “nonparametric” analy-
sis. Nonparametric tests are encountered in reference
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interval studies, where population data are often skewed.
While many software packages are capable of perform-
ing either parametric or nonparametric analyses, it is
important for the user to understand that the type of data
(shape) dictates which statistical test is appropriate for
the analysis. An inappropriate analysis of sound data can
yield the wrong conclusion.

METHOD EVALUATION

The value of clinical laboratory service is based on its
ability to provide reliable, accurate test results. At the
heart of providing these services is the performance of
a testing method. To maximize the usefulness of a test,
laboratorians undergo a process in which a method is
selected and evaluated for its usefulness to those who
will be using the test. This process is carefully under-
taken to produce results within medically acceptable
error to help physicians maximally benefit their patients.

Currently, clinical laboratories more often select and
evaluate methods that were commercially developed
instead of developing their own. Most commercially
developed tests have U.S. Food and Drug Administration
(FDA) approval, only requiring a laboratory to provide a
limited evaluation of a method to verify the manufactur-
er’s performance claims and to see how well the method
works specifically in your laboratory.

Regulatory Aspects of Method Evaluation
(Alphabet Soup)

The Centers for Medicare and Medicaid Services (CMS)
and the FDA are the primary government agencies that
influence laboratory testing methods in the United
States. The FDA regulates laboratory instruments and
reagents, and the CMS regulates the Clinical Laboratory
Improvement Amendments (CLIA).> Most large labora-
tories in the United States are accredited by the College of
American Pathologists (CAP) and The Joint Commission
(TJC; formerly the Joint Commission on Accreditation of
Healthcare Organizations [JCAHO]), which impacts how
method evaluations need to be performed. Professional
organizations such as the National Academy of Clinical
Biochemistry (NACB) and the American Association for
Clinical Chemistry (AACC) also contribute important
guidelines and method evaluations that influence how
method evaluations are performed.

The FDA “Office of In Vitro Diagnostic Device
Evaluation and Safety” (OIVD) regulates diagnostic
tests. Tests are categorized into one of three groups: (1)
waived, (2) moderate complexity, and (3) high com-
plexity. Waived tests are cleared by the FDA to be so
simple that they are most likely accurate and would pose
negligible risk of harm to the patient if not performed
correctly; these methods include dipstick tests and
glucose monitors. Most automated methods are rated
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DEFINITIONS BOX

AACC: American Association for Clinical Chemistry

CAP: College of American Pathologists

CLIA: Clinical Laboratory Improvement
Amendments

CLSI: Clinical Laboratory and Standards Institute
(formerly NCCLS)

CMS: Centers for Medicare and Medicaid Services

FDA: Food and Drug Administration

NACB: National Academy of Clinical Biochemistry

OIVD: Office of In Vitro Diagnostic Device
Evaluation and Safety

TJC: The Joint Commission

as moderate complexity, while manual methods and
methods requiring more interpretation are rated as high
complexity. The CLIA final rule requires that waived
tests simply follow the manufacturer’s instructions. Both
moderate- and high-complexity tests are validated on
whether they are FDA approved or not. FDA-approved
nonwaived tests must undergo a shorter validation pro-
cess (Table 3-2), whereas a more extensive process is
required for tests developed by laboratories (Table 3-2).
While the major requirements for testing validation are
driven by the CLIA, TJC and CAP essentially require the
same types of experiments to be performed, with a few
additions. It is these rules that guide the way tests in the
clinical chemistry laboratory are selected and validated.

Method Selection

Evaluating a method is a labor-intensive costly process—
so why select a new method? There are many reasons,
including reducing costs, improving the quality of
results, increasing client satisfaction, and improving effi-
ciency. Selecting a test method starts with the collection
of technical information about a particular test from col-
leagues, scientific presentations, and the scientific litera-
ture. Practical considerations should also be addressed at
this point, such as the type and volume of specimen to
be tested, the required throughput and turnaround time,
your testing needs, cost, calibration, QC approach, space
needs, disposal needs, personnel requirements, and safe-
ty considerations. Most importantly, the test should be
able to meet the clinical task by having specific analytic
performance standards that will accurately assist in the
diagnosis of patients. Specific information that should
be discovered about a test you might bring into the
laboratory includes analytic sensitivity, analytic specific-
ity, linear range, interfering substances, and estimates
of imprecision and inaccuracy. The process of method
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GENERAL CLIA REGULATIONS OF METHOD VALIDATION
NONWAIVED FDA-APPROVED TESTS

1. Demonstrate test performance comparable to that established
by the manufacturer.

a. Accuracy
b. Precision
c. Reportable range

2. Verify reference (normal) values appropriate for patient population

NONWAIVED FDA-APPROVED TESTS 1. Determine
MODIFIED OR DEVELOPED BY a. Accuracy
LABORATORY b. Precision

c. Analytic sensitivity

d. Analytic specificity (including interfering substances)
e. Reportable range of test results

f. Reference/normal ranges

g. Other performance characteristics

h. Calibration and control procedures

From Clinical Laboratory Improvement Amendments of 1988; final rule. Fed Regist. 7164 [42 CFR 493 1253]: Department of Health and Human
Services, Centers for Medicare and Medicaid Services; 1992.

information sheet (package insert), the method’s manu-
facturer should be consulted. Without improvement in
the method, more extensive evaluations are pointless.*

selection is the beginning of a process to bring in a new
test for routine use (Fig. 3-10).

Method Evaluation
First Things First: Determine Imprecision

A short, initial evaluation should be carried out before
and Inaccuracy

the complete method evaluation. This preliminary evalu-

ation should include the analysis of a series of standards
to verify the linear range and the replicate analysis (at
least eight measurements) of two controls to obtain esti-
mates of short-term imprecision. If any results fall short
of the specifications published in the method’s product

The first determinations (estimates) to be made in a
method evaluation are the imprecision and inaccuracy,
which should be compared with the maximum allow-
able error based on medical criteria. If the imprecision
or inaccuracy exceeds the maximum allowable error, it

Select Testing
Method Development Improvements
Select Another Method
Establishing Validate — Zrecision
Test ccuracy e
Method — Reportable Range
Implement Adjust/Maintain

Method Procedure
Routine Routine QC Statistics Results
Testing Testing (Monitor Performance) Reported

FIGURE 3-10 A flowchart on the process of method selection, evaluation, and monitoring. (Adapted
from Westgard JO, Quam E, Barry T. Basic QC Practices: Training in Statistical Quality Control for
Healthcare Laboratories. Madison, WI: Westgard Quality Corp.; 1998.)
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DEFINITIONS BOX

Analytic sensitivity: Ability of a method to
detect small quantities of an analyte.

Analytic specificity: Ability of a method to detect
only the analyte it is designed to determine.

Specificity: Ability of a method to measure only
the analyte of interest.

AMR (analytic measurement range): Also known
as linear or dynamic range. Range of analyte
concentrations that can be directly measured
without dilution, concentration, or other pre-
treatment.

CRR (clinically reportable range): Range of ana-
lyte that a method can quantitatively report,
allowing for dilution, concentration, or other
pretreatment used to extend AMR.

LoD (limit of detection): Lowest amount of
analyte accurately detected by a method.

SDI (standard deviation index): Refers to the
difference between the measured value and
the mean expressed as a number of SDs. An
SDI = 0 indicates the value is accurate or in
100% agreement; an SDI = 3 is 3 SDs away
from the target (mean) and indicates inaccu-
racy. SDI may be positive or negative.

is unacceptable and must be modified and reevaluated
or rejected. Imprecision is the dispersion of repeated
measurements around a mean (true level), as shown in
Figure 3-11A with the mean represented as the bull’s
eye. Random analytic error is the cause of imprecision
in a test. Imprecision is estimated from studies in which
multiple aliquots of the same specimen (with a constant
concentration) are analyzed repetitively. Inaccuracy, or
the difference between a measured value and its actual
value, is due to the presence of a systemic error, as
represented in Figure 3-11B. Systemic error can be due

Imprecision Inaccuracy

Determined by:
Repeated analysis study

Determined by:
1) Recovery study
2) Interference study
3) Comparison of methods study

A B

FIGURE 3-11 Graphic representation of (A) imprecision and
(B) inaccuracy on a dartboard configuration with bull’s eye in
the center.
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Imprecision: Dispersion of repeated measure-
ments about the mean due to analytic error.

Inaccuracy: Difference between a measured
value and its true value due to systematic
error, which can be either constant or propor-
tional.

Systemic error: Error always in one direction.

Constant error: Type of systemic error in the
sample direction and magnitude; the magni-
tude of change is constant and not dependent
on the amount of analyte.

Proportional error: Type of systemic error where
the magnitude changes as a percent of the
analyte present; error dependent on analyte
concentration.

Random error: Error varies from sample to
sample. Causes include instrument instability,
temperature variations, reagent variation,
handling techniques, and operator variables.

Total error: Random error plus systemic error.

SDI: Standard deviation index. (Test method
SD) — (Reference method SD)/(Reference
method SD); analogous to Z-score.

to constant or proportional error and is estimated from
three types of study: (1) recovery, (2) interference, and
(3) a COM study.

Measurement of Imprecision

Method evaluation begins with a precision study. This
estimates the random error associated with the test
method and detects any problems affecting its reproduc-
ibility. It is recommended that this study be performed
over a 10- to 20-day period, incorporating one or two
analytic runs (runs with patient samples or QC materi-
als) per day.>® A common precision study is a 2 x 2 x
10 study, where two controls are run twice a day for
10 days. The rationale for performing the evaluation of
precision over many days is logical. Running multiple
samples on the same day does a good job of estimating
precision within a single day but underestimates long-
term changes that occur over time. By running multiple
samples on different days, a better estimation of the
random error over time is given. It is important that
more than one concentration be tested in these studies,
with materials ideally spanning the clinically meaning-
ful range of concentrations. For glucose, this might
include samples in the hyperglycemic range (150 mg/dL)
and the hypoglycemic range (50 mg/dL). After these
data are collected, the mean, SD, and CV are calculated.
An example of a precision study from our laboratory is
shown in Figure 3-12.
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Precision plot
(Different plotting symbols represent different runs)
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Precision estimate
User's Concentration: 76.78

Within Between Between Total Medically  Verification Pass/Fail

Run Run Day Required  Value (95%)
Std. Dev 1.06 0.45 1.37 1.79 4.80 6.2 Pass
% CV 1.4 0.6 1.8 2.3 6.3
df 18 - - 15

FIGURE 3-12 An example of a precision study for vitamin Bq2. The data represent analysis of a con-
trol sample run in duplicate twice a day (red and black circles) for 10 d (x-axis). Data are presented
as standard deviation index (SDI). SDI refers to the difference between the measured value and the
mean expressed as a number of SDs. An imprecision study is designed to detect random error.

The random error or imprecision associated with the
test procedure is indicated by the SD and the CV. The
within-run imprecision is indicated by the SD of the
controls analyzed within one run. The total imprecision
may be obtained from the SD of control data with one or
two data points accumulated per day. The total impreci-
sion is the most accurate assessment of performance that
would affect the values a clinician might see and reflects
differences in operators and pipettes and variations in
environmental changes such as temperature. In practice,
however, run imprecision is used more commonly than
total imprecision. An inferential statistical technique,
ANOVA, is then used to analyze the available precision
data to provide estimates of the within-run, between-run,
and total imprecision.”

Acceptable Performance Criteria: Imprecision
Studies

During an evaluation of vitamin By, in the laboratory, an
imprecision study was performed for a new test method
(Fig. 3-12). Several concentrations of vitamin B, were
run twice daily (in duplicate) for 10 days, as shown in
Figure 3-12 (for simplicity, only one concentration is
shown). The data are represented in the precision plot
in Figure 3-12 (=76 pg/mL). The amount of variability
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between runs is represented by different colors, over
10 days (x-axis). The CV was then calculated for within-
run, between-run, and between-days. The total SD,
estimated at 2.3, is then compared with medical deci-
sion levels or medically required standards based on the
analyte (Table 3-3). The acceptability of analytic error
is based on how the test is to be used to make clinical
interpretations.®” In this case, the medically required
SD limit is 4.8. The determination of whether long-term
precision is adequate is based on the total imprecision
being less than one-third of the total allowable error
(total imprecision, in this case, 1.6; selection of one-
third total allowable error for imprecision is based on
Westgard!?). In the case that the value is greater than
the total allowable error (1.79 in our example), the test
can pass as long as the difference between one-third
total allowable error and the determined allowable error
is not statistically significant. In our case, the 1.79 was
not statistically different from 1.6 (1/3 x 4.8), and the
test passed our imprecision studies (Fig. 3-12). The one-
third of total error is a run of thumb; some laboratories
may choose one-fourth of the total error. It is a bad idea
to use all of the allowable error for imprecision (random
error) as it leaves no room for systematic error (bias or
inaccuracy).
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PERFORMANCE STANDARDS Estimation of Inaccuracy

FOR COMMON CLINICAL Once method imprecision is estimated and deemed
LEL:5 3 e CHEMISTRY ANALYTES AS acceptable, the determination of accuracy can begin.®

DEFINED BY THE CLIA Accuracy is estimated using three different types of stud-
Calcium. total g 0 Il ies: (1) recovery, (2) interference, and (3) patient sample
Chloride Target 5% COMPpatison.
Cholesterol, total ~ Target +10% Recovery Studies

Recovery studies will show whether a method is able to

Cholesterol, HDL  Target +30% .
accurately measure an analyte. In a recovery experiment,

Glucose Greater of target +6 mg/dL or £10% a small aliquot of concentrated analyte is added (spiked)
Potassium Target 0.5 mmol/L into a patient sample (matrix) and then measured by the
Sodium Target +4 mmol/L method being evaluated. The amount recovered is the dif-
ference between the spiked sample and the patient sample
Total protein Target £10% o P P patie P
(unmodified). The purpose of this type of study is to deter-
Triglycerides Target £25% mine how much of the analyte can be detected (recovered)
Urea nitrogen Greater of target +2 mg/dL or +9% in the presence of all the other compounds in the matrix.
Uric acid Target +17% The original patient samples (matrix) should not be diluted
more than 10% so that the matrix solution is minimally
Reprlntgd with permission from Cepters for Dlsea.se .ContrCfl and affected. An actual example ofa recovery study for total cal-
Prevention (CDC), Centers for Medicare and Medicaid Services (CMS), . i ill . . - th 1
Health and Human Services. Medicare, Medicaid, and CLIA programs; cium is illustrated in Figure 3-13; the results are expressed
laboratory requirements relating to quality systems and certain as percentage recovered. The performance standard for cal-
personnel qualifications. Final rule. Fed Regist. 2003;68:3639-3714. cium, defined by CLIA, is the target value +1.0 mg/dL (see

Table 3-3). Recovery of calcium in this example exceeds
this standard at the two calcium levels tested (Fig. 3-13).

DEFINITIONS BOX Interference Studies

Interference studies are designed to determine if spe-
Recovery: Ability of an analytic test to measure a cific compounds affect the accuracy of laboratory tests.
known IELE of analyte; a known el of Common interferences encountered in the laboratory
analyte is added to real sample matrices. include hemolysis (broken red blood cells and their con-

Interference: Effect of (a) compound(s) on the . . e e 1 .
. : tents), icterus (high bilirubin), and turbidity (particulate

accuracy of detection of a particular analyte. - .

matter or lipids), which can affect the measurement of

Interferents: Substances that cause interference. i
Matrix: Body component (e.g., fluid and urine) in many analytes. Interferents often affect tests by absorbing

which the analyte is to be measured. or scattering light, but they can also react with the reagents
or affect reaction rates used to measure a given analyte.

Ca2t Measured

2+ 2+
i T Cas* Added Cas* Recovered % Recovery
Baseline 7.5 mg/dL NA NA NA
Sample 1 8.35 mg/dL 0.95 mg/dL 0.85 mg/dL 89%
Sample 2 9.79 mg/dL 2.38 mg/dL 2.29 mg/dL 96%

Calculation of % recovery

(Measured in spike sample) — (Measured in baseline) «

% Recovered = 100

Concentration added
e.g., Calculation for Sample 1

(8.35 mg/dL) — (7.5 mg/dL) «
0.95 mg/dL

% Recovered = 100

% Recovered = 89%

FIGURE 3-13 An example of a sample recovery study for total calcium. A sample is spiked
with known amounts of calcium in a standard matrix, and recovery is determined as shown.
Recovery studies are designed to detect proportional error in an assay.
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Interference experiments are typically performed by
adding the potential interferent to patient samples.!! If
an effect is observed, the concentration of the interfer-
ent is lowered sequentially to determine the concentra-
tion at which test results are not affected (or minimally
affected). It is common practice to flag results with
unacceptably high levels of an interferent. Results may
be reported with cautionary comments or not reported
at all. An example of an interference study performed in
one laboratory is shown in Figure 3-14. When design-
ing a method validation study, potential interferents
should be selected from literature reviews and specific
references. Other excellent resources include Young'?
and Siest and Galteau.!> Common interferences, such
as hemolysis, lipemia, bilirubin, anticoagulant, and
preservatives, are tested by the manufacturer. Glick
and Ryder!®! published “interferographs” for clinical
chemistry instruments, which relate analyte concentra-
tion measure to interferent concentration. They have
also demonstrated that considerable expense can be
saved by the acquisition of instruments that minimize
hemoglobin, triglyceride, and bilirubin interference.!®
It is good laboratory practice and a regulatory require-
ment to consider interferences as part of any method
validation.

COM Studies

A method comparison experiment examines patient
samples by the method being evaluated (test method)
with a reference method. It is used primarily to estimate
systemic error in actual patient samples, and it may offer

Pooled Tnl Concentration = 0.0295 ng/mL

Sample # | Hemolysate Tnl (ng/mL) % Bias
(Hg) g/dL

1 <0.15 0.0295
2 0.14 0.0255 -13.6
3 0.25 0.0220 -25.4
4 0.36 0.0205 -30.5
5 0.48 0.0200 -32.0
6 0.60 0.0180 -39.0

Calculation of Interference

Concentration with interference added

Interference =

Concentration without interference
Bias = Interference — concentration without interference
Bias % = Bias x 100

FIGURE 3-14 An example of an interference study for troponin-I
(Tnl). Increasing amounts of hemolysate (lysed red blood cells, a
common interference) were added to a sample with elevated Tnl
of 0.295 ng/mL. Bias is calculated based on the difference between
the baseline and hemolyzed samples. The data are corrected for
the dilution with hemolysate.
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the type of systematic error (proportional vs. constant).
Ideally, the test method is compared with a standard-
ized reference method (gold standard), a method with
acceptable accuracy in comparison with its imprecision.
Many times reference methods are laborious and time
consuming, as is the case with the ultracentrifugation
methods of determining cholesterol. Because most labo-
ratories are not staffed to perform reference methods,
most test methods are compared with those routinely
used. These routine tests have their own particular
inaccuracies, so it is important to determine what inac-
curacies they might have that are documented in the
literature. If the new test method is to replace the rou-
tine method, differences between the two should be well
characterized.

To compare a test method with a comparative method,
it is recommended by Westgard et al.® and CLIA!" that
40 to 100 specimens be run by each method on the same
day over 8 to 20 days (preferably within 4 hours), with
specimens spanning the clinical range and representing
a diversity of pathologic conditions. As an extra mea-
sure of QC, specimens should be analyzed in duplicate.
Otherwise, experimental results must be checked by
comparing test and comparative method results immedi-
ately after analysis. Samples with large differences should
be repeated to rule out technical errors as the source of
variation. Daily analysis of two to five patient specimens
should be followed for at least 8 days if 40 specimens are
compared and for 20 days if 100 specimens are compared
in replication studies.!”

A plot of the test method data (y-axis) versus the
comparative method (x-axis) helps to visualize the data
generated in a COM test (Fig. 3-15A).!8 As described
earlier, if the two methods correlate perfectly, the data
pairs plotted as concentration values from the reference
method (x) versus the evaluation method (y) will pro-
duce a straight line (y = mx + b), with a slope of 1.0, a
y-intercept of 0, and a correlation coefficient (r) of 1.
Data should be plotted daily and inspected for outliers
so that original samples can be reanalyzed as needed.
While linearity can be confirmed visually in most
cases, it may be necessary to evaluate linearity more
quantitatively.'”

DEFINITIONS BOX

Deming regression analysis: Linear regression
analysis (least squares analysis) used to
compare two methodologies using the best
fit line through the data points.

Deming plot: Graphical representation of the
Deming regression analysis (see Figs. 3-24
and 3-25).
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Correlation
coefficient
n=1

Comparative method

y=a+bx

Test method

Perfect correlation (Hypothetical)
Slope (b) =1
y-intercept (a) =0
Correlation coefficient (r) = 1
A
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IMx BhCG Conc. (IU/L)

Comparison of IMx and Elecsys 2010
using 100 athletes, urine samples

T T T T T
N =100

0.6 | Slope =0.3692 + 0.003

’ Intercept = 0.0016 + 0.003
r=0.9924

Sy = 0.0096 *?f

0.5

0.4
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0.0 2
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Elecsys 2010 BhCG Conc. (IU/L)

B

FIGURE 3-15 A comparison-of-methods experiment. (A) A model of a perfect method comparison. (B) An
actual method comparison of beta-human chorionic gonadotropin (BhCG) between the Elecsys 2010 (Roche,
Nutley, NJ) and the IMx (Abbott Laboratories, Abbott Park, IL). (Adapted from Shahzad K, Kim DH, Kang MJ.
Analytic evaluation of the beta-human chorionic gonadotropin assay on the Abbott IMx and Elecsys2010 for
its use in doping control. Clin Biochem. 2007;40:1259-1265.)

Statistical Analysis of COM Studies
The data used to plot the test method versus the compara-
tive method can be further statistically analyzed using a
linear regression. Linear regression generates statistical
calculations of the slope (b), the y-intercept (a), the SD
of the points about the regression line (S,), and the
correlation coefficient (r). An example of these calcula-
tions can be found in Figure 3-15, where a comparison of
B-human chorionic gonadotropin (BhCG) concentrations
on the IMx system and the Elecsys2010 is given. The rea-
son for calculating statistics is to determine the types and
amounts of error that a method has, to decide if the test
is still valid to make clinical decisions. Several types of
errors can be seen looking at a plot of test method versus
comparative method (Fig. 3-16). When random errors
occur (Fig. 3-16A), points randomly move about the
mean. Increases in the Sy statistic reflect random error.
Constant error (Fig. 3-16B) is seen visually as a shift in
the y-intercept; a t-test analysis can be used to determine
if these differences are significant. Proportional error
(Fig. 3-16C) is reflected in alterations in line slope and
can also be analyzed with a t-test (see Fig. 3-1).
Interpretation of experimental data is performed by
using the results of the paired t-test and the correlation
coefficient. The paired t-test is used to compare the mag-
nitude of the bias (the difference between the mean of
the test and that of the comparative method) with that
of the random error. The t-test indicates only whether a
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statistically significant difference exists between the two
SDs or means, respectively. It does not provide infor-
mation on the magnitude of the error compared in the
context of clinically allowable limits of error.?°

A linear regression is performed to analyze COM
studies (see Fig. 3-15). Hypothetically, when two tests
perfectly give the same results (as in the linear relation-
ship in Fig. 3-15A), the correlation coefficient (r*) = 1.
The correlation coefficient used in COM studies should
be 0.99 (or greater), indicating that the range of patient
samples is adequate for the standard linear regres-
sion analysis (described in the section on Descriptive
Statistics of Groups of Paired Observations). If r* is less
than 0.99, then alternative analyses should be used.?!*3
Linear regression analysis is more useful than the t-test
for evaluating COM studies,?? as the constant systemic
error can be determined by the y-intercept and the pro-
portional systemic error can be determined by the slope.
Random error can also be determined by the standard
error of the estimate (S,,,). Importantly, if a nonlinear
relationship occurs between the test and comparative
methods, linear regression analysis can be used only
over the values in the linear range. To make accurate
conclusions about the relationship between two tests, it
is important to confirm that outliers are true outliers and
not the result of technical errors.

To this point, we have described how we estimate error
test methods in terms of imprecision and inaccuracy.
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Constant Error
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FIGURE 3-16 Examples of (A) random, (B) constant, and (C) proportional error using linear
regression analysis. (Adapted from Westgard JO. Basic Method Evaluation. 2nd ed. Madison, WI:

Westgard Quality Corp.; 2003.)

However, tests are performed to answer clinical questions,
so to assess how this error might affect clinical judgments,
it is assessed in terms of allowable (analytic) error (E,).>*
This allowable error is determined for each test and is
based on the amount of error that will not negatively
affect clinical judgments. If both random and systemic
error (total error) is less than E,, then the performance
of the test is considered acceptable. However, if the error
is larger than E,, corrections must be made to reduce the
error or the method rejected. This process ensures that
laboratory tests give accurate, clinically relevant informa-
tion to physicians to manage their patients effectively.

Allowable Analytic Error

Probably the most important aspect of method evalua-
tion is to determine if the random and systematic error
(total error) is less than E,. In the past, there have been
several methodologies that have medically estimated E,,
including physiologic variation, multiples of the refer-
ence interval, and pathologist judgment.?>-?® The Clinical
Laboratory Improvement Amendments of 1988 (CLIA
88) has published E,s for an array of clinical tests.”” The
E, limits published by the CLIA specify the maximum
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error allowable by federally mandated proficiency testing
(see examples in Table 3-3). These performance stan-
dards are now being used to determine the acceptability
of clinical chemistry analyzer performance.*>! The E,
is specifically calculated based on the types of studies
described in the previous section (Table 3-4). While the
specific mathematics are beyond the scope of this chapter,
it is important to know that two sets of criteria are used
in the evaluation of error: confidence interval criteria and
single-value criteria.®** An example of calculations made
for the single-value criteria is shown in Table 3-4. Here,
estimates of random and systematic error are calculated
and then compared with the published allowable error at
critical concentrations of the analyte. If the test does not
meet the allowable error criteria, it must be modified to
reduce error or rejected.

Comprehensive COM studies are demanding on per-
sonnel, time, and budgets. This has led to the description
of abbreviated experiments that could be undertaken to
estimate imprecision and inaccuracy.’> CLIA has pub-
lished guidelines for such an abbreviated application,
which can be used by a laboratory to confirm that the
precision and accuracy performance is consistent with
the manufacturer’s reported claims. These studies can be
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SINGLE-VALUE CRITERIA OF WESTGARD ET AL.

TYPE OF ERROR
Random error Replication experiment
Proportional error Recovery experiment
Constant error Interference experiment
Systemic error Comparison of methods

Total error

TEST USED TO DETERMINE

Replication and comparison

CRITERIA

258 s< E,

| (Recovery — 100) x Xc/100 | < E,
|Bias| < E,

X0 [< Esl(yo + mXc)

258 s+ |yo+ mXc) - Xc|<E;

Based on National Committee for Clinical Laboratory Standards (NCCLS). Approved Guideline for Handling and Processing of Blood Specimens.

3rd ed. Villanova, PA: NCCLS; 2004 (Document no. H18-A3).

Medically acceptable error (E,) based on performance standards set by CLIA, as shown in Table 3-12.

completed in 5 working days, making it likely laboratories
will use these guidelines to set up new methodologies.

Method Evaluation Acceptance Criteria

Collectively, the data gathered in precision, linearity,
interference, recovery, and method comparison studies
are used to guide test implementation decisions. That
is, the data do not define if a test method is acceptable
by itself. Clinical judgment is required to determine if
the analytical performance is acceptable for clinical use
with consideration for the nature and application of the
analyte. For example, imprecision for a pregnancy test
around the cutoff value of 5 or 10 mIU/mL is more of a
concern than it would be at 15,000 mIU/mL. Likewise,
proportional bias for serum folate at a high concentration
is of less concern than it is for a therapeutic drug near the
clinical decision point. Thus, method evaluation studies
and statistical analysis are necessary, but not sufficient to
determine if a test is valid.

QUALITY CONTROL

QC in the laboratory involves the systematic monitor-
ing of analytic processes to detect analytic errors that
occur during analysis and to ultimately prevent the
reporting of incorrect patient test results. In the context

DEFINITIONS BOX

Control limits: Threshold at which the value is
statistically unlikely.

Control material: Material analyzed only for QC
purposes.

Levey-Jennings control chart: Graphical
representation of observed values of a control
material over time in the context of the upper
and lower control limits.

Multirule procedure: Decision criteria to determine
if an analytic run is in control; used to detect
random and systemic error over time.
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of what we have discussed so far, QC is part of the per-
formance monitoring that occurs after a test has been
established (see Fig. 3-10). In general, monitoring of
analytic methods is performed by assaying stable con-
trol materials and comparing their determined values
with their expected values. The expected values are
represented by intervals of acceptable values with upper
and lower limits, known as control limits. When the
expected values are within the control limits, the opera-
tor can be assured that the analytic method is properly
reporting values. However, when observed values fall
outside the control limits, the operator can be notified
of possible problems and further analysis of the method
can be made before potentially erroneously reporting
patient results. The principles of statistically analyzing
QC were initially applied to the clinical laboratory in
the 1950s by Levey and Jennings.>> Many important
modifications have been made to these systems since
that time, and they are discussed in general in this
section.

Specimens analyzed for QC purposes are known as
QC materials. These materials must be available in suf-
ficient quantity to last at least a year and aliquoted in
stable form. QC materials should be the same matrix
as the specimens actually to be tested. For example,
a glucose assay performed on serum should have QC
materials that are prepared in serum. Variation between
vials should be minimal so that differences seen over
time can be attributed to the analytic method itself and
not variation in the QC material. Control material con-
centrations should span the clinically important range of
the analyte at appropriate decision levels. For example,
sodium QC materials might be tested at 130 and 150
mmol/L, representing cutoff values for hyponatremia and
hypernatremia, respectively. QC for general chemistry
assays generally uses two levels of control, while immu-
noassays commonly use three. Today, laboratories more
often purchase control materials from companies that
manufacture products for QC, instead of preparing the
materials themselves. These materials are often lyophi-
lized (dehydrated to powder) for stability and can be
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reconstituted in specific diluents or matrices represent-
ing urine, blood, or cerebrospinal fluid (CSF). Control
materials can be purchased with or without previously
assayed ranges. Assayed materials give expected target
ranges, often including the mean and SD using common
analytic methods. While these products are more expen-
sive because of the additional characterization, they
allow another external check of method accuracy.

Because most commercially prepared control mate-
rials are lyophilized and require reconstitution before
use, the diluent should be carefully added and mixed.
Incomplete mixing yields a partition of supernatant liq-
uid and underlying sediment and will result in incorrect
control values. Frequently, the reconstituted material will
be more turbid (cloudy) than the actual patient speci-
men. Stabilized frozen controls do not require reconstitu-
tion but may behave differently from patient specimens
in some analytic systems. It is important to carefully
evaluate these stabilized controls with any new instru-
ment system.

QC Charts

A common method to assess the determination of con-
trol materials over time is by the use of a Levey-Jennings
control chart (Fig. 3-17). Control charts graphically
represent the observed values of a control material over
time in the context of the upper and lower control
limits. When the observed value falls with the control
limits, it can be interpreted that the method is performed
adequately. Points falling outside the control limits may
suggest that problems may be developing. Control limits
are expressed as the mean * SD using formulas previously
described in this chapter. Control charts can detect errors
in accuracy and imprecision over time (Fig. 3-17A).
Analytic errors that can occur can be separated into
random and systematic errors as discussed in a previous
chapter. The underlying rationale for running repeated
assays is to detect random errors that affect precision
(Fig. 3-17B, middle). Random errors may be caused by
variations in technique. Systemic errors arise from factors
that contribute to constant differences between measure-
ments; these errors may be either positive or negative
(Fig. 3-17B, right). Systemic errors may be due to several
factors, including poorly made standards, reagents, and
instrumentation problems or poorly written procedures.

Operation of a QC System

The QC system in the clinical laboratory is used to
monitor the analytic variations that can occur. The QC
program can be thought of as a three-stage process:

1. Establishing allowable statistical limits of variation
for each analytic method

2. Using these limits as criteria for evaluating the QC
data generated for each test
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FIGURE 3-17 Levey-Jennings control chart. Data are plotted over
time to identify quality control failures. (Adapted from Westgard JO,
Klee GG. Quality management. In: Tietz NW, Burtis CA, Ashwood
ER, Bruns DE, eds. Tietz Textbook of Clinical Chemistry and
Molecular Diagnostics. 4th ed. St. Louis, MO: Elsevier Saunders; 2006:
485-529.)

3. Taking action to remedy errors when indicated

a. Finding the cause(s) of error
b. Taking corrective action
c. Reanalyzing control and patient data

Establishment of a Statistical Quality Control
With a new instrument or with new lots of control
material, the different levels of control material must be
analyzed for 20 days. Exceptions include assays that are
highly precise (CV < 1%), such as blood gases, where
5 days is adequate. Analysis of the control materials
allows the determination of the mean and SD of con-
trol materials. Initial estimates of the mean and control
limits may be somewhat inaccurate because of the low
number of data points. Therefore, estimates of the
mean and SDs should be frequently updated to include
accumulated data to produce more reliable data. When
changing to a new lot of similar material, laboratorians
use the newly obtained mean as the target mean but
retain the previous SD. As more data are obtained, all
data should be averaged to derive the best estimates of
the mean and SD.>*

The distribution of error is assumed to be symmetri-
cal and bell shaped (Gaussian) as shown in Figure 3-18.
Control limits are set to include most observed values

Uploaded By: Noura Natel


https://students-hub.com

10 PART 1= BASIC PRINCIPLES AND PRACTICE OF CLINICAL CHEMISTRY
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FIGURE 3-18 Control chart showing the relationship of control limits to the Gaussian distribution.
Daily control values are graphed, and they show examples of a shift, an abrupt change in the analytic

process, and a trend, a gradual change in the analytic process.

(95% to 99.7%), corresponding to the mean 2 or
3 SDs. Observation of values in the distribution tails
should thereforeberare (1/20for2SDs;3/1,000 for3SDs).
Observations outside the control limits suggest changes
in the analytic methods. If the process is in control, no
more than 0.3% of the points will be outside the 3 SDs
(3s) limits. Analytic methods are considered in control
if a symmetrical distribution of control values about
the mean is seen, and few values outside the 2 SDs (2s)
control limits are observed. Some laboratories define a
method out of control if a control value exceeds the 2s
limits. Other laboratories use the 2s limit as a warning
limit and the 3s limit as an error limit. In this particu-
lar case, a control point between 2s and 3s would alert
the technologist to a potential problem, while a point
greater than 3s would require a corrective action. The
selection of control rules and numbers should be relat-
ed to the goals set by the laboratory.>> Understanding
the problem of false rejections and its relationship to
the control limits chosen for the Levey-Jennings plot is
vital. False rejections can occur because of the control
limits set and not actually identify a problem with the
assay. The use of a 3s control limit reduces the false
rejection problem, with a corresponding loss of error
detection.

MULTIRULE PROCEDURES

Multirules RULE!

The use of the statistical process control chart (Levey-
Jennings) was pioneered by Shewhart in the 1920s.
Multirules were formalized by the Western Electric
Company and later applied to the clinical laboratory by
Westgard and Groth.>® Multirules establish a criterion for
judging whether an analytic process is out of control. To
simplify the various control rules, abbreviations are used
to refer to the various control rules (Table 3-14). Control
rules indicate the number of control observations per ana-
lytic run, followed by the control amount in subscript.>’
For example, the 15 rule indicates that a data point cannot
exceed 3 SDs (3s). If the 15, rule is not triggered, the ana-
lytic run will be accepted (i.e., results will be reported). If
the QC results are more than of 3 SDs (the 15, rule is vio-
lated), the run may be rejected and there will be additional
investigation. The type of rule violated indicates what
type of error exists. For example, a 15 rule violation may
indicate a loss of precision or “random error” (Table 3-5).

Analogous to overlapping diseased and healthy patient
results, it is important to consider that not every rule viola-
tion indicates that a process is out of control. The 1, rule,
for example, will be outside the 2s limit in 5% of the runs
with normal analytic variation (Fig. 3-19A). The 10y rule is

® 155 One control observation exceeding the mean +2s. A warning rule that initiates testing of control data

by other rules.

® 135 One control observation exceeding the mean £3s. Allows high sensitivity to random error.

systemic error.

2,5 Two control observations consecutively exceeding the same +2s or —2s. Allows high sensitivity to

® Rys One control exceeding the +2s and another exceeding the —2s. Allows detection of random error.

e 4,5 Four consecutive control observations exceeding +1s or —1s. This allows the detection of systemic error.

e 10, Ten consecutive control observations falling on one side or the other of the mean (no requirement

for SD size). This allows the detection of systemic error.

SD, standard deviation.
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FIGURE 3-19 Application of multirule procedures. Multirules
are used to identify errors while minimizing false-error detection.
Multirules can help identify different types of errors that might occur
(identified in red).

violated if 10 consecutive control observations fall on one
side or the other of the mean (Fig. 3-19B). The more levels
of QC material analyzed, the higher the probability of a rule
violation even in the absence of true error. When two con-
trols are used, there is an approximately 10% chance that
at least one control will be outside the 2s limits; when four
controls are used, there is a 17% chance. For this reason,
many laboratories use 2s limits as a warning rather than
criteria for run rejection; laboratories may merely re-assay
the controls rather than reject the entire run.

Proficiency Testing

In addition to daily QC practices, laboratories are
required to participate in external proficiency testing
programs. Acceptable performance in proficiency testing
programs is required by the CAP, the CLIA, and TJC to
maintain laboratory accreditation. Even more important,
proficiency testing is another tool in the ongoing process
of monitoring test performance.

INDICATORS OF ANALYTIC
PERFORMANCE

Proficiency testing

Internal quality control

Laboratory inspections (accreditation)
Quality assurance monitoring

Clinical utilization
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DEFINITIONS BOX

Proficiency test: Method used to validate a par-
ticular measurement process. The results are
compared with other external laboratories to
give an objective indication of test accuracy.

Proficiency samples: Specimens that have known
concentrations of an analyte for the test of
interest. The testing laboratory does not know
the targeted concentration when tested.

The majority of clinical laboratories subscribe to the
proficiency program provided by the CAP. The CAP
program has been in existence for 50 years and it is the
gold standard for clinical laboratory proficiency testing.
In our laboratory, the majority of analytes are monitored
with the CAP proficiency surveys. Other proficiency
testing programs are often used when analytes of interest
are not tested through CAP (e.g., esoteric tests) or as a
means to supplement CAP proficiency testing programs.
Additional proficiency programs used in our laboratory
include the International Sirolimus Proficiency Testing
Scheme (IST), the Binding Site, the American Proficiency
Institute (API), and the Centers for Disease Control and
Prevention (CDC). If there is no commercial proficiency
testing program available for an analyte, the laboratory
is required to implement a non—proficiency test scheme;
this is reviewed at the end of this section.

For a proficiency test, a series of unknown samples are
sent to the laboratory from the program offering this anal-
ysis, such as CAP. The samples are analyzed in the same
manner as patient specimens, and the results are reported
to the proficiency program. The program then compiles
the results from all of the laboratories participating in
the survey and sends a performance report back to each
participating laboratory. Each analyte has a defined per-
formance criteria (e.g., £3 SDs to peer mean), where labo-
ratories using the same method are graded by comparing
them with the group. Some proficiency tests are not quan-
titative and are qualitatively compared with other labora-
tories. Areas of pathology other than clinical chemistry
are also subjected to mandatory proficiency qualitative/

EXAMPLE OF PROFICIENCY TEST
RESULTS FOR BHCG

BhCG-08: CAP value = 75.58; SD = 4.80;
CV = 6.4%; n = 47 peer laboratories
Evaluation criteria: Peer group £3 SDs;
acceptable range 65.7-85.2 mlU/mL
Testing laboratory value = 71.54; SDI = —0.84
acceptable
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interpretive testing, including anatomic pathology, clini-
cal microbiology, and clinical microscopy.

An example of a hypothetical survey is shown in the
text box above. The BhCG survey was the eighth sample
sent in that year (BhCG-08). The mean of all the labo-
ratories using the same method was 75.58 mIU/mL. The
SD and CV are indicated, as is the number of laboratories
that participate in that survey (n = 47). The acceptance
criteria were that the test result was within 3 SDs (i.e.,
between 65.7 and 85.2 mIU/mL). The laboratory’s result
was 71.54 mIU/mL, which is —0.84 SD from the mean
and is within the acceptable limits.

When a laboratory performs proficiency testing, there
are strict requirements as follows:

1. The laboratory must incorporate proficiency testing
into its routine workflow as much as possible.

2. The test values/samples must not be shared with
other laboratories at any time during the testing
cycle.

3. Proficiency samples are tested by bench technical
staff who normally conduct patient testing; there can
be no unnecessary repeats or actions outside of how
a patient sample would be tested and reported.

4. Testing should be completed within the usual time it
would take for routine patient testing.

The bottom line is that the sample should be treated
like a patient sample to yield a true indication of test
accuracy. Unless a laboratory is in the practice of run-
ning every sample twice, they cannot do this for the pro-
ficiency sample.

The acceptability criteria for proficiency testing are
provided by the proficiency program. For regulated
analytes, these criteria are often the CLIA limits (see
Table 3-3). For nonregulated analytes, acceptable crite-
ria are often determined by the scientific community at
large. For example, the acceptability criterion for lactate
dehydrogenase is +20% or 3 SDs (whichever is greater)
based on peer group data.

Proficiency testing allows each laboratory to com-
pare its test results with those of other laboratories
that use the same or similar instruments and methods.
Proficiency testing provides performance data for a
given analyte at a specific point in time. Comparison of
performance to a robust, statistically valid peer group
is essential to identify areas for improvement. Areas of
improvement that may be identified in a single profi-
ciency testing event or over multiple events include
variation from peer group results, imprecision, and/or
results that trend above or below the mean consistently
or at specific analyte concentrations. Use of these data
allows laboratories to continuously improve their test
performance. The proficiency testing samples also can
serve as valuable troubleshooting aids when investi-
gating problem analytes. In our hospital, proficiency
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samples are also included in the technologist compe-
tency program. Proficiency tests can also be beneficial
in validating the laboratory’s measurement method,
technical training, and uncertainty budgets for new
tests.

Proficiency testing programs require thorough inves-
tigation of discrepant results for any analyte (i.e., fail-
ure). Laboratories may be asked to submit information
that could include current and historical proficiency test-
ing reports, QC and equipment monitoring, analysis and
corrective action of the problem that caused the failure,
and the steps taken to ensure the reliability of patient test
results. If the laboratory cannot resolve analyte testing
discrepancies, the testing facility may be at risk of losing
the authority to perform patient testing for the analyte(s)
in question.

To develop and manage a successful proficiency test-
ing program for the clinical laboratory, it is important to
understand the documented requirements from the
two main accreditation bodies. A large proficiency
testing program often requires considerable personnel
resources and costs for the laboratory and is an essential
factor in providing a quality management system. As an
example of the scale and volume of proficiency tests,
our laboratory (for a 700-bed hospital with outreach
clinics) performed =9,000 proficiency tests in a year
for =500 individual analytes. Besides meeting required
accreditation standards, proficiency testing allows the
laboratory to objectively ensure they report patient
results accurately.

REFERENCE INTERVAL STUDIES

Laboratory test data are used to make medical diagno-
ses, assess physiologic function, and manage therapy.
When interpreting laboratory data, clinicians compare
the measured test result from a patient with a reference
interval.

Reference intervals include all the data points that
define the range of observations (e.g., if the interval
is 5 to 10, a patient result of 5 would be considered
within the interval). The upper and lower reference
limits are set to define a specified percentage (usually
95%) of the values for a population; this means that a
percentage (usually 5%) of patients will fall outside the
reference interval in the absence of any condition or
disease. Reference intervals are sometimes erroneously

DEFINITIONS BOX

Reference interval: A pair of medical decision
points that span the limits of results expected
for a defined healthy population.
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called “normal ranges.” While all normal ranges are
in fact reference intervals, not all reference intervals
are normal ranges. This is exemplified by the refer-
ence interval for therapeutic drug levels. In this case, a
“normal” individual would not have any drug in their
system, whereas a patient on therapy has a defined
target range. Reference intervals are sometimes called
reference ranges; the preferred term is reference inter-
val because range implies the absolute maximum and
minimum values.

The theory for the development of reference intervals
was the work of two main expert committees.>®*! These
committees established the importance of standardizing
collection procedures, the use of statistical methods for
analysis of reference values and estimation of reference
intervals, and the selection of reference populations.
Reference intervals are usually established by the scien-
tific community or the manufacturers of reagents and
new methodologies. Developing reference intervals often
has a financial impact on vendors and marketing of the
laboratory products. Laboratorians must be aware of
these scientific and economic forces when reviewing ven-
dor data and determining the need for reference interval
studies. The two main types of reference interval studies
that are reviewed in this section are (1) establishing a
reference interval and (2) verifying a reference interval.

The clinical laboratory is required by good labora-
tory practice and accreditation agencies (i.e., the CAP
checklist) to either verify or establish reference intervals
for any new tests or significant changes in methodology.

CHAPTER 3 = METHOD EVALUATION 13

DEFINITIONS BOX

Establishing a reference interval: A new refer-
ence interval is established when there is
no existing analyte or methodology in the
clinical or reference laboratory with which to
conduct comparative studies. It is a costly
and labor-intensive study that will involve
laboratory resources at all levels and may
require from 120 to as many as =700 study
individuals.

Verifying a reference interval (transference):
This is done to confirm the validity of an
existing reference interval for an analyte
using the same (identical) type of analytic
system (method and/or instrument). These
are the most common reference interval
studies performed in the clinical labora-
tory and can require as few as 20 study
individuals.

The core protocols for both establishing and verify-
ing reference ranges are reviewed in this section. Other
terms are used for values or ranges that help the clini-
cian determine the relationship of patients’ test results to
statistically determined values or ranges for the clinical
condition under treatment.

BOX 3-3 EXAMPLES OF CAP CHECKLIST. QUESTIONS REGARDING REFERENCE
INTERVALS FOR LABORATORY INSPECTION

The laboratory establishes or verifies its refer-
ence intervals (normal values)

NOTE: Reference intervals are important to allow

a clinician to assess patient results against an
appropriate population. The reference range must
be established or verified for each analyte and
specimen source (e.g., blood, urine, and CSF), when
appropriate. For many analytes (e.g., therapeutic
drugs and CSF total protein), literature references or
a manufacturer’s package insert information may be
appropriate.

Evidence of Compliance

Record of reference range study or records of verifica-
tion of manufacturer’s stated range when reference
range study is not practical (e.g., unavailable normal
population) or other methods approved by the labora-
tory director.47-49
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The laboratory evaluates the appropriateness of
its reference intervals and takes corrective action
if necessary
Criteria for evaluation of reference intervals include
the following:

1. Introduction of a new analyte to the test

repertoire

2. Change of analytic methodology

3. Change in patient population
If it is determined that the range is no longer appro-
priate for the patient population, corrective action
must be taken.4244

Evidence of Compliance
Records of evaluation and corrective action, if indicated

Adapted with permission from Sarewitz SJ, ed. Laboratory
Accreditation Program Inspection Checklists. Northfield, IL: College
of American Pathologists; 2009.
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DEFINITIONS BOX

Medical decision level: Value for an analyte that
represents the boundary between different
therapeutic approaches.

Normal range: Range of results between two
medical decision points that correspond to the
central 95% of results from a healthy patient
population. Note: Of the results, 2.5% will be
above the upper limit and 2.5% will be below
the lower limit of the normal range.

Therapeutic range: Reference interval applied
to a therapeutic drug. Reference intervals
are needed for all tests in the clinical labora-
tory, and the provision of reliable reference
intervals is an important task for clinical labo-
ratories and test manufacturers. The dynamic
review of existing reference intervals by the
health care team (scientific community, manu-
facturers, and clinical laboratory) is crucial to
meeting the challenges of providing optimal
laboratory data for patient care.

The application of reference intervals can be grouped
into three main categories: diagnosis of a disease or
condition (Table 3-6), monitoring of a physiologic
condition (Table 3-7), or monitoring therapeutic drugs
(Table 3-8). These different applications require differ-
ent approaches for determination of a reference interval.
Specifically, therapeutic drug targets are not derived
from a healthy population and unique physiologically
conditions require the appropriate reference population.

Tables 3-6, 3-7, and 3-8 also demonstrate the
complexity of reference intervals when multiple levels
(partitions) of reference intervals are required by the

THYROID-STIMULATING
HORMONE (TSH) THYROID
DISEASE

TABLE 3-6

TSH REFERENCE

PATIENTS AGE RANGES (ulU/ML)

Pediatric 0-3d 1.00-20.00
3-30d 0.50-6.50
31dto5m  0.50-6.00
6mto18y  0.50-4.50

Adults, ambulatory, >18y 0.60-3.30

healthy
Based on Dugaw KA, Jack RM, Rutledge J. Pediatric reference ranges

for TSH, free T4, total T4 total T3 and T3 uptake on the vitros ECi
analyzer. Clin Chem. 2001;47:A108.
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BHCG AT DEFINED
GESTATIONAL AGE

APPROXIMATE HCG LEVELS AT DEFINED
GESTATIONAL AGE UNITS MIU/ML (U/L)

WEEKS OF
PREGNANCY MEAN RANGE N
4 1,110 40-4,480 42
5 8,050 270-28,700 52
6 29,700 3,700-84,900 67
7 58,800 9,700-120,000 62
8 79,500 31,000-184,000 37
9 91,500 61,200-152,000 25
10 71,000 22,000-143,000 12
14 33,100 14,300-75,800 219
15 27,500 12,300-60,300 355
16 21,900 8,800-54,500 163
17 18,000 8,100-51,300 68
18 18,400 3,900-49,400 30
19 20,900 3,600-56,600 14

clinician. The framework for verifying or establishing
reference intervals is one that can be overwhelming for
the clinical laboratory. The costs, personnel, and resource
requirements mandate that the reference interval experi-
ment be well defined and structured in such a manner to
provide accurate and timely reference intervals for opti-
mal clinical use. Where possible, the clinical laboratory
director may determine that a review of literature refer-
ences or manufacturer’s package inserts are appropriate
in assigning reference intervals for an analyte or this addi-
tional information may allow for the shorter reference
interval verification study (i.e., 20 study individuals).

Establishing Reference Intervals

The Clinical and Laboratory Standards Institute (CLSI,
formerly National Committee for Clinical Laboratory
Standards [NCCLS]) has published a preferred guideline/
resource for establishing or verification of reference
intervals.*> A summary of the CLSI recommendations is
given next.

THERAPEUTIC MANAGEMENT
TARGETS FOR DIGOXIN
Normal 0.8-1.8 ng/mL (collected 6 h after dose)
Critical >2.0 ng/mL
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BOX 3-4 TO ESTABLISH A REFERENCE
RANGE STUDY

1. Define an appropriate list of biological varia-
tions and analytic interferences from medical
literature.

2. Choose selection and partition (e.g., age or
gender) criteria.

3. Complete a written consent form and question-
naire to capture selection criteria.

4. Categorize the potential reference individuals
based on the questionnaire findings.

5. Exclude individuals from the reference sample
group based on exclusion criteria.

6. Define the number of reference individuals in
consideration of desired confidence limits and
statistical accuracy.

7. Standardize collection and analysis of reference
specimens for the measurement of a given
analyte consistent with the routine practice of
patients.

8. Inspect the reference value data and prepare a
histogram to evaluate the distribution of data.

9. Identify possible data errors and/or outliers
and then analyze the reference values.

10. Document all of the previously mentioned
steps and procedures.

Selection of Reference Interval Study
Individuals

The selection of individuals who can be included in
a reference interval study requires defining detailed
inclusion/exclusion criteria. Inclusion criteria define
what factors (e.g., age and gender) are required to be
used for the study, while exclusion criteria list factors
that render individuals inappropriate for the study
(Table 3-9). It is essential to select the appropriate
individuals to obtain the optimal set of specimens with
an acceptable level of confidence. Determination of the
necessary inclusion and exclusion criteria for donor
selection may require extensive literature searches and
review with laboratory directors and clinicians. Initially,
it must be exactly defined what is a “healthy”/“normal”
donor for associated reference values. For example, for

EXAMPLES OF POSSIBLE
EXCLUSION FACTORS FOR A
REFERENCE INTERVAL STUDY

Fasting or nonfasting

TABLE 3-9

Pregnancy

Genetic factors lliness, recent

Drugs: prescription or
over the counter

Exercise pattern

STUDENTS-HUB.com
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BOX 3-5 EXAMPLE QUESTIONNAIRE

Creatinine Clearance Example

Time Urine Instructions Creatinine
Donor Number:
Sex:
Height:
Exercise routine:
Pregnancy: Yes/No
Medications:

Weight:

a PhCG reference interval study, one would exclude
pregnant women or those who may be pregnant, as
well as individuals with BhCG-producing tumors.
An important note to make is that laboratories are
often challenged to locate donors outside the labora-
tory working environment, who may be largely females
under 40 years of age. The use of donors who may not
represent the population of interest has the potential
to skew the evaluation data used to establish the refer-
ence interval. Inpatient samples should not be used for
reference interval studies that are designed to reflect a
population.

Capturing the appropriate information for the inclu-
sion and exclusion criteria, such as donor health status,
often requires a well-written confidential questionnaire
and consent form. The following is an example of a ques-
tionnaire from a creatinine clearance reference interval
study:

Another consideration when selecting individuals
for a reference interval study is additional factors that
may require partitioning individuals into subgroups
(Table 3-10). These subgroups may require separate
reference interval studies. Fortunately, a large number
of laboratory tests do not require partitioning and can
be used with only one reference interval that is not
dependent on a variety of factors (Table 3-11). These real

EXAMPLES OF POSSIBLE
SUBGROUPS REQUIRING
PARTITIONS FOR A REFERENCE
INTERVAL STUDY

Age (adult and childhood)

Fasting or nonfasting Sex

TABLE 3-10

Stage of pregnancy

Diet Tobacco use

EXAMPLE OF A SIMPLE
REFERENCE INTERVAL

3.5-5.0 mmol/L

TABLE 3-11

Plasma potassium
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examples are testimony to the complexity of conducting
reference interval studies. The initial selection of indi-
vidual donors is crucial to the successful evaluation of
reference intervals.

Preanalytic and Analytic Considerations

Once individuals are selected for a reference interval
study, it is important to consider both preanalytic and
analytic variables that can affect specific laboratory tests
(Table 3-12). Preanalytic and analytic variables must be
controlled and standardized to generate a valid reference
interval. To illustrate these points, we discuss establish-
ing a reference interval for fasting glucose. An obvious
preanalytic variable that should be addressed for this
test is that individuals should not eat for at least 8 hours
prior to sample collection. In terms of analytic factors,
it is important to define acceptable levels of common
interferences, such as hemolysis or lipemia. For fasting
glucose, the laboratorian must define whether samples
with excess hemolysis or lipemia will be included in
the study; this depends, in part, on whether the inter-
ferences affect the methods (in this case, glucose). If
specific interferences do affect the accuracy of the test, it
is essential that interferences can be flagged, to appropri-
ately deal with the results and interpretation. Hemolysis
and lipemia can be detected automatically by large
chemistry analyzers, but not small point-of-care tests;
this could lead to errors when using point-of-care tests.
It is also worth considering that some methods are more
sensitive to interferences. Mass spectrometry, for exam-
ple, can be relatively resistant to interferences, whereas
chemical methods are at times highly sensitive to this
problem. It is also necessary to consider what specific
reagents are used in an assay. Changing to a new reagent
lot in the middle of a reference study could widen the
reference interval or change the data distribution (e.g.,
change from normal to bimodal). Thus, an effective
reference interval study requires extensive knowledge

PREANALYTIC AND ANALYTIC
CONSIDERATIONS FOR
REFERENCE INTERVAL STUDIES

TABLE 3-12

PREANALYTIC FACTORS
Subject preparation Sample storage
Prescription medications Stress

Collection time Food/beverage ingestion

ANALYTIC FACTORS

Precision Linearity
Accuracy Interference
Lot-to-lot reagents Recovery

STUDENTS-HUB.com

of the analyte, analytic parameters, methodology, and
instrumentation.

Determining Whether to Establish or Verify
Reference Intervals

Whether to verify a reference interval or establish an
entirely new reference interval for a new method/analyte
depends on several factors, such as the presence of an
existing reference interval for assay and on the results
of a statistical analysis comparing the test method with
the reference method. The most basic method com-
parison involves plotting a reference method against a
test method and fitting a linear regression (described
in Fig. 3-7). If the correlation coefficient is 1.0, slope
is 1.000, and intercept is 0.000, the two methods agree
and may not require new reference ranges. In this case,
a simple reference interval verification study is all that
may be required. Conversely, if the two methods differ
considerably, then a new reference interval needs to be
established.

Analysis of Reference Values

DEFINITIONS BOX

Nonparametric method: Statistical test
that makes no specific assumption about
the distribution of data. Nonparametric
methods rank the reference data in order
of increasing size. Because the majority
of analytes are not normally (Gaussian)
distributed (see Fig. 3-6), nonparametric
tests are the recommended analysis for most
reference range intervals.

Parametric method: Statistical test that assumes
the observed values, or some mathematical
transformation of those values, follow a
(normal) Gaussian distribution (see Fig. 3-6).

Confidence interval: Range of values that include
a specified probability, usually 90% or 95%.
For example, consider a 95% confidence
interval for slope = 0.972-0.988 from a
method comparison experiment. If this same
experiment were conducted 100 times, then
the slope would fall between 0.972 and 0.988
in 95 of the 100 times. Confidence intervals
serve to convey the variability of estimates
and quantify the variability.

Bias: Difference between the observed mean
and the reference mean. Negative bias
indicates that the test values tend to be
lower than the reference value, whereas
positive bias indicates test values are
generally higher. Bias is a type of constant
systematic error.
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Data Analysis to Establish a Reference
Interval

To establish a reference interval, it is recommended that
the study includes at least 120 individuals. This can be
challenging and costly, but it may be necessary for esoteric
and laboratory-developed tests. Once the raw data have
been generated, the next step is to actually define the ref-
erence interval. The reference interval is calculated sta-
tistically using methods that depend on the distribution

CHAPTER 3 = METHOD EVALUATION 11

of the data. In the most basic sense, data may be either nor-
mally distributed (Gaussian) or skewed (non-Gaussian)
(see Fig. 3-6). If reference data are normally distributed,
the reference interval can be determined using a para-
metric method. A parametric method defines the interval
by the mean +1.96 SDs; by centering on the mean, this
formula will include the central 95% of values as given
in the example in Figure 3-20A.

In reality, most analytes do not display a normal
(Gaussian) distribution. For example, the distribution of

Total T,
/ﬁ 73
Reference interval -1 30
(Parametric)
Lower limit = 3.99 — 25
Upper limit = 9.32
Mean + 1.96 SD — 20
€
Mean = 6.655 3
SD =1.360 15
-1 10
/ —5
! L/l/ :[
0 1 2 3 4 5 6 8 9 10 11 12
ung/dL
A
2.5th 97.5th
Percentile BhCG Percentile
-1 50
— 40
—30 .
c
=]
o
Reference interval ©
Nonparametric;
(Nonp ) s
Lower limit = 43.0
Upper limit = 154018.0
Central 95% of values -110
! ! ‘ . ! I I i
0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000
mlU/mL
B

FIGURE 3-20 (A) Histogram of total thyroxine (TTy) levels in a real population
illustrating a shape indicative of a Gaussian distribution, which is analyzed by
parametric statistics. The reference interval is determined from the mean
+1.96 SDs. (B) Histogram of beta-human chorionic gonadotropin (BhCG)
levels in a population of pregnant women demonstrating non-Gaussian data
and nonparametric determination of the reference interval. The reference
interval is determined from percentiles to include the central 95% of values.
Although the selection of a wide range of gestational ages makes this a poor
population for a reference interval study, it does demonstrate the application

of nonparametric intervals.
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BhCG in pregnant individuals over a range of gestational
ages is skewed (Fig. 3-20B); although the selection of a
wide range of gestational ages makes this a poor popu-
lation for a reference interval study, it was selected as
an example to emphasize the need for nonparametric
intervals. Data that are not normally distributed (i.e., non-
Gaussian) must be analyzed using nonparametric analy-
ses. Nonparametric determination of the reference interval
is analyzed using percentiles, which do not depend on
the distribution. The reference interval is determined by
using the central 95% of values; the reference range is
therefore defined by the 2.5th to the 97.5th percentiles, as
demonstrated in Figure 3-20B. To calculate the interval,
values are ranked from lowest to highest and the 2.5th and
97.5th percentiles are then calculated as follows:

n = number of reference specimens
2.5th percentile = 0.025(n + 1)

97.5th percentile = 0.975(n + 1)  (Eq. 3-7)

Most reference interval analyses are determined using
nonparametric analysis. This is because nonparametric
analysis can be used on Gaussian distributed data and it
is the CLSI-recommended method (Fig. 3-20B).*

With the development of statistical software pack-
ages such as EP Evaluator, Analyse-it, StatisPro, MedCalc,
GraphPad Prism, Minitab, R, JMP, and SAS/STAT, reference

PART 1= BASIC PRINCIPLES AND PRACTICE OF CLINICAL CHEMISTRY

intervals are rarely determined manually (hyperlinks to
the software providers are supplied at the end of the chap-
ter). However, it is important to understand how basic
statistical concepts are used by the software to generate
their analyses. For more information on these software
programs, the interested reader can access the references
and online resources listed at the end of the chapter.

Data Analysis to Verify a Reference
Interval (Transference)

When possible, clinical laboratories rely on assay manu-
facturers or on published primary literature to determine
reference intervals. This avoids the expensive and lengthy
process of establishing a reference range interval on a
minimum of 120 healthy people. The CLSI allows less
vigorous studies to verify a reference interval with as few
as 20 subject specimens.” Method verification studies
can be used if the test method and study subjects are
similar to the vendor’s reference data and package insert
information. The main assumption in using transference
studies is that the reference method is of high quality and
the subject populations are similar. The manufacturer’s
reported 95% reference limits may be considered valid if
no more than 10% of the tested subjects fall outside the
original reported limits. Figure 3-21 shows an example
from our laboratory where we verify the manufacturer’s

Reference Interval Histogram

50
Expected Range
40 —
Statistical Analysis
Mean 1.0030 ng/dL
SD 0.1488
30 - Median 1.010
= Range 0.690 to 1.290
3 Central 95% Interval 0.702 to0 1.284
&
Reference Interval
20
Proposed 0.777 to 2.193 ng/dL
Results (total/excluded) 47/0
Max/Obs outside 10.0%/4.3%
Passes Yes
10 |~
0 \ \ \ \ \ \ \ \ \
<0.777 0.777- 0.979- 1.181- 1.384- 1.587- 1.790- 1.992- >2.193
0978 1180 1.383 158 1789 1991 2.193
ng/dL

FIGURE 3-21 Reference verification test for free thyroxine (fT4). Only 4.3% of the values are
outside the expected range (arrow). The test passes because this is less than the allowable
number of outlying samples (10%) (underlined in red).
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reference range for free thyroxine (fT4). In this example,
fewer than 10% are outside the manufacturer’s limits,
enabling the reference interval to be adopted by the labo-
ratory. If more than 10% of the values fall outside the
proposed interval, an additional 20 or more specimens
should be analyzed. If the second attempt at verifica-
tion fails, the laboratorian should reexamine the analytic
procedure and identify any differences between the
laboratory’s population and the population used by the
manufacturer for their analysis. If no differences are iden-
tified, the laboratory may need to establish the reference
interval using at least 120 individuals. Figure 3-22 dem-
onstrates a simple algorithm to verify reference intervals.

Once a reference interval is determined, it needs to be
communicated to the physicians interpreting test results
at the time the test results are reported. This is important
given the slight variations in reference intervals seen
even among testing facilities using similar methodolo-
gies. It is considered good laboratory practice to monitor
reference intervals regularly. Some common problems
that occur when determining reference intervals are
given in Table 3-13. To help identify reference interval
problems, the clinical laboratorian should be aware of
common flags. These flags often come in the form of an
event or communication that alerts the laboratory that
there is a potential problem with a test. Based on our
observations, flags for reference intervals can include
vendor notifications, clinician queries of a particular test,
and shifts/trends in large average numbers of patients

CHAPTER 3 = METHOD EVALUATION 19

COMMON PROBLEMS
ENCOUNTERED WHEN
MONITORING REFERENCE
INTERVALS

Changes in reagent formulations by the vendor
(e.g., new antibody)

TABLE 3-13

Minor changes in reagents due to lot-to-lot variations

Differences between reference interval and test
populations—selection bias

over time. Any of these or other related factors may war-
rant a review of existing reference intervals.

Not all analytes use population-based reference inter-
vals. For example, therapeutic drugs are not found
in healthy individuals, such that the target values are
based either on toxicity limits or on minimum effective
concentrations. The target limits are derived from clini-
cal or pharmacological studies rather than the healthy
population studies described above. In these situations,
the need for analytical accuracy is essential. One cannot
apply a clinical cutpoint for a test if the results do not
agree with the method used to determine the cutpoint.
Cholesterol and HbAlc are also used in the context
of clinical outcomes rather than reflecting values in a
healthy population. The quintessential example of this is
vitamin D testing in extreme latitudes, where a healthy
population will be deficient.

Obtain >20 subject specimens and perform testing

Compare results with existing 95% reference interval
(from manufacturer or literature)

<10% outside

range

>10% outside
range

Use reference
method interval

Repeat testing on
another >20 specimens

<10% outside
range

>10% outside

range

Use reference
method interval

Evaluate donor population
and possible 2120 study

FIGURE 3-22 Algorithm to test whether a reference interval can be verified. A
published reference interval (from a manufacturer or scientific literature) can be
adopted if only a few samples fall outside the range. When possible, laboratory
reference intervals are verified because of the time and expense of establishing

a new interval.
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DIAGNOSTIC EFFICIENCY

Ideally, healthy patients would have completely
distinct laboratory values from patients with disease
(Fig. 3-23A). However, the reality is that laboratory val-
ues usually overlap significantly between these popula-
tions (Fig. 3-23B). To determine how good a given test
is at detecting and predicting the presence of disease
(or a physiologic condition), there are a number of dif-
ferent parameters that are used. These parameters are
broadly defined as diagnostic efficiency, which can be
broken down into sensitivity, specificity, and predic-
tive values.

DEFINITIONS BOX

Diagnostic sensitivity: Ability of a test to detect
a given disease or condition.

Diagnostic specificity: Ability of a test to cor-
rectly identify the absence of a given disease
or condition.

Positive predictive value: Chance of an individual
having a given disease or condition if the test
is abnormal.

Negative predictive value: Chance an individual
does not have a given disease or condition if
the test is within the reference interval.

1,500
=

1,000
3 Health
O Disease

5,000

0 -
T T T T T T T T T T T T T
0 5 10 15 20 25
Values

A

Measures of Diagnostic Efficiency

Parameters of diagnostic efficiency are intended to quan-
tify how useful a test is for a given disease or condition.*®
For example, BhCG is used as a test to diagnose preg-
nancy. While BhCG is excellent for this purpose, there
are instances where BhCG may be increased because of
other causes, such as cancer (trophoblastic tumors), or
below the cutoff, as is the case very early in pregnancy.

It is important to recognize that there is both diagnos-
tic and clinical sensitivity. Analytic sensitivity refers to
the lower limit of detection for a given analyte (described
in the Method Evaluation section), whereas clinical sen-
sitivity refers to the proportion of individuals with that
disease who test positively with the test. Sensitivity can
be calculated from simple ratios (Fig. 3-24A). Patients
with a condition who are correctly classified by a test
to have the condition are called true positives (TPs).
Patients with the condition who are classified by the test
as not having the condition are called false negatives
(FNs). Using the BhCG test as an example, sensitivity
can be calculated as follows:

(No. of pregnant with positive test)

Diagnostic = [ ndividual q
sensitivity (%) (No. of pregnant individuals tested)

(TP)/(TP + FN) (Eq. 3-8)

Another measure of clinical performance is diagnos-
tic specificity. Diagnostic specificity is defined as the

1,500
<

1,000+
3 Health
o Disease

5,000

0-
T T T T T T T T T
0 5 10 15
Values

B

FIGURE 3-23 Comparison of an ideal and true laboratory values for healthy and abnormal populations. (A) In the ideal case, the healthy
population is completely distinct from those with the condition. (B) In reality, values show significant overlap that affects the diagnostic

efficiency of the test.
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A Pregnant Patients

True positives (TP)

hCG test positive

hCG test negative

Sensitivity = TP/TP + FN =
8/10 or 80%
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B Nonpregnant patients

False positives (FP)

hCG test positive

hCG test negative

Specificity = TN/TN + FP =
7/10 or 70%

FIGURE 3-24 The sensitivity and specificity of beta-human chorionic gonadotropin (BhCG) for pregnancy. (A) Sensitivity
refers to the ability to detect pregnancy. (B) Specificity refers to the ability of the test to correctly classify nonpregnant
women. FN, false negative; FP, false positive; TN, true negative; TP, true positive.

proportion of individuals without a condition who have
a negative test for that condition (Fig. 3-24B). Note that
there is also an analytic specificity (described in the
Method Evaluation section), which refers to cross-reac-
tivity with other substances. Continuing with BhCG as
an example, diagnostic specificity refers to the percentage
of nonpregnant individuals that have a negative test com-
pared with the number of nonpregnant individuals tested.
Patients who are not pregnant and have a negative BhCG
test are called true negatives (ITNs), whereas those who
are incorrectly classified as pregnant by the test are called
false positives (FPs). Clinical specificity can be calculated
as follows:

(No. of nonpregnant with negative test)

ficity (%) =
Specificity (%) (No. of nonpregnant individuals tested)

(TN)/(TN + FP) (Eq. 3-9)

For example, a sensitivity of 100% plus a specificity
of 100% means that the test detects every patient with
disease and that the test is negative for every patient
without the disease. Because of the overlap in laboratory
values between people with and without disease, this is,
of course, almost never the case (see Fig. 3-23B).
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There are other measures of diagnostic efficiency such
as predictive values. There are predictive values for both
positive and negative test results. The predictive value
of a positive (PPV) test refers to the probability of an
individual having the disease if the result is abnormal
(“positive” for the condition). Conversely, the predictive
value of a negative (NPV) test refers to the probability
that a patient does not have a disease if a result is within
the reference range (test is negative for the disease)
(Fig. 3-25). Predictive values are also calculated using
ratios of TPs, TNs, FPs, and FNs as follows:

(No. of pregnant with positive test)

PPV =
(No. with positive test)
(TP)/(TP + FP) (Eq. 3-10)
(No. of nonpregnant with negative test)
NPV =

(No. with negative test)

(TN)/(TN + FN) (Eq. 3-11)

Using the data from Figure 3-25, if the BhCG test is

“positive,” there is a 72% chance the patient is pregnant;
if the test is negative, then there is a 78% chance the
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Pregnant patients

Nonpregnant patients

A
PPV =8/11
hCG test =729
positive = 72%
B
NPV =7/9
hCG test =78%
negative

FIGURE 3-25 Positive and negative predictive values using beta-human chorionic gonado-
tropin (BhCQ) as a test for pregnancy. (A) Predictive value of a positive test (PPV) indicates
the probability of being pregnant if the test is positive. (B) Predictive value of a negative test
(NPV) refers to the probability of being nonpregnant if the test is negative. FN, false nega-
tive; FP, false positive; TN, true negative; TP, true positive.

patient is not pregnant. It is important to understand
that unlike sensitivity and specificity, predictive values
depend on the prevalence of the condition in the popula-
tion studied. Prevalence refers to the proportion of indi-
viduals within a given population who have a particular
condition. If one were testing for BhCG, the prevalence
of pregnancy would be quite different between female
Olympic athletes and young women shopping for baby
clothes (Table 3-14). Accordingly, the predictive values
would change drastically, while the sensitivity and speci-
ficity of the test would remain unchanged.

Measures of diagnostic efficiency depend entirely
on the distribution of test results for a population with
and without the condition and the cutoff used to define
abnormal levels. The laboratory does not have control of
the overlap between populations but does have control
of the test cutoff. Thus, we will consider what happens
when the cutoff is adjusted. The test cutoff (also known
as a “medical decision limit”) is the analyte concentra-
tion that separates a “positive” test from a “negative” one.
For qualitative tests, such as a urine BhCG, the cutoff
is defined by the manufacturer and can be visualized

DEPENDENCE OF PREDICTIVE VALUE ON CONDITION
Habe iRl PREVALENCE®

PREVALENCE OF

POPULATIONP PREGNANCY +PPV (%) NPV (%)
Olympic athletes 1/10,000 0.03 99.99
Ob/gyn clinic patients aged 18-35y 1/50 5.16 99.42
Babies “R” Us shoppers 3/10 53.33 89.09

PPV, positive predictive value; NPV, negative predictive value.
?Based on a constant sensitivity of 80% and specificity of 70%.

bHypothetical.
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directly (Fig. 3-26). For quantitative tests, the cutoff is a
concentration; in the case of pregnancy, a serum BhCG
concentration greater than 5 mIU/mL could be consid-
ered “positive.” By changing the cutoff, from 8 mIU/
mL (Fig. 3-27A), to 5 mIU/mL (Fig. 3-27B), or 2 mlIU/
mL (Fig. 3-27C), it becomes apparent that the diagnostic
efficiency changes. As the cutoff is lowered, the sensitivity
of the test for pregnancy improves from 40% (Fig. 3-27A)
to 90% (Fig. 3-27C). However, this occurs at the expense
of specificity, which decreases from 80% (Fig. 3-27A) to
40% (Fig. 3-27C) at the same cutoff. The best test with
the wrong cutoff would be clinically useless. Accordingly,
it is imperative to use an appropriate cutoff for the testing
purpose. In the most rudimentary sense, a high sensitivity
is desirable for a screening test, whereas a high specificity
is appropriate for confirmation testing.

To define an appropriate cutoff, laboratorians often
use a graphical tool called the receiver operator char-
acteristic (ROC).*” ROC curves are generated by plot-
ting the true-positive rate against the false-positive rate
(sensitivity vs. 1 — specificity; Fig. 3-28). Each point on
the curve represents an actual cutoff concentration. ROC
curves can be used to determine the most efficient cutoff
for a test and are an excellent tool for comparing two

A Pregnant Patients
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e

—
| Positive control
(C) line
|~ Test result
(T) line

FIGURE 3-26 An example of a point-of-care device for beta-human
chorionic gonadotropin. This is an example of a qualitative test,
where the test line (T) represents whether the patient has a positive
test, and the control (C) line is used to indicate that the test was
successful.

Nonpregnant Patients

10
miU/mL

Test Positive

5
miU/mL

miU/mL

Test Cutoff

Test Negative

Sensitivity = 4/10 or 40%

Specificity = 8/10 or 80%

FIGURE 3-27 The effect of adjusting the beta-human chorionic gonadotropin test
cutoff on sensitivity and specificity for pregnancy. (A) Using a high cutoff, sensitivity is
low and specificity is high. (B, C) As the cutoff is lowered, the sensitivity improves at
the expense of specificity. The predictive values also change as the cutoff is adjusted.
TP, true positive; FP, false positive; FN, false negative; TN, true negative.
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B Pregnant Patients Nonpregnant Patients
10
mlU/mL
Test Positive
5
miu/mL Test Cutoff
Test Negative
1
mlU/mL
Sensitivity = 8/10 or 80% Specificity = 7/10 or 70%
C Pregnant Patients Nonpregnant Patients
10
mlU/mL
Test Positive
5
mlU/mL
1 Test Cutoff
mlU/mL
Test Negative

Sensitivity = 9/10 or 90% Specificity = 6/10 or 60%
FIGURE 3-27 (Continued)
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FIGURE 3-28 A receiver operator characteristic curve for beta-human chorionic
gonadotropin (BhCG) and a hypothetical “test B.” The area under the BhCG
curve is greater than “test B” at all points, indicating that it is a superior test for
pregnancy. The thin dotted line represents a test of no value (equal to diagnosis
by a coin toss). The maximum (optimal) efficiency is indicated by the arrow and
corresponds to the BhCG cutoff concentration with the fewest incorrect patient

classifications.

different tests. The area under the curve represents the
efficiency of the test, that is, how often the test correctly
classifies individuals as having a condition or not. The
higher the area under the ROC curve, the greater the
efficiency. Figure 3-28 shows a hypothetical compari-
son of two tests used to diagnose pregnancy. The BhCG
test has a larger area under the curve and has an overall
higher performance than test B. Based on these ROC
curves, BhCG represents a superior test compared with
hypothetical test B, for diagnosing pregnancy.

ROC curves can also be used to determine the optimal
cutoff point for a test. The optimal cutoff maximizes the
number of correct tests (i.e., fewest FPs and FNs). A per-
fect test would have an area under the curve of 1.0 and
reach the top-left corner of the graph (where sensitivity
and specificity equal 100%). Clinical evaluations of diag-
nostic tests frequently use ROC curves to establish optimal
cutoffs and compare different tests.*” As with the other
statistical measures described, there are many software
applications that can be used to generate ROC curves.

In addition to sensitivity, specificity, and predic-
tive values, there are a number of other measures of
diagnostic efficiency. These include odds ratios, likeli-
hood ratios, and multivariate analysis.*®*" While these
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have increasingly higher degrees of complexity, they
all represent efforts to make clinical sense of data post-
analytically. It is worth remembering the bigger picture,
which is that laboratory values are not used in isola-
tion. Laboratory tests are interpreted in the context of a
patient’s physical exam, symptoms, and clinical history
to achieve a diagnosis.

PRACTICE PROBLEMS

Problem 3-1. Calculation of Sensitivity
and Specificity

Urine hCG tests are commonly used to determine if
someone is pregnant. Urine pregnancy tests qualitatively
detect the presence of hCG in the urine. While manu-
facturers often state 99.99% accuracy, they are referring
to the accuracy of a test in a patient who has a highly
elevated urine hCG, effectively testing a positive control.
The following data are based on population of women
only a few weeks into pregnancy. Calculate the sensitiv-
ity, specificity, and efficiency of urine hCG for detecting
pregnancy. Determine the predictive value of a positive
urine hCG test.
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NUMBER OF PREGNANCIES/INTERPRETATION
OF hCG FINDINGS

POSITIVE NEGATIVE
PREGNANT? URINE hCG URINE hCG TOTAL
Yes 32 8 40
No 5 143 148
Total 37 151 188

Problem 3-2. A Quality Control Decision
GLUCOSE CONTROL VALUES

DAY LOW HIGH
1 86 215
2 82 212
3 83 218
4 87 214
5 85 220
6 81 217
7 88 223
8 83 224
9 82 217

10 85 222

1. Calculate the mean and standard deviation for the
above dataset.

2. Plot these control data by day (one graph for each
level, x-axis = day, y-axis = concentration). Indicate
the mean and the upper and lower control limits
(mean *2 standard deviations) with horizontal lines
(see Fig. 3-28).

3. You are working in the night shift at a community
hospital and are the only person in the laboratory.
You are running glucose quality control and obtain
the following:

Low control value = 90; High control value = 230
Plot these controls on the process control chart
(Levey-Jennings) you created above.

4. Are these values within the control limits?
What do you observe about these control data?

5. What might be a potential problem?

6. What is an appropriate next step?

Problem 3-3. Precision (Replication)

For the following precision data, calculate the mean, SD,
and CV for each of the two control solutions A and B.
These control solutions were chosen because their con-
centrations were close to medical decision levels (X¢) for
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glucose: 120 mg/dL for control solution A and 300 mg/dL
for control solution B.

Control solution A was analyzed daily, and the follow-
ing values were obtained:

118,120, 121,119, 125,118, 122,116, 124, 123, 117,
117,121, 120, 120, 119, 121, 123, 120, and 122 mg/dL.

Control solution B was analyzed daily and gave the
following results:

295,308, 296, 298, 304, 294, 308, 310, 296, 300, 295,
303, 305, 300, 308, 297, 297, 305, 292, and 300 mg/dL.

Does the precision exceed the total allowable error
defined by the CLIA?

Problem 3-4. Recovery

For the following tacrolimus immunosuppressant data,
calculate the percent recovery for each of the individual
experiments and the average of all the recovery experi-
ments. The experiments were performed by adding
two levels of standard to each of five patient samples
(A through E) with the following results:

0.9 mL 0.9 mL 0.9 mL
BLOOD + BLOOD + BLOOD +
0.1 mL 0.1 mL 50 0.1 mL
SAMPLE WATER ug/L STD 100 pg/L STD
A 6.0 11.0 15.6
B 6.3 11.2 16.0
C 8.6 13.6 18.5
D 13.0 17.8 23.1
E 22.5 27.0 32.0

What do the results of this study indicate?

Problem 3-5. Interference

For the interference data that follow for glucose, calculate
the concentration of bilirubin added, the interference for
each individual sample, and the average interference for the
group of patient samples. The experiments were performed
by adding 0.1 mL of a 150 mg/dL ascorbic acid standard to
0.9 mL of five different patient samples (A through E). A
similar dilution was prepared for each patient sample using
water as the diluent. The results follow:

GLUCOSE (mg/dL)

0.9 mL SERUM +
0.1 mL 150 mg/dL

GLUCOSE (mg/dL)
0.9 mL SERUM +

SAMPLE 0.1 mL WATER BILIRUBIN STD
A 54 40
B 99 80
C 122 101
D 162 133
E 297 256

What do the results of this study indicate?
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Problem 3-6. Sample Labeling

You receive an urine specimen in the laboratory with a
request for a complete urinalysis. The cup is labeled and
you begin your testing. You finish the testing and report
the results to the ward. Several minutes later, you receive
a telephone call from the ward informing you that the
urine was reported on the wrong patient. You are told
that the cup was labeled incorrectly before it was brought
to the laboratory.

1. What is the problem in this case, and where did it
occur?

2. Would your laboratory’s QC system be able to detect
or prevent this type of problem?

Problem 3-7. QC Program for POCT Testing

Your laboratory is in charge of overseeing the QC pro-
gram for the glucometers (POCT) in use at your hospital.
You notice that the ward staff is not following proper
procedure for running QC. For example, in this case,

For additional student resources please visit thePoint at http:/thepoint.lww.com. lllﬂpolnl i
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the glucometer QC was rerun three times in a row in an
effort to have the results in control. The first two runs
were both 3 SD high. The last run did return to less than
2 SDs. Explain the correct follow-up procedure for deal-
ing with the out-of-control results.

Problem 3-8. QC Rule Interpretation

Explain the Ry, rule, including what type of error it
detects.

Problem 3-9. Reference Interval Study
Design

You are asked to design a reference interval study for
a new test. The results are known to be different in
men and women and is affected by the consumption of
aspirin, age, and time of day. Create a questionnaire to
collect the appropriate information needed to perform
a reference interval study. How would you account for
these variables in the data collection?

el

QUESTIONS

1. A Gaussian distribution is usually
a. Bell-shaped
b. Rectangular
¢. Uniform

d. Skewed
2. The following chloride (mmol/L) results were
obtained using a new analyzer:
106 11 104 106 112 110
115 127 83 110 108 109
83 119 105 106 108 114
120 100 107 110 109 102
What is the mean?
a. 108
b. 105

c. 109
d. 107

3. The following chloride (mmol/L) results were
obtained using a new analyzer:
106 111 104 106 112 110
115 127 83 110 108 109
83 119 105 106 108 114
120 100 107 110 109 102
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What is the median?
a. 108.5

b. 105

c. 112

d. 107

4. For a data value set that is Gaussian distributed,
what is the likelihood (%) that a data point will be
within 1 SD from the mean?

a. 68%
b. 99%
c. 95%
d. 100%

5. The correlation coefficient
a. Indicates the strength of relationship in a
linear regression.
b. Determines the regression type used to derive
the slope and y-intercept.
c. Is always expressed as “b.”
d. Expresses method imprecision.

6. If two methods agree perfectly in a method com-
parison study, the slope equals and the
y-intercept equals

a. 1.0,0.0
b. 0.0, 1.0
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c. 1.0, 1.0
d. 0.0, 0.0
e. 0.5,0.5

7. Systematic error can best be described as consist-
ing of
a. Constant and proportional error.
b. Constant error.
Proportional error.
. Random error.
e. Syntax error.

a0

8. Examples of typical reference interval data distri-
bution plots include all of the following except
a. ROC
b. Nonparametric
c. Parametric
d. Bimodal

9. A reference range can be verified by
a. Testing as few as 20 normal donor specimens.
b. Literature and vendor material review.
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c. Using samples from previously tested hospital
patients.

d. Using pharmacy-provided plasmanate spiked
with target analyte concentrations.

10. Reference interval transference studies
a. Are used to verify a reference interval.
b. Are used to establish a reference interval.
c. Require as many as 120 normal donors.
d. Use a 68% reference limit for acceptability.

11. Diagnostic specificity is the

a. Ability of a test to correctly identify the
absence of a given disease or condition.

b. Chance an individual does not have a given
disease or condition if the test is within the
reference interval.

c¢. Chance of an individual having a given disease
or condition if the test is abnormal.

d. Ability of a test to detect a given disease or
condition.

ONLINE RESOURCES

AACC http://aacc.org
Centers for Disease Control http://www.cdc.gov
and Prevention
CLIA http://www.cms.hhs.gov/clia
CLSI http://www.clsi.org
College of American Pathologists http://CAP.org
EP Evaluator http://www.dgrhoads.com
FDA http://www.FDA.gov

GraphPAD http://www.graphpad.com
JMP http://www.jmp.com

Labs Online http://www labtestsonline.org
McLendon Clinical Laboratories  http:/labs.unchealthcare.org
OIVD http://www.fda.gov/CDRH/oivd
R http://www.r-project.org/

SAS http://www.sas.com

Westgard Laboratory pages http://www.westgard.com

http://www.fda.gov/MedicalDevices
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Chapter Objectives

Upon completion of this chapter, the clinical
laboratorian should be able to do the following:

e Discuss the basic concepts of Lean Six Sigma process
improvement

e Apply the DMAIC methodology in laboratory process
improvement projects

e Explain the role of Six Sigma Metrics in laboratory quality
control

Key TERMS

DMAIC
Lean Six Sigma

LEAN SIX SIGMA METHODOLOGY

In the previous chapter, we discussed how laboratory tests
are established by method evaluation and how quality
control (QC) continuously monitors their processes.
In this chapter, we expand on these ideas to discuss
the concept of quality improvement (Fig. 4-1). Quality
improvement goes beyond monitoring, detecting, and
preventing errors. Quality improvement achieves new
levels of performance, not otherwise realized through
QC, and addresses chronic problems. Lean Six Sigma
Methodology is the combination of Six Sigma qual-
ity management, developed by Motorola, with Lean
manufacturing strategy, pioneered by Toyota, to provide
tangible metrics for quality improvement. In its sim-
plest form, Six Sigma asks the question, how can this
process be improved? while Lean manufacturing asks
the question, does this process (or step) need to exist?

20
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QC
Process Sigma
Quality control

Together as Lean Six Sigma, they are being increasingly
used to reduce error (Six Sigma) and waste (Lean) within
the health-care system.

ADOPTION AND IMPLEMENTATION
OF LEAN SIX SIGMA

Effective adoption of Lean Six Sigma for process
improvement requires an organization-wide dedica-
tion and support for a continuous process improve-
ment culture. A pioneer in this field, Dr. J. M. Juran
taught that continuous improvement does not make an
organization distinctive or “excellent.” Instead, it is the
rate of improvement that distinguishes an organization.!
Effecting change will not occur without support from
senior members within the organization. These leaders
select and assign quality improvement projects to teams
within the organization.
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Current Process

Period of

Quality
Improvement

Quality Control

> Inefficiency

Process
Variation and Waste

Desired Process

Time

FIGURE 4-1 Quality improvement for a given process. Quality
improvement seeks to eliminate inefficiencies in a process through
reduction of variation and waste. The current process exhibits high
variation and waste and quality control (QC) measures do not
adequately manage the process. After a period of quality improve-
ment, the desired process shows much smaller variation and waste
and tighter control of the process using the new QC measures.
Lean Six Sigma methodology seeks to identify, measure, and
eliminate the large gaps of inefficiency in a process. Examples
from the laboratory include data accuracy, turnaround times, and
reagent inventory.

The three most common team roles are the project
coaches/leaders (black belts), project team members
(green belts), and project sponsors (blue belts). Black
belts dedicate 100% of their time to quality improve-
ment projects, proactively addressing process and quality
problems. Green belts contribute 20% of their time to
improvement projects while delivering their normal job
functions. Blue belts are mid- to senior-level sponsors
who review the project, remove organizational barriers,
and encourage the team members. In the laboratory, a
team may consist of expert or specialist technologists,
supervisors, directors, and an expert consultant who will
lead the process. Typically, a full Six Sigma improvement
project takes 6 to 8 months to complete. Smaller scale
improvement projects typically headed by purple belts
use the same Lean Six Sigma principles condensed over
1 week to improve more focused and limited processes.

PROCESS IMPROVEMENT

All work is a dynamic process, and every process has
variation, overlap, and waste. Variation results in unpre-
dictable and undesirable outcomes. Waste results in
increased cost and delays and thereby limiting efficiency.
Lean Six Sigma uses a problem—cause—solution method-
ology to improve any process through waste elimination
and variation reduction. The DMAIC (Define, Measure,
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Analyze, Improve, and Control) methodology is the
quality improvement team’s project management road
map (Fig. 4-2). The five phases allow for the identifica-
tion of the root cause for error and waste through estab-
lishment of the following:

1. A universally accepted framework for quality
improvement

2. Common language throughout the organization

3. A checklist to guide the process

4. Control measures for long-term monitoring

The Define phase explicitly describes the quality
improvement issues. In the Measure phase, the team
collects data to measure the process. That is, they deter-
mine the difference between the current process and the
desired one. The Analyze phase searches for the root
causes of inefficiencies in the process. In the Improve
phase, the team pilots process changes that seek to
remove the identified root problems. The Control phase
continues to measure the process and ensures changes
are maintained.

Let's apply the DMAIC methodology to a real life
example in the laboratory. Assume that a high rate of
mislabeled aliquot tubes continues to be a chronic prob-
lem in the hospital laboratory. Aliquots are currently
poured off manually when each specimen arrives in the
laboratory either through the tube system or specimen

60

Define

Audit
Improved
Process

Write
Project
Charter

Control Measure

Test Map
Hypothesis Process

Improve Analyze

FIGURE 4-2 Integration of Six Sigma and Lean principles. The
methodologies of Six Sigma manufacturing and Lean process
optimization are combined to an iterative cycle of quality improve-
ment. Applications of Lean Six Sigma are now being applied to all
aspects of the laboratory and the health-care system as a whole.

Uploaded By: Noura Natel


https://students-hub.com

92 PART 1= BASIC PRINCIPLES AND PRACTICE OF CLINICAL CHEMISTRY

drop-off window. The project would begin in the Define
phase by setting a goal to reduce by 60%, for example,
the number of mislabeled aliquot tubes when the speci-
mens arrive within 2 months. By the end of the Define
phase, both the project team and the management team
have validated the “project charter.” The project charter
states the overall purpose and potential impact, the scope
of the project (what is included and what is not), its
resources (e.g., who is on the team and what resources
are available to implement changes), and expectations—
what will be delivered and when. This is a modifiable
document intended to keep everyone involved focused
on the problem and improving the outcomes.

The Measure phase maps, measures, and assesses the
current process. For this example, the number of aliquot
tubes made on each shift and the number of mislabeled
aliquot tubes would be monitored. The data collected
would allow the team to calculate the current percent-
age of mislabeled aliquot tubes that occurs on each shift.
In doing so, the team will also map how the aliquots
are made, including the number of specimens received,
where labels are printed, where the aliquot tubes are
stored, and how many technologists are involved in
the process. In this laboratory, it is found that three
technologists are responsible for making aliquots and
they all share one common label printer. Bags of empty
aliquot tubes and caps are stored in the laboratory’s
surplus room at the back of the laboratory. It is also
found that 20 out of every 100 aliquot tubes are misla-
beled. Therefore, the goal of the project is to reduce the
number of mislabeled specimens from 20 to 8 samples
for every shift.

In the Analyze phase, the team identifies the root
causes of the problem through cause—effect data analysis.
Looking at the data collected, the group identifies several
issues that most likely contribute toward the mislabeled
aliquots. First, the shared label printer between the
three technologists making aliquots creates confusion
about which printed label belongs to which technolo-
gist. Second, during high-volume times, the technologist
frequently runs out of aliquot tubes and caps and must
retrieve bags of empty tubes from the surplus room at the
back of the laboratory. This results in samples accumu-
lating at the aliquot station and causes the technologists
to rush to keep up with demand. It is also found that the
technologists are frequently interrupted by health-care
staff and visitors in the hospital that stop and ask direc-
tions at the specimen drop-off window due to its proxim-
ity to a busy elevator.

The team next develops strategies that address each
of these specific problems and pilots the changes in the
Improve phase. Each technologist is given an aliquot
label printer and storage is built around the bench that
holds enough aliquot tubes and caps for an entire shift.
The laboratory also requested that the hospital facilities
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department post signs both at the elevator and at the
specimen window with directions toward common units
on the floor and provide hospital maps outside the
elevator. Once the changes are implemented, the team
measures the process again and finds that the number
of mislabeled specimens that occur on each shift is four.
This is an 80% reduction in the number of mislabeled
aliquots, which exceeds the goals of 60% set by the proj-
ect charter.

The final Control phase ensures that the gains made
by implemented improvements are maintained by QC
mechanisms. For this example, this includes stocking
aliquot tubes and caps at the beginning of each shift,
maintaining three working label printers for the aliquot
station, and ensuring that maps are readily available at
the elevator. The way the aliquots are made (poured off
and labeled by hand) did not change. Instead, modify-
ing the steps around the process was enough to improve
the outcome to the level set by the project charter.
Furthermore, these modifications included factors both
inside and outside the laboratory. The DMAIC method
(Fig. 4-2) was applied to a problem in the laboratory and
allowed the team to quantitatively measure the error of
the process, identify the root cause(s) of the problem,
develop improvement strategies, and monitor the chang-
es in a defined manner.

MEASUREMENTS OF SUCCESS USING
LEAN AND SIX SIGMA

Originally, Lean and Six Sigma were separate ideas
designed to improve two related metrics: time and error.
Lean was designed to eliminate non-value-adding steps
and Six Sigma aimed to reduce variation. The metrics
for measuring quality improvement with Lean Six Sigma
still reflect those original principles. Combination of
these two ideas provides a positive synergistic impact on
process and quality improvement.

The Lean approach seeks to streamline the process
by eliminating duplication, excess, and barriers for a
more optimized flow. The major measurement for Lean
is generally time, but it can also include things such as
cost, inventory, and distribution. A common method
of Lean improvement is the concept of a Kaizen event.
This is analogous to the DMAIC method used in Six
Sigma but can be implemented on a smaller scale. The
Kaizen event is 3 to 5 days of quality improvement by
a cross-functional team that analyzes the current steps
associated with a particular process and makes changes
to improve its efficiency. With detailed study, most
teams find unnecessary complexity in their process. This
complexity often contributes to errors as well as delays.
Teams typically find that only 5% of the activities in any
process add value; this means that a vast majority of
activities do not contribute to the process. Graphically,
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Current Process

Step 1 Step 2

Step 1 Step 2

EEXl—

Step 4

Step 6A

Step 6B

"

Six Sigma Optimization

'

Lean Optimization

Final Process

FIGURE 4-3 Application of Six Sigma and Lean methodologies toward process
improvement. Steps in a process can have duplication, failure, and waste, all of which
contribute to delay, increased cost, inefficiency, and longer turnaround times.

this might look like the redundant and nonlinear pro-
cess shown in Figure 4-3. Lean Six Sigma measures the
amount of non—value-adding steps in a process as part
of its core metrics. The implemented solutions (based
on charter goals) represented by the final process in
Figure 4-3 where inefficiency has been removed illus-
trate a more streamlined, efficient process.

Six Sigma metrics seek to quantitatively measure the
amount of error or variation that occurs within a system.
A process sigma represents the capability of a process
to meet (or exceed) its defined criteria for acceptability.
In the laboratory, this could refer to assay performance,
turnaround times, number of rejected samples, speci-
men transport, or relay of critical values. The process
sigma is usually represented as the number of defects
(errors) per million opportunities (DPMO). The sigma
(o) value refers to the number of standard deviations
(SDs) away from the mean a process can move before it
is outside the acceptable limits (Fig. 4-4). For example,

LSL uUSL

6 Sigma
Process
26 306 46 506 60

3 Sigma
Process

FIGURE 4-4 Comparison of Sigma performance for results dis-
tributed between the lower satisfactory limit (LSL) and the upper
satisfactory limit (USL).
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if a sodium test has Six Sigma performance, then the
mean could shift by 6 SDs (66) and still meet the labora-
tory requirements for precision and accuracy for sodium
measurement. If a test achieves Six Sigma (66), it has a
narrow process SD (i.e., it is very precise) and produces
only three errors for every million tests performed. A
test that performs at a three sigma (36) has a much
wider process SD and produces about 26,674 errors per
million tests (Fig. 4-4).

To calculate the sigma, defects must be clearly
defined. In the laboratory, any test that does not meet
its requirements (i.e., correctly quantified or delivered
on time) is considered a defect. The most straightfor-
ward method uses the process yield—the percentage of
times that a process is defect free. Another method to
calculate the process sigma is to calculate the DPMO.
For example, in the laboratory, this might be measured
by the number of errors that occurs for every 1 million
tests. The process sigma can be estimated from a Process
Sigma table (Table 4-1) using either the process yield or
the DPMO.

PROCESS SIGMA TABLE

ERRORS/MILLION

YIELD RESULTS PROCESS SIGMA
99.9999% 1 6.27
99.9997% 8 6.04
99.999% 10 5.77
99.99% 100 5.22
99.9% 1,000 4.59

Definition of “Sigma” for a process with a given error rate.
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EXAMPLE OF YIELD AT GIVEN PERFORMANCE (c): % OF DATA REPORTED

CORRECTLY

NO. OF STEPS ™36 ™4G ™56 ™66

1 93.3% 99.38% 99.977% 99.9999%
3 82.7% 98.16% 99.931% 99.9953%
4 77.4% 97.56% 99.908% 99.9930%
7 61.6% 95.73% 99.839% 99.9976%
10 50.1% 93.96% 99.768% 99.9966%
20 25.1% 88.29% 99.536% 99.9932%
40 6.3% 77.94% 99.074% 99.9864%
80 1.6% 68.81% 98.614% 99.9796%
100 0.4% 60.75% 98.156% 99.9728%

As stated earlier, eliminating non-value-adding steps
and reducing variation have a synergistic positive
impact on process performance (Table 4-2). Several
examples illustrate this concept. Assume that there are
four steps involved in testing a specimen and each step
is performed at a 36 level (each step 93.3% accurate and
timely). With this performance, approximately three
out of four test results will be accurate and delivered
on time (75.8%)! Now imagine that a team improves
the quality of the process so that each step is performed
correctly and timely at a 46 level (99.38% accurate
and timely). The new level of performance produces
97.5% of the results accurately and delivered on time.
Alternatively, if a test has 10 steps, each of which
operates at a 36 level (93.3% accurate and timely) the
increase in the number of slightly inaccurate steps,
50% of the tests will be inaccurate and late. Simply by
eliminating unnecessary steps and maintaining a high
level of performance, the team can drastically reduce
the number of total errors. If the improvement team
can both eliminate six steps and increase the quality
of each step to a 40 level, the process will improve
so that 97.5% of the tests are accurate and on time
(Table 4-2). These improvement strategies are designed

to be continuous. Once changes have been realized, the
improvement process should start again to make the
system even better with each cycle.

LEAN SIX SIGMA APPLICATIONS IN THE
LABORATORY AND THE GREATER
HEALTH-CARE SYSTEM

The popularity of the combination of Lean and Six
Sigma principles as an approach to quality manage-
ment in health care has grown in the last 10 years.
In 2004, there were two articles published describing
specifically the application of Lean Six Sigma, accord-
ing to a PubMed search utilizing the phrase “Lean Six
Sigma.” This number has risen to 29 articles published
in 2010/2011. Since 1997, there have been 255 pub-
lications on Six Sigma quality improvement strategies
alone in the health-care field. Application of Lean and
Six Sigma methodology at the Virginia Mason Medical
Center showed numerous improvements to patient care.?
Table 4-3 highlights the major improvements achieved in
Lean Six Sigma Quality Management.

Prior to the adoption of Lean Six Sigma strategies, no
laboratory result was reported (the time the result was

TABLE 4.3 MAJOR IMPROVEMENTS ACHIEVED FROM LEAN SIX SIGMA QUALITY
. MANAGEMENT

BEFORE LEAN SIX SIGMA

AFTER LEAN SIX SIGMA

Results report mailed 100% >3 d 89% < 3 d
Patient waiting time [Data not published] Decreased by 50%
Discharge time 25h 1.5h

Chemotherapy time [Data not published]

Decreased by 50%

Source: Bush RW. Reducing waste in US health care systems. JAMA. February 2007;297(8):871-874.
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available until mailing) within less than 3 days and every
physician had an average of 1,800 results waiting to be
reported. After application of Lean methodology, 89% of
the test results were reported in less than 3 days. Patient
waiting time was significantly reduced for chemotherapy
infusion time, clinic waiting time decreased by 50%,
and discharge time decreased from 2.5 to 1.5 hours.
All of these aspects for improvement represent tangible
metrics that can be measured and quantified by Lean
Six Sigma tools. The results of the improvement process
provide superior patient care, improve customer service,
and positively impact patient satisfaction, which all
contribute toward enhanced customer retention by the
individual health-care organization.

A similar application of Lean Six Sigma Methodology
was used to develop a new phlebotomy staffing model
that better matched demand at Brigham and Women’s
Hospital in Boston.> The project was initiated in
response to excessive safety reports filed for missed
inpatient collections, thereby delaying laboratory
results. Discrepancies between estimated and actual
collection demand identified periods of understaffing
for the phlebotomy service during peak demand times.
After application of the Lean Six Sigma Methodology,
new, staggered shifts were implemented to better
handle the high-volume times between 5 and 9 am and
7 and 9 pm (Fig. 4-5). Four new shifts were created
that increased available personnel during peak hours
and decreased available personnel during periods of
low collections. The number of full-time equivalents

Number of Staff
SuU01199]]0D JO JBquinN
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FIGURE 4-5 The revised staffing model that better matches the
collection pattern (black line) modified through Six Sigma quality
improvement strategies. Blocked colors represent different staff
shifts. (Reprinted with permission from Morrison AP, Tanasijevic
MJ, Torrence-Hill JN, Goonan EM, Gustafson ML, Melanson SEF.
A strategy for optimizing staffing to improve the timeliness of
inpatient phlebotomy collections. Arch Pathol Lab Med. December
2011;135(12):1576-1580.)
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remained the same between the old and new staffing
model. The new staffing model improved collection by
17 minutes, accelerated results for basic chemistry such
as potassium by 15 minutes, and reduced by 80% the
number of filed safety reports from delayed or missed
collections.?

PRACTICAL APPLICATION OF SIX
SIGMA METRICS

Detecting Laboratory Errors

Recent studies have highlighted that medical errors
occur with greater frequency than previously thought.*8
As part of the health-care system, the laboratory is a
potential source of error. Error rates in laboratory tests
have been estimated to occur between 1:164 and 1:8,300
results (Table 4-4).9-10 Converting these error rates to
the standard Six Sigma metric DPMO, laboratory error
rates would be expected to occur at a rate of between 120
and 6,098 DPMO; this corresponds to a 46 to 56 rating.
A 60 quality level would require less than 3.4 DPMO
(Table 4-1).

While an estimated 12.5% of laboratory errors
impact patient health, only 37.5 of every 100,000
(0.0375%) errors place patients at risk due to ana-
lytical testing mistakes.®1>17 Previously, laboratory
quality improvement focused on errors that occur in
the analytic phase of testing. But currently, analytical
testing errors comprise only 4% to 32% of all errors
in the laboratory.'® Most laboratory errors are now
attributed to processes occurring either before (pre-
analytic) or immediately after (post-analytic) the test.
Pre-analytic errors are estimated at between 32% and
75%, and post-analytic errors account for 9% to 55%.
As outlined in Figure 4-6, the pre-analytic phase
involves steps such as the actual ordering of the tests

RATE OF LABORATORY ERROR

ESTIMATED LABORATORY ERRORS/MILLION

ERROR RATE (DPMO)
1:164 6,098
1:214 4,672
1:283 3,534
1:8,300 20

Risk of dying in a plane crash

1:7,000,000 passengers 0.14

Table adapted with permission from Bonini P, Plebani M, Ceriotti F,
Rubboli F. Errors in laboratory medicine. Clin Chem. May
2002;48(5):691-698.
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FIGURE 4-6 Schematic representation of the process components involved in clinical laboratory testing.

by physicians, as well as sample collection. Because
many of the pre-analytic errors are outside the physical
laboratory (i.e., phlebotomy), it is imperative that the
process as a whole be considered when reorganizing
laboratory processes to improve quality. This often
requires collaboration between other departments
within the system. With the current emphasis on
quality improvement in the health-care setting,?!%-2!
clinical laboratories have been early adopters of Lean
Six Sigma methodology to improve the quality of
laboratory testing by identifying and reducing pre- and
post-analytical sources of error.?-22-26

Defining the Sigma Performance of an Assay

From a quality management perspective, Six Sigma met-
rics can determine how well an analytic process performs
and assist in choosing appropriate QC rules based on
test performance. For example, if a given test has excel-
lent performance (very precise and accurate over time),
then fewer errors will occur. It would take a large shift
in the mean for the test to fail the quality requirements.
Accordingly, fewer QC rules would be needed to identify
errors. These rules are designed to maximize the chance
of detecting a problem, while simultaneously minimizing
the risk of rejecting a result when it is actually correct
(false rejection).

Six Sigma metrics can be plotted graphically using an
operational process specification “OPSpecs” chart. This
chart incorporates many of the measures described in
the Method Evaluation chapter into one graph, includ-
ing (1) total allowable error, (2) systematic error (inac-
curacy), and (3) random error (imprecision) (Fig. 4-7).
From the QC section, total allowable error is defined by
CLIA (Clinical Laboratory Improvement Amendments)
regulations (see Table 3-12). Systematic and random
errors are derived from method comparison experi-
ments, described in Chapter 3 (see Fig. 3-16). Consider
the following hypothetical example for total calcium.
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The performance of the assay is defined by the follow-
ing linear regression equation:
y=0.91x+0.2
The total allowable error for calcium is 1 mg/dL
The assay has an imprecision of 2%
What is the systemic error for the assay at 10 mg/dL?
y=1(0.91x10)+0.2
y =93 mg/dL
10 mg/dL — 9.3 mg/dL = 0.7 mg/dL

0.7 mg/dL represents 70% of the total allowable
error for calcium (1 mg/dL)

What is the random error of the assay at 10 mg/dL?
Imprecision = 10 mg/dL x 0.02
Imprecision = 0.2 mg/dL

0.2 mg/dL represents 20% of the total allowable
error for calcium (1 mg/dL) (Eq. 4-1)

100%

75% G

50%

25%

60 50 40 30 20

®
10% 20% 30% 40%
Allowable Imprecision (Random Error)

50%

Allowable Inaccuracy (Systematic Error)

FIGURE 4-7 OPSpecs chart used to determine process perfor-
mance. The allowable imprecision is plotted against the allowable
inaccuracy as percentage of the total allowable error. Assay per-
formance changing from point 1 to point 2 by reducing inaccuracy
improves the performance from a 26 process to a 56 process.
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Plotting the random error of 20% on the x-axis and the
systemic error of 70% on the y-axis using the OPSpecs
chart (Fig. 4-7) reveals that the assay has a 26 perfor-
mance; this is considered poor performance and would
require extensive QC measurements to detect the high
number of errors. Many rules are needed because only
a small shift in the mean would result in a failure (this
principle is evident in Fig. 4-4). If the systemic error
(bias) could be eliminated (as demonstrated with point 2,
Fig. 4-7), the performance would fall into the 56 range,
which is considered to be very good; only a few QC
measurements would be necessary with a minimal use of
control rules to detect the low number of errors.

Choosing the Appropriate Westgard Rules

Recently, a straightforward methodology has been pub-
lished detailing how Six Sigma metrics can be used to
choose appropriate Westgard QC rules for any assay.?’
A sigma value for every Westgard rule or set of rules can
be deduced from the slope of the line it generates in an
OPSpecs chart (Fig. 4-7). In short, the slope of the line is
equal to the — (negative) sigma value. Furthermore, the
sigma value for an assay can be calculated by the follow-
ing equation:

Sigma = (Total Allowable Error — Bias)/
Coefficient of Variation (Eq. 4-2)
Total allowable error represents the error budget
based on the biological variation of the specific analyte.
Bias refers to the systematic error of the assay and the
coefficient of variation is the analytical SD of the assay.
If the calculated sigma for an assay is greater than the
sigma of the Westgard rule, that rule is suitable for moni-
toring the error of the test. Values for total allowable
error for specific analytes have been published and are
readily available (Table 3-12) so the laboratory must
simply calculate bias and coefficient of variation (CV) for
the assay in question. Consider the following hypotheti-
cal example using potassium:

The total allowable error for potassium = 5.8%
The bias for your laboratory’s assay for potassium = 0.7%
The CV for your laboratory’s assay for potassium = 1%
=(5.8-0.7)/1

=51

potassium

Slgmapolassium

Sigma

Using Table 4-5, the Westgard rule with the sigma
value closest, but below 5.1 is the 1 2.5s rule. Therefore,
a QC rule of 1 2.5s would provide the optimum control
to detect error in the laboratory’s potassium assay while
minimizing false rejection of accurate results.
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HYPOTHETICAL SIGMA VALUES
FOR WESTGARD RULES

WESTGARD RULE SIGMA VALUE
1 3.5s 6

1 3s 5.6

1 2.5s 5.0

1 3s/2 2s/R 4s/4 1s 4.0

Source: Schoenmakers CHH, Naus AJM, Vermeer HJ, van Loon D,
Steen G. Practical application of Sigma Metrics QC procedures in clini-
cal chemistry. Clin Chem Lab Med. November 2011;49(11):1837-1843.

CONCLUSIONS

Lean Six Sigma Methodology has emerged as a powerful
technique to effectively improve the quality and effi-
ciency of the clinical laboratory. It provides a framework
to define, measure, and reduce waste and variation
associated with the total testing process. Furthermore, it
supplies mathematically sound metrics to assess labora-
tory processes and assay performance, define QC rules,
and develop quality improvement strategies. Lean Six
Sigma’s role in clinical chemistry will continue to grow
in importance and scope as the need for improved qual-
ity and reduced cost becomes paramount in the health-
care system. Knowledge of Lean Six Sigma methodology
will be critical for laboratorians going forward to achieve
the mission of delivering quality health care to patients.
Major hospitals have made institutional-wide commit-
ments to quality improvement using Lean Six Sigma.
Yellow belt training is currently offered at certain institu-
tions to all laboratory personnel with the goal of having
the entire laboratory staff trained. Supervisors and lead
technologists are also trained at the blue, purple, and
black belt level to participate in quality improvement
projects across departments within the institution. For
medical technologists, this training provides an unprec-
edented opportunity to be an agent for change in the
health-care system and allows the laboratorian to take a
greater ownership in improving patient care and enhanc-
ing customer service.

ACKNOWLEDGMENTS

The authors wish to acknowledge Glen Spivak, Vice
President of Business Development and Operational
Efficiency, and more broadly the University of North
Carolina Hospitals for its support and training in Lean
Six Sigma Methodologies utilized in writing this chapter
and used in our clinical laboratories.

Uploaded By: Noura Natel


https://students-hub.com

298 PART 1 = BASIC PRINCIPLES AND PRACTICE OF CLINICAL CHEMISTRY

i N
For additional student resources please visit thePoint at http:/thepoint.lww.com. “IEPO“II‘A%

QUESTIONS

1. To evaluate a moderately complex laboratory test,
all of the following must be done except:
a. Analytical sensitivity and specificity
b. Verification of the reference interval

b. Hemolyzed red cells
c. Highly icteric samples
d. Highly lipemic samples

7. Allowable analytical error is:

¢. Accuracy and precision o .
y P a. A combination of random and systematic

d. Reportable range

error.

2. An ROC includes all of the following except: b. Best if it is greater than the total error.
a. Perfect test = an area under the curve <1.0 c. Used only for research and initial evaluation
b. Equals receiver operator characteristic studies.
c. Plots sensitivity and 1 — specificity d. Published by the CDC for an array of clinical
d. Can be used to compare two different tests tests.

3. For method development studies, which analytical 8. The methodology for a Lean Six Sigma quality

performance test should be done first?

improvement team will include consideration of all

a. Imprecision studies of the following factors EXCEPT:
b. Comparison of methods (COM) a. Define
c. Recovery b. Measure
d. Interference studies c. Analyze
e. Does not matter, they all need to be done d. Improve
e. Communicate

4. For the following series of laboratory values,
the vendor has indicated that a true value is 6.0. 9. It is reported that the greatest percentage of labora-

Series=5,4,5,6,7,5,3,8,5,9, 5,4, 5, 6. The SDI tory errors occur during the phase.
(standard deviation index) is: a. Preanalytical
a. -0.3 b. Analytical
b. +0.3 c. Postanalytical
c. +1.0 d. Proficiency
d. 0.7 e. Phlebotomy
5. Comparison of method studies: 10. Calculate the Sigma value for sodium given that the
a. Estimate systematic error. total allowable error is 8%, the bias is 0.9%, and the
b. Use primary QC material and standards that CV is 2%.
span the reportable range. a. 3.6
c. Are usually completed within 4 working days. b. 2.7
d. Are not required for non-waived tests. c. 7.1
6. Interference studies typically use as an inter- S' g?

ferent.
a. All of these
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Components of a Spectrophotometer
Spectrophotometer Quality Assurance
Atomic Absorption Spectrophotometer
Flame Photometry

Fluorometry

Basic Instrumentation
Chemiluminescence

Turbidity and Nephelometry

Laser Applications

ELECTROCHEMISTRY

& ELECTROPHORESIS
Procedure
Support Materials
Treatment and Application of Sample
Detection and Quantitation
Electroendosmosis
Isoelectric Focusing
Capillary Electrophoresis
Two-Dimensional Electrophoresis
¢ OSMOMETRY
Freezing Point Osmometer
4 QUESTIONS
& REFERENCES

Galvanic and Electrolytic Cells

Half-Cells

lon-Selective Electrodes

pH Electrodes

Gas-Sensing Electrodes

Enzyme Electrodes

Coulometric Chloridometers and Anodic Stripping
Voltammetry

e Describe the operation and component parts of the follow-
ing instruments: spectrophotometer, atomic absorption
spectrometer, fluorometer, osmometer, ion-selective elec-
trode, and pH electrode.

e QOutline the quality assurance and preventive maintenance
procedures involved with the following instruments:
spectrophotometer, fluorometer, osmometer, ion-selective
electrode, and pH electrode.

Chapter Objectives =

Upon completion of this chapter, the clinical
laboratorian should be able to do the following:

e Explain the general principles of each analytic method.
e Discuss the limitations of each analytic technique.

e Compare and contrast the various analytic techniques.
e Discuss existing clinical applications for each analytic

technique.

KeY TERMS Electrophoresis
Atomic absorption Fluorometry
Chemiluminescence Ion-selective electrodes
Electrochemistry Spectrophotometry
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Analytic techniques and instrumentation provide the
foundation for all measurements made in a modern
clinical chemistry laboratory. The majority of techniques
fall into one of four basic disciplines within the field
of analytic chemistry: spectrometry (including spectro-
photometry, atomic absorption, and mass spectrom-
etry [MS]); luminescence (including fluorescence and
chemiluminescence); electroanalytic methods (includ-
ing electrophoresis, potentiometry, and amperometry);
and chromatography (including gas, liquid, and thin
layer). Due to the rapid growth and increased utilization
in clinical laboratories, chromatography and MS will be
covered separately in Chapter 6.

SPECTROPHOTOMETRY

The instruments that measure electromagnetic radia-
tion have several concepts and components in com-
mon. Shared instrumental components are discussed in
some detail in a later section. Photometric instruments
measure light intensity without consideration of wave-
length. Most instruments today use filters (photometers),
prisms, or gratings (spectrometers) to select (isolate) a
narrow range of the incident wavelength. Radiant energy
that passes through an object will be partially reflected,
absorbed, and transmitted.

Electromagnetic radiation is described as photons of
energy traveling in waves. The relationship between wave-
length and energy E is described by Planck’s formula:

E=hv (Eq. 5-1)

where h is a constant (6.62 X 10727 erg sec), known
as Planck’s constant, and v is frequency. Because the
frequency of a wave is inversely proportional to the
wavelength, it follows that the energy of electromag-
netic radiation is inversely proportional to wavelength.
Figure 5-1A shows this relationship. Electromagnetic

Electromagnetic spectrum

Electron volt energy
10% 107 10° 10° 10* 10° 10 10 1 10 1021021010

1 1 L 1 i 1 i 1 1 1 I 1 1
. | Gamma Ultra- Microwaves
Cosmic) ~rays | X1ays | yigiet || Infrared (radio, tv, radar)
Visible
0.01A 1A 0.0ty 0.4u{0.7u 500u
Wavelength \
Violet | 8lue | Green |Yellow|Orange] Red
B

FIGURE 5-1 Electromagnetic radiation—relationship of energy
and wavelength.
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radiation includes a spectrum of energy from short-
wavelength, highly energetic gamma rays and x-rays
on the left in Figure 5-1B to long-wavelength radio-
frequencies on the right. Visible light falls in between,
with the color violet at 400 nm and red at 700 nm
wavelengths being the approximate limits of the visible
spectrum.

The instruments discussed in this section measure
either absorption or emission of radiant energy to deter-
mine the concentration of atoms or molecules. The two
phenomena, absorption and emission, are closely related.
For a ray of electromagnetic radiation to be absorbed, it
must have the same frequency as a rotational or vibra-
tional frequency in the atom or molecule that it strikes.
Levels of energy that are absorbed move in discrete steps,
and any particular type of molecule or atom will absorb
only certain energies and not others. When energy is
absorbed, valence electrons move to an orbital with a
higher energy level. Following energy absorption, the
excited electron will fall back to the ground state by
emitting a discrete amount of energy in the form of a
characteristic wavelength of radiant energy.

Absorption or emission of energy by atoms results in a
line spectrum. Because of the relative complexity of mol-
ecules, they absorb or emit a bank of energy over a large
region. Light emitted by incandescent solids (tungsten or
deuterium) is in a continuum. The three types of spectra
are shown in Figure 5-2.13

Beer’'s Law

The relationship between absorption of light by a solu-
tion and the concentration of that solution has been
described by Beer and others. Beer’s law states that the
concentration of a substance is directly proportional to
the amount of light absorbed or inversely proportional to
the logarithm of the transmitted light. Percent transmit-
tance (%T) and absorbance (A) are related photometric
terms that are explained in this section.

Atoms I Molecules : Solids
| .
line | band : continuous
spectra | spectra i spectra
+ i
| :
! I
! |
I
2 i I
g2 | [
S |
€ | /-\
z ] !
< | i
I |
| I
1" 1 T 1 | S 1 1
Wavelength

FIGURE 5-2 Characteristic absorption oremission spectra. (Adapted
from Coiner D. Basic Concepts in Laboratory Instrumentation.
Bethesda, MD: ASMT Education and Research Fund; 1975-1979.)
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FIGURE 5-3 Percent transmittance (%T) defined.

Figure 5-3A shows a beam of monochromatic light
entering a solution. Some of the light is absorbed. The
remainder passes through, strikes a light detector, and
is converted to an electric signal. Percent transmittance
is the ratio of the radiant energy transmitted (T) divided
by the radiant energy incident on the sample (I). All
light absorbed or blocked results in 0% T. A level of
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100% T is obtained if no light is absorbed. In practice,
the solvent without the constituent of interest is placed
in the light path, as in Figure 5-3B. Most of the light is
transmitted, but a small amount is absorbed by the sol-
vent and cuvette or is reflected away from the detector.
The electrical readout of the instrument is set arbitrarily
at 100% T, while the light is passing through a “blank” or
reference. The sample containing absorbing molecules to
be measured is placed in the light path. The difference in
amount of light transmitted by the blank and that trans-
mitted by the sample is due only to the presence of the
compound being measured. The %T measured by com-
mercial spectrophotometers is the ratio of the sample
transmitted beam divided by the blank transmitted beam.

Equal thicknesses of an absorbing material will absorb
a constant fraction of the energy incident upon the lay-
ers. For example, in a tube containing layers of solu-
tion (Fig. 5-4A), the first layer transmits 70% of the
light incident upon it. The second layer will, in turn,
transmit 70% of the light incident upon it. Thus, 70%
of 70% (49%) is transmitted by the second layer. The
third layer transmits 70% of 49%, or 34% of the original
light. Continuing on, successive layers transmit 24% and
17%, respectively. The %T values, when plotted on lin-
ear graph paper, yield the curve shown in Figure 5-4B.
Considering each equal layer as many monomolecular
layers, we can translate layers of material to concentra-
tion. If semilog graph paper is used to plot the same

A
Incident >
light
70 49 34 24 17 % Transmitted
%T B %T c A D
100 100 . - .
Linear o Semilog Linear
90 - 80 -
- 0.75 -
80 + 60
70 - w0 L
60 |- 0.5
50 |
40 20 -
4 0.25 |-
30 |
20 - b 10 [ G B
10 i 1 1 1 0 1 2 3 4 5 0 1 1 I i
0 1 2 3 4 5 0 1 2 3 4 5

Layers or concentration

Concentration

Concentration

FIGURE 5-4 (A) Percent of original incident light transmitted by equal layers of light-absorbing
solution. (B) Percent T vs. concentration on linear graph paper. (C) Percent T vs. concentration on
semilog graph paper. (D) A versus concentration on linear graph paper.
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FIGURE 5-5 Single-beam spectrophotometer.

figures, a straight line is obtained (Fig. 5-4C), indicating
that, as concentration increases, %71 decreases in a loga-
rithmic manner.

Absorbance A is the amount of light absorbed. It can-
not be measured directly by a spectrophotometer but
rather is mathematically derived from %T as follows:

%T = Ii x 100 (Eq. 5-2)
0

where I is the incident light and I is the transmitted
light.
Absorbance is defined as follows:

- 10g(1/10) =1og(100%) — log %T
—log %T (Eq. 5-3)

According to Beer’s law, absorbance is directly pro-
portional to concentration (Fig. 5-4D):

A=exXbxXc (Eq. 5-4)

where £ = molar absorptivity, the fraction of a specific
wavelength of light absorbed by a given type of molecule;
b is the length of light path through the solution; and c is
the concentration of absorbing molecules.

Absorptivity depends on the molecular structure and
the way in which the absorbing molecules react with
different energies. For any particular molecular type,
absorptivity changes as wavelength of radiation changes.
The amount of light absorbed at a particular wavelength
depends on the molecular and ion types present and may
vary with concentration, pH, or temperature.

Because the path length and molar absorptivity are
constant for a given wavelength,

A~c (Eq. 5-5)

Unknown concentrations are determined from a
calibration curve that plots absorbance at a specific
wavelength versus concentration for standards of known
concentration. For calibration curves that are linear and
have a zero y-intercept, unknown concentrations can
be determined from a single calibrator. Not all calibra-
tion curves result in straight lines. Deviations from
linearity are typically observed at high absorbances. The
stray light within an instrument will ultimately limit
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the maximum absorbance that a spectrophotometer can
achieve, typically 2.0 absorbance units.

Spectrophotometric Instruments

A spectrophotometer is used to measure the light
transmitted by a solution to determine the concentra-
tion of the light-absorbing substance in the solution.
Figure 5-5 illustrates the basic components of a single-
beam spectrophotometer, which are described in sub-
sequent sections.

Components of a Spectrophotometer

Light Source

The most common source of light for work in the visible
and near-infrared regions is the incandescent tungsten or
tungsten-iodide lamp. Only about 15% of radiant energy
emitted falls in the visible region, with most emitted as
near-infrared.! Often, a heat-absorbing filter is inserted
between the lamp and the sample to absorb the infrared
radiation.

The lamps most commonly used for ultraviolet (UV)
work are the deuterium discharge lamp and the mer-
cury arc lamp. Deuterium provides continuous emis-
sion down to 165 nm. Low-pressure mercury lamps
emit a sharp line spectrum, with both UV and visible
lines. Medium and high-pressure mercury lamps emit
a continuum from UV to the mid-visible region. The
most important factors for a light source are range,
spectral distribution within the range, the source of
radiant production, stability of the radiant energy, and
temperature.

Monochromators
Isolation of individual wavelengths of light is an impor-
tant and necessary function of a monochromator. The
degree of wavelength isolation is a function of the type
of device used and the width of entrance and exit slits.
The bandpass of a monochromator defines the range of
wavelengths transmitted and is calculated as width at
more than half the maximum transmittance (Fig. 5-6).
Numerous devices are used for obtaining monochro-
matic light. The least expensive are colored glass filters.
These filters usually pass a relatively wide band of radi-
ant energy and have a low transmittance of the selected
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FIGURE 5-6 Spectral transmittance of two monochromators with
band pass at half height of 5 and 20 nm.

wavelength. Although not precise, they are simple, inex-
pensive, and useful.

Interference filters produce monochromatic light
based on the principle of constructive interference of
waves. Two pieces of glass, each mirrored on one side,
are separated by a transparent spacer that is precisely
one-half the desired wavelength. Light waves enter one
side of the filter and are reflected at the second surface.
Wavelengths that are twice the space between the two
glass surfaces will reflect back and forth, reinforcing
others of the same wavelengths and finally passing on
through. Other wavelengths will cancel out because of
phase differences (destructive interference). Because
interference filters also transmit multiples of the desired
wavelengths, they require accessory filters to eliminate
these harmonic wavelengths. Interference filters can be
constructed to pass a very narrow range of wavelengths
with good efficiency.

The prism is another type of monochromator. A nar-
row beam of light focused on a prism is refracted as
it enters the more dense glass. Short wavelengths are
refracted more than long wavelengths, resulting in dis-
persion of white light into a continuous spectrum. The
prism can be rotated, allowing only the desired wave-
length to pass through an exit slit.

Diffraction gratings are most commonly used as
monochromators. A diffraction grating consists of many
parallel grooves (15,000 or 30,000 per inch) etched onto
a polished surface. Diffraction, the separation of light
into component wavelengths, is based on the principle
that wavelengths bend as they pass a sharp corner. The
degree of bending depends on the wavelength. As the
wavelengths move past the corners, wave fronts are
formed. Those that are in phase reinforce one another,
whereas those not in phase cancel out and disappear.
This results in complete spectra. Gratings with very fine
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line rulings produce a widely dispersed spectrum. They
produce linear spectra, called orders, in both directions
from the entrance slit. Because the multiple spectra have
a tendency to cause stray light problems, accessory filters
are used.

Sample Cell

The next component of the basic spectrophotometer is
the sample cell or cuvette, which may be round or square.
The light path must be kept constant to have absorbance
proportional to concentration. This is easily checked
by preparing a colored solution to read midscale when
using the wavelength of maximum absorption. Fill each
cuvette to be tested, take readings, and save those that
match within an acceptable tolerance (e.g., £0.25% T).
Because it is difficult to manufacture round tubes with
uniform diameters, they should be etched to indicate
the position for use. Cuvettes are sold in matched sets.
Square cuvettes have plane-parallel optical surfaces and a
constant light path. They have an advantage over round
cuvettes in that there is less error from the lens effect,
orientation in the spectrophotometer, and refraction.
Cuvettes with scratched optical surfaces scatter light and
should be discarded. Inexpensive glass cuvettes can be
used for applications in the visible range, but they absorb
light in the UV region. Quartz cuvettes must, therefore,
be used for applications requiring UV radiation.

Photodetectors
The purpose of the detector is to convert the transmitted
radiant energy into an equivalent amount of electrical
energy. The least expensive of the devices is known as
a barrier-layer cell, or photocell. The photocell is com-
posed of a film of light-sensitive material, frequently sele-
nium, on a plate of iron. Over the light-sensitive material
is a thin, transparent layer of silver. When exposed to
light, electrons in the light-sensitive material are excited
and released to flow to the highly conductive silver. In
comparison with the silver, a moderate resistance oppos-
es the electron flow toward the iron, forming a hypo-
thetical barrier to flow in that direction. Consequently,
this cell generates its own electromotive force, which
can be measured. The produced current is proportional
to the incident radiation. Photocells require no external
voltage source but rely on internal electron transfer to
produce a current in an external circuit. Because of their
low internal resistance, the output of electrical energy is
not easily amplified. Consequently, this type of detector
is used mainly in filter photometers with a wide band-
pass, producing a fairly high level of illumination so that
there is no need to amplify the signal. The photocell
is inexpensive and durable; however, it is temperature
sensitive and nonlinear at very low and very high levels
of illumination.

A phototube (Fig. 5-7) is similar to a barrier-layer
cell in that it has photosensitive material that gives off
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FIGURE 5-7 Phototube drawing and schematic.

electrons when light energy strikes it. It differs in that
an outside voltage is required for operation. Phototubes
contain a negatively charged cathode and a positively
charged anode enclosed in a glass case. The cathode is
composed of a material (e.g., rubidium or lithium) that
acts as a resistor in the dark but emits electrons when
exposed to light. The emitted electrons jump over to
the positively charged anode, where they are collected
and return through an external, measurable circuit.
The cathode usually has a large surface area. Varying
the cathode material changes the wavelength at which
the phototube gives its highest response. The photocur-
rent is linear, with the intensity of the light striking the
cathode as long as the voltage between the cathode and
the anode remains constant. A vacuum within the tubes
avoids scattering of the photoelectrons by collision with
gas molecules.

The third major type of light detector is the photo-
multiplier (PM) tube, which detects and amplifies radi-
ant energy. As shown in Figure 5-8, incident light strikes
the coated cathode, emitting electrons. The electrons

Incident
light

Photocathode

FIGURE 5-8 Dynode chain in a photomultiplier.
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are attracted to a series of anodes, known as dynodes,
each having a successively higher positive voltage. These
dynodes are of a material that gives off many secondary
electrons when hit by single electrons. Initial electron
emission at the cathode triggers a multiple cascade of
electrons within the PM tube itself. Because of this ampli-
fication, the PM tube is 200 times more sensitive than the
phototube. PM tubes are used in instruments designed
to be extremely sensitive to very low light levels and
light flashes of very short duration. The accumulation of
electrons striking the anode produces a current signal,
measured in amperes, that is proportional to the initial
intensity of the light. The analog signal is converted
first to a voltage and then to a digital signal through the
use of an analog-to-digital converter. Digital signals are
processed electronically to produce absorbance readings.

In a photodiode, absorption of radiant energy by a
reverse-biased pn-junction diode (pn, positive-negative)
produces a photocurrent that is proportional to the
incident radiant power. Although photodiodes are not
as sensitive as PM tubes because of the lack of internal
amplification, their excellent linearity (6 to 7 decades of
radiant power), speed, and small size make them useful in
applications where light levels are adequate.* Photodiode
array (PDA) detectors are available in integrated circuits
containing 256 to 2,048 photodiodes in a linear arrange-
ment. A linear array is shown in Figure 5-9. Each photo-
diode responds to a specific wavelength, and as a result,
a complete UV/visible spectrum can be obtained in less
than 1 second. Resolution is 1 to 2 nm and depends on
the number of discrete elements. In spectrophotometers
using PDA detectors, the grating is positioned after the

Cell

Photodiode
array

T

FIGURE 5-9 Photodiode array spectrophotometer illustrating the
placement of the sample cuvette before the monochromator.
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FIGURE 5-10 Double-beam spectrophotomet

sample cuvette and disperses the transmitted radiation
onto the PDA detector (Fig. 5-9).

For single-beam spectrophotometers, the absorbance
reading from the sample must be blanked using an
appropriate reference solution that does not contain
the compound of interest. Double-beam spectropho-
tometers permit automatic correction of sample and
reference absorbance, as shown in Figure 5-10. Because
the intensities of light sources vary as a function of
wavelength, double-beam spectrophotometers are nec-
essary when the absorption spectrum for a sample is
to be obtained. Computerized, continuous zeroing,
single-beam spectrophotometers have replaced most
double-beam spectrophotometers.

Spectrophotometer Quality Assurance

Performing at least the following checks should validate
instrument function: wavelength accuracy, stray light,
and linearity. Wavelength accuracy means that the wave-
length indicated on the control dial is the actual wave-
length of light passed by the monochromator. It is most
commonly checked using standard absorbing solutions
or filters with absorbance maxima of known wavelength.
Didymium or holmium oxide in glass is stable and fre-
quently used as filters. The filter is placed in the light
path and the wavelength control is set at the wavelength
at which maximal absorbance is expected. The wave-
length control is then rotated in either direction to locate
the actual wavelength that has maximal absorbance. If
these two wavelengths do not match, the optics must be
adjusted to calibrate the monochromator correctly.

Some instruments with narrow bandpass use a mer-
cury vapor lamp to verify wavelength accuracy. The
mercury lamp is substituted for the usual light source,
and the spectrum is scanned to locate mercury emission
lines. The wavelength indicated on the control is com-
pared with known mercury emission peaks to determine
the accuracy of the wavelength indicator control.

Stray light refers to any wavelengths outside the band
transmitted by the monochromator. The most common
causes of stray light are reflection of light from scratches
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Reference

er.

on optical surfaces or from dust particles anywhere in
the light path and higher order spectra produced by dif-
fraction gratings. The major effect is absorbance error,
especially in the high absorbance range. Stray light is
detected by using cutoff filters, which eliminate all radia-
tion at wavelengths beyond the one of interest. To check
for stray light in the near-UV region, for example, insert
a filter that does not transmit in the region of 200 to
400 nm. If the instrument reading is greater than 0% T
stray light is present. Certain liquids, such as NiSO,,
NaNO,, and acetone, absorb strongly at short wave-
lengths and can be used in the same way to detect stray
light in the UV range.

Linearity is demonstrated when a change in concen-
tration results in a straight line calibration curve, as
discussed under Beer’s law. Colored solutions may be
carefully diluted and used to check linearity, using the
wavelength of maximal absorbance for that color. Sealed
sets of different colors and concentrations are available
commercially. They should be labeled with expected
absorbance for a given bandpass instrument. Less than
expected absorbance is an indication of stray light or of
a bandpass that is wider than specified. Sets of neutral-
density filters to check linearity over a range of wave-
lengths are also commercially available.

A routine system should be devised for each instru-
ment to check and record each parameter. The probable
cause of a problem and the maintenance required to
eliminate it are generally described in the instrument’s
manual.

Atomic Absorption Spectrophotometer

The atomic absorption spectrophotometer is used to
measure concentration by detecting the absorption of
electromagnetic radiation by atoms rather than by mol-
ecules. The basic components are shown in Figure 5-11.
The usual light source, known as a hollow-cathode lamp,
consists of an evacuated gas-tight chamber containing an
anode, a cylindrical cathode, and an inert gas, such as
helium or argon. When voltage is applied, the filler gas
is ionized. Ions attracted to the cathode collide with the
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FIGURE 5-11 Single-beam atomic absorption spectrophotometer—basic components.

metal, knock atoms off, and cause the metal atoms to
be excited. When they return to the ground state, light
energy is emitted that is characteristic of the metal in
the cathode. Generally, a separate lamp is required for
each metal (e.g., a copper hollow-cathode lamp is used
to measure Cu).

Electrodeless discharge lamps are a relatively new
light source for atomic absorption spectrophotometers.
A bulb is filled with argon and the element to be tested.
A radiofrequency generator around the bulb supplies
the energy to excite the element, causing a characteristic
emission spectrum of the element.

The analyzed sample must contain the reduced metal
in the atomic vaporized state. Commonly, this is done
by using the heat of a flame to break the chemical bonds
and form free, unexcited atoms. The flame is the sample
cell in this instrument, rather than a cuvette. There are
various designs; however, the most common burner is
the premix long-path burner. The sample, in solution,
is aspirated as a spray into a chamber, where it is mixed
with air and fuel. This mixture passes through baffles,
where large drops fall and are drained off. Only fine
droplets reach the flame. The burner is a long, narrow
slit, to permit a longer path length for absorption of inci-
dent radiation. Light from the hollow-cathode lamp pass-
es through the sample of ground state atoms in the flame.
The amount of light absorbed is proportional to the
concentration. When a ground state atom absorbs light
energy, an excited atom is produced. The excited atom
then returns to the ground state, emitting light of the
same energy as it absorbed. The flame sample thus con-
tains a dynamic population of ground state and excited
atoms, both absorbing and emitting radiant energy. The
emitted energy from the flame will go in all directions,

STUDENTS-HUB.com

and it will be a steady emission. Because the purpose
of the instrument is to measure the amount of light
absorbed, the light detector must be able to distinguish
between the light beam emitted by the hollow-cathode
lamp and that emitted by excited atoms in the flame.
To do this, the hollow-cathode light beam is modulated
by inserting a mechanical rotating chopper between the
light and the flame or by pulsing the electric supply to
the lamp. Because the light beam being absorbed enters
the sample in pulses, the transmitted light will also be in
pulses. There will be less light in the transmitted pulses
because part of it will be absorbed. There are, therefore,
two light signals from the flame—an alternating signal
from the hollow-cathode lamp and a direct signal from
the flame emission. The measuring circuit is tuned to
the modulated frequency. Interference from the constant
flame emission is electronically eliminated by accepting
only the pulsed signal from the hollow cathode.

The monochromator is used to isolate the desired
emission line from other lamp emission lines. In addi-
tion, it serves to protect the photodetector from exces-
sive light emanating from flame emissions. A PM tube is
the usual light detector.

Flameless atomic absorption requires an instrument
modification that uses an electric furnace to break
chemical bonds (electrothermal atomization). A tiny
graphite cylinder holds the sample, either liquid or solid.
An electric current passes through the cylinder walls,
evaporates the solvent, ashes the sample, and, finally,
heats the unit to incandescence to atomize the sample.
This instrument, like the spectrophotometer, is used to
determine the amount of light absorbed. Again, Beer’s
law is used for calculating concentration. A major prob-
lem is that background correction is considerably more
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necessary and critical for electrothermal techniques than
for flame-based atomic absorption methods. Currently,
the most common approach uses a deuterium lamp as a
secondary source and measures the difference between
the two absorbance signals. However, there has also
been extensive development of background correction
techniques based on the Zeeman effect.! The presence of
an intense static magnetic field will cause the wavelength
of the emitted radiation to split into several components.
This shift in wavelength is the Zeeman effect.

Atomic absorption spectrophotometry is sensitive and
precise. It is routinely used to measure concentration
of trace metals that are not easily excited. It is gener-
ally more sensitive than flame emission because the vast
majority of atoms produced in the usual propane or air-
acetylene flame remain in the ground state available for
light absorption. It is accurate, precise, and specific. One
disadvantage, however, is the inability of the flame to
dissociate samples into free atoms. For example, phos-
phate may interfere with calcium analysis by formation
of calcium phosphate. This may be overcome by add-
ing cations that compete with calcium for phosphate.
Routinely, lanthanum or strontium is added to samples
to form stable complexes with phosphate. Another pos-
sible problem is the ionization of atoms following disso-
ciation by the flame, which can be decreased by reducing
the flame temperature. Matrix interference, due to the
enhancement of light absorption by atoms in organic
solvents or formation of solid droplets as the solvent
evaporates in the flame, can be another source of error.
This interference may be overcome by pretreatment of
the sample by extraction.’

Recently, inductively coupled plasma (ICP) has been
used to increase sensitivity for atomic emission. The
torch, an argon plasma maintained by the interaction
of a radiofrequency field and an ionized argon gas, is
reported to have used temperatures between 5,500 and
8,000 K. Complete atomization of elements is thought
to occur at these temperatures. Use of ICP as a source
is recommended for determinations involving refractory
elements such as uranium, zirconium, and boron. ICP
with MS detection is the most sensitive and specific assay
technique for all elements on the periodic chart. Atomic
absorption spectrophotometry is used less frequently
because of this newer technology.

Flame Photometry

The flame emission photometer, which measures light
emitted by excited atoms, was widely used to determine
concentration of Na*, K*, or Li*. With the development
of ion-selective electrodes for these analytes, flame pho-
tometers are no longer routinely used in clinical chemis-
try laboratories. Discussion of this technique, therefore,
is no longer included in this edition; the reader should
refer to previous editions of this book.
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Fluorometry

As seen with the spectrophotometer, light entering a
solution may pass mainly through or may be absorbed
partly or entirely, depending on the concentration
and the wavelength entering that particular solution.
Whenever absorption occurs, there is a transfer of
energy to the medium. Each molecular type possesses
a series of electronic energy levels and can pass from
a lower energy level to a higher energy level only by
absorbing an integral unit (quantum) of light that
is equal in energy to the difference between the two
energy states. There are additional energy levels owing
to rotation or vibration of molecular parts. The excited
state lasts about 107 seconds before the electron loses
energy and returns to the ground state. Energy is lost
by collision, heat loss, transfer to other molecules, and
emission of radiant energy. Because the molecules are
excited by absorption of radiant energy and lose energy
by multiple interactions, the radiant energy emitted is
less than the absorbed energy. The difference between
the maximum wavelengths, excitation, and emitted
fluorescence is called Stokes shift. Both excitation
(absorption) and fluorescence (emission) energies are
characteristic for a given molecular type; for example,
Figure 5-12 shows the absorption and fluorescence
spectra of quinine in 0.1 N sulfuric acid. The dashed
line on the left shows the short-wavelength excitation
energy that is maximally absorbed, whereas the solid
line on the right is the longer wavelength (less energy)
fluorescent spectrum.

Basic Instrumentation

Filter fluorometers measure the concentrations of
solutions that contain fluorescing molecules. A basic
instrument is shown in Figure 5-13. The source emits
short-wavelength high-energy excitation light. A

Absorbance
(curve A)
o
F-N
T

(curve B)

Relative fluorescence intensity

263 294 333 385 455 555
Wavelength  (nm)

FIGURE 5-12 Absorption and fluorescence spectra of quinine in
0.1 N sulfuric acid. (Adapted from Coiner D. Basic Concepts in
Laboratory Instrumentation. Bethesda, MD: ASMT Education and
Research Fund; 1975-1979.)
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FIGURE 5-13 Basic filter fluorometer. (Adapted from Coiner D.
Basic Concepts in Laboratory Instrumentation. Bethesda, MD:
ASMT Education and Research Fund; 1975-1979.)

mechanical attenuator controls light intensity. The pri-
mary filter, placed between the radiation source and the
sample, selects the wavelength that is best absorbed by
the solution to be measured. The fluorescing sample in
the cuvette emits radiant energy in all directions. The
detector (placed at right angles to the sample cell) and
a secondary filter that passes the longer wavelengths of
fluorescent light prevent incident light from striking the
photodetector. The electrical output of the photodetector
is proportional to the intensity of fluorescent energy. In
spectrofluorometers, the filters are replaced by prisms or
grating monochromators.

Gas discharge lamps (mercury and xenon arc) are
the most frequently used sources of excitation radiant
energy. Incandescent tungsten lamps are seldom used
because they release little energy in the UV region.
Mercury vapor lamps are commonly used in filter fluo-
rometers. Mercury emits a characteristic line spectrum.
Resonance lines at 365 to 366 nm are commonly used.
Energy at wavelengths other than the resonance lines is
provided by coating the inner surface of the lamp with a
material that absorbs the 254-nm mercury radiation and
emits a broad band of longer wavelengths. Most spectro-
fluorometers use a high-pressure xenon lamp. Xenon has
a good continuum, which is necessary for determining
the excitation spectra.

Monochromator fluorometers use grating, prisms, or
filters for isolation of incident radiation. Light detectors
are almost exclusively PM tubes because of their higher
sensitivity to low light intensities. Double-beam instru-
ments are used to compensate for instability due to elec-
tric power fluctuation.

Fluorescence concentration measurements are related
to molar absorptivity of the compound, intensity of the
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FIGURE 5-14 Dependence of fluorescence on the concentration of
fluorophore. (Adapted from Guilbault GG. Practical Fluorescence,
Theory, Methods and Techniques. New York, NY: Marcel Dekker; 1973.)

incident radiation, quantum efficiency of the energy
emitted per quantum absorbed, and length of the light
path. In dilute solutions with instrument parameters
held constant, fluorescence is directly proportional
to concentration. Generally, a linear response will be
obtained until the concentration of the fluorescent spe-
cies is so high that the sample begins to absorb signifi-
cant amounts of excitation light. A curve demonstrating
nonlinearity as concentration increases is shown in
Figure 5-14. The solution must absorb less than 5% of
the exciting radiation for a linear response to occur.®
As with all quantitative measurements, a standard curve
must be prepared to demonstrate that the concentration
used falls in a linear range.

In fluorescence polarization, radiant energy is polar-
ized in a single plane. When the sample (fluorophore)
is excited, it emits polarized light along the same plane
as the incident light if the fluorophore does not rotate
in solution (i.e., it is attached or bound to a large mol-
ecule). In contrast, a small molecule emits depolarized
light because it will rotate out of the plane of polariza-
tion during its excitation lifetime. This technique is
widely used for the detection of therapeutic and abused
drugs. In the procedure, the sample analyte is allowed
to compete with a fluorophore-labeled analyte for a
limited antibody to the analyte. The lower the concen-
tration of the sample analyte, the higher the macromo-
lecular antibody—analyte—fluorophore formed and the
lower the depolarization of the radiant light.

Advantages and Disadvantages of Fluorometry

Fluorometry has two advantages over conventional spec-
trophotometry: specificity and sensitivity. Fluorometry
increases specificity by selecting the optimal wavelength
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for both absorption and fluorescence, rather than just
the absorption wavelength seen with spectrophotometry.

Fluorometry is approximately 1,000 times more sensi-
tive than most spectrophotometric methods.® One reason
is because the emitted radiation is measured directly; it
can be increased simply by increasing the intensity of the
exciting radiant energy. In addition, fluorescence mea-
sures the amount of light intensity present over a zero
background. In absorbance, however, the quantity of the
absorbed light is measured indirectly as the difference
between the transmitted beams. At low concentrations,
the small difference between 100% T and the transmit-
ted beam is difficult to measure accurately and precisely,
limiting the sensitivity.

The biggest disadvantage is that fluorescence is very
sensitive to environmental changes. Changes in pH
affect availability of electrons, and temperature changes
the probability of loss of energy by collision rather than
fluorescence. Contaminating chemicals or a change
of solvents may change the structure. UV light used
for excitation can cause photochemical changes. Any
decrease in fluorescence resulting from any of these
possibilities is known as quenching. Because so many
factors may change the intensity or spectra of fluores-
cence, extreme care is mandatory in analytic technique
and instrument maintenance.

Chemiluminescence

In chemiluminescence reactions, part of the chemi-
cal energy generated produces excited intermediates
that decay to a ground state with the emission of pho-
tons.” The emitted radiation is measured with a PM
tube, and the signal is related to analyte concentration.
Chemiluminescence is different from fluorescence in
that no excitation radiation is required and no mono-
chromators are needed because the chemiluminescence
arises from one species. Most importantly, chemilumi-
nescence reactions are oxidation reactions of luminol,
acridinium esters, and dioxetanes characterized by a
rapid increase in intensity of emitted light followed by
a gradual decay. Usually, the signal is taken as the inte-
gral of the entire peak. Enhanced chemiluminescence
techniques increase the chemiluminescence efficiency by
including an enhancer system in the reaction of a chemi-
luminescent agent with an enzyme. The time course for
the light intensity is much longer (60 minutes) than that
for conventional chemiluminescent reactions, which last
for about 30 seconds (Fig. 5-15).

Advantages of chemiluminescence assays include
subpicomolar detection limits, speed (with flash-type
reactions, light is only measured for 10 seconds), ease of
use (most assays are one-step procedures), and simple
instrumentation.” The main disadvantage is that impu-
rities can cause a background signal that degrades the
sensitivity and specificity.
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FIGURE 5-15 Representative intensity-vs.-time curve for a transient
chemiluminescence signal.

Turbidity and Nephelometry

Turbidimetric measurements are made with a spectro-
photometer to determine the concentration of particulate
matter in a sample. The amount of light blocked by a
suspension of particles depends not only on concentra-
tion but also on size. Because particles tend to aggregate
and settle out of suspension, sample handling becomes
critical. Instrument operation is the same as for any spec-
trophotometer.

Nephelometry is similar, except that light scattered by
the small particles is measured at an angle to the beam
incident on the cuvette. Figure 5-16 demonstrates two
possible optical arrangements for a nephelometer. Light
scattering depends on wavelength and particle size. For
macromolecules with a size close to or larger than the
wavelength of incident light, sensitivity is increased by
measuring the forward light scatter.® Instruments are
available with detectors placed at various forward angles,
as well as at 90° to the incident light. Monochromatic
light obtains uniform scatter and minimizes sample
heating. Certain instruments use light amplification by
stimulated emission of radiation (laser) as a source of
monochromatic light; however, any monochromator
may be used.

Cuvette

Q S } Detector,
IR spectrophotometer
ot \ turbidometry
source
j \)\ Detector, nephelometer
\lj forward light scatter

Detector
nephelometer
90° light scatter

FIGURE 5-16 Nephelometer vs. spectrophotometer—optical
arrangements.
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Measuring light scatter at an angle other than at 180°
in turbidimetry minimizes error from colored solutions
and increases sensitivity. Because both methods depend
on particle size, some instruments quantitate initial
change in light scatter rather than total scatter. Reagents
must be free of any particles, and cuvettes must be free
of any scratches.

Laser Applications

Laser is based on the interaction of radiant energy with
suitably excited atoms or molecules. The interaction
leads to stimulated emission of radiation. The wave-
length, direction of propagation, phase, and plane of
polarization of the emitted light are the same as those
of the incident radiation. Laser light is polarized and
coherent and has narrow spectral width and small cross-
sectional area with low divergence. The radiant emission
can be very powerful and either continuous or pulsating.

Laser light can serve as the source of incident energy
in a spectrometer or nephelometer. Some lasers pro-
duce bandwidths of a few kilohertz in both the visible
and infrared regions, making these applications about
three to six orders more sensitive than conventional
spectrometers.’

Laser spectrometry can also be used for the determi-
nation of structure and identification of samples, as well
as for diagnosis. Quantitation of samples depends on the
spectrometer used. An example of the clinical applica-
tion of laser is the Coulter counter, which is used for
differential analysis of white blood cells.!®

ELECTROCHEMISTRY

Many types of electrochemical analyses are used in the
clinical laboratory, including potentiometry, amperom-
etry, coulometry, and polarography. The two basic elec-
trochemical cells involved in these analyses are galvanic
and electrolytic cells.

Galvanic and Electrolytic Cells

An electrochemical cell can be set up as shown in
Figure 5-17. It consists of two half-cells and a salt bridge,

Salt bridge
Cathode

I—
H U U

FIGURE 5-17 Electrochemical cell.

Reduction
O, + 27— 20H"~

Oxidation
2Ag°— 2Agt = 2E~
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which can be a piece of filter paper saturated with electro-
lytes. Instead of two beakers as shown, the electrodes can
be immersed in a single, large beaker containing a salt solu-
tion. In such a setup, the solution serves as the salt bridge.

In a galvanic cell, as the electrodes are connected,
there is spontaneous flow of electrons from the electrode
with the lower electron affinity (oxidation; e.g., silver).
These electrons pass through the external meter to the
cathode (reduction), where OH™ ions are liberated. This
reaction continues until one of the chemical components
is depleted, at which point, the cell is “dead” and cannot
produce electrical energy to the external meter.

Current may be forced to flow through the dead cell
only by applying an external electromotive force E. This
is called an electrolytic cell. In short, a galvanic cell can
be built from an electrolytic cell. When the external E is
turned off, accumulated products at the electrodes will
spontaneously produce current in the opposite direction
of the electrolytic cell.

Half-Cells

It is impossible to measure the electrochemical activity
of one half-cell; two reactions must be coupled and one
reaction compared with the other. To rate half-cell reac-
tions, a specific electrode reaction is arbitrarily assigned
0.00 V. Every other reaction coupled with this arbitrary
zero reaction is either positive or negative, depending on
the relative affinity for electrons. The electrode defined
as 0.00 V is the standard hydrogen electrode: H, gas at 1
atmosphere (atm). The hydrogen gas in contact with H*
in solution develops a potential. The hydrogen electrode
coupled with a zinc half-cell is cathodic, with the reaction
2H" + 2e” — H,, because H, has a greater affinity than
Zn for electrons. Cu, however, has a greater affinity than
H, for electrons, and thus the anodic reaction H, — 2H*
+ 2e~ occurs when coupled to the Cu-electrode half-cell.

The potential generated by the hydrogen-gas elec-
trode is used to rate the electrode potential of metals in
1 mol/L solution. Reduction potentials for certain metals
are shown in Table 5-1.!' A hydrogen electrode is used

STANDARD REDUCTION

POTENTIAL, V

Zn?t +2e & Z -0.7628
Cr?t + 2e > Cr -0.913
NiZ* + 2e < Ni -0.257
2H" +2e &> H, 0.000
Cu?* + 2e <> Cu 0.3419
Agt+e & Ag 0.7996

Data presented are examples from Lide DR. CRC Handbook of
Chemistry and Physics. 93rd ed. Boca Raton, FL: CRC Press; 2012-2013.
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to determine the accuracy of reference and indicator
electrodes, the stability of standard solutions, and the
potentials of liquid junctions.

lon-Selective Electrodes

Potentiometric methods of analysis involve the direct
measurement of electrical potential due to the activity of
free ions. Ion-selective electrodes (ISEs) are designed to
be sensitive toward individual ions.

pH Electrodes

An ISE universally used in the clinical laboratory is the
pH electrode. The basic components of a pH meter are
shown in Figure 5-18.

Indicator Electrode
The pH electrode consists of a silver wire coated with
AgCl, immersed into an internal solution of 0.1 mmol/L
HCI, and placed into a tube containing a special glass
membrane tip. This membrane is only sensitive to
hydrogen ions (H*). Glass membranes that are selectively
sensitive to H* consist of specific quantities of lithium,
cesium, lanthanum, barium, or aluminum oxides in
silicate. When the pH electrode is placed into the test
solution, movement of H* near the tip of the electrode
produces a potential difference between the internal
solution and the test solution, which is measured as pH
and read by a voltmeter. The combination pH electrode
also contains a built-in reference electrode, either Ag/
AgCl or calomel (Hg/Hg,Cl,) immersed in a solution of
saturated KCL

The specially formulated glass continually dissolves
from the surface. The present concept of the selective
mechanism that causes the formation of electromotive
force at the glass surface is that an ion-exchange process
is involved. Cationic exchange occurs only in the gel

Voltmeter

™

Indicator Reference
electrode electrode
Cable
Filling
hole

t+—— KCI solution

Ag,AgCl interna&, — — - ~ :Merpury‘!

reference electrode | | |, Salt bridge. |/4r—Hg,Cl,, KCII paste
S;Zered H* ]9 H* Sensitive: -KCI crystals
solution -‘\v_gvl_‘ass_“t‘lp: e “Liquid junction

FIGURE 5-18 Necessary components of a pH meter.
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layer—there is no penetration of H* through the glass.
Although the glass is constantly dissolving, the process
is slow, and the glass tip generally lasts for several years.
pH electrodes are highly selective for H'; however,
other cations in high concentration interfere, the most
common of which is sodium. Electrode manufacturers
should list the concentration of interfering cations that
may cause error in pH determinations.

Reference Electrode

The reference electrode commonly used is the calomel
electrode. Calomel, a paste of predominantly mercurous
chloride, is in direct contact with metallic mercury in
an electrolyte solution of potassium chloride. As long
as the electrolyte concentration and the temperature
remain constant, a stable voltage is generated at the
interface of the mercury and its salt. A cable connected
to the mercury leads to the voltmeter. The filling hole
is needed for adding potassium chloride solution. A
tiny opening at the bottom is required for completion
of electric contact between the reference and indicator
electrodes. The liquid junction consists of a fiber or
ceramic plug that allows a small flow of electrolyte fill-
ing solution.

Construction varies, but all reference electrodes
must generate a stable electrical potential. Reference
electrodes generally consist of a metal and its salt in
contact with a solution containing the same anion.
Mercury/mercurous chloride, as in this example, is a
frequently used reference electrode; the disadvantage
is that it is slow to reach a new stable voltage following
temperature change and it is unstable above 80°C.!:?
Ag/AgCl is another common reference electrode. It
can be used at high temperatures, up to 275°C, and
the AgCl-coated Ag wire makes a more compact elec-
trode than that of mercury. In measurements in which
chloride contamination must be avoided, a mercury
sulfate and potassium sulfate reference electrode may
be used.

Liquid Junctions

Electrical connection between the indicator and refer-
ence electrodes is achieved by allowing a slow flow
of electrolyte from the tip of the reference electrode.
A junction potential is always set up at the boundary
between two dissimilar solutions because of positive and
negative ions diffusing across the boundary at unequal
rates. The resultant junction potential may increase
or decrease the potential of the reference electrode.
Therefore, it is important that the junction potential be
kept to a minimum reproducible value when the refer-
ence electrode is in solution.

KCl is a commonly used filling solution because K*
and CI™ have nearly the same mobilities. When KCI is
used as the filling solution for Ag/AgCl electrodes, the
addition of AgCl is required to prevent dissolution of
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the AgCl salt. One way of producing a lower junction
potential is to mix K*, Na*, NO;; and CI” in appropriate
ratios.

Readout Meter

Electromotive force produced by the reference and indi-
cator electrodes is in the millivolt range. Zero potential
for the cell indicates that each electrode half-cell is gener-
ating the same voltage, assuming there is no liquid junc-
tion potential. The isopotential is that potential at which
a temperature change has no effect on the response of
the electrical cell. Manufacturers generally achieve this
by making the midscale (pH 7.0) correspond to 0 V at
all temperatures. They use an internal buffer whose pH
changes due to temperature compensate for the changes
in the internal and external reference electrodes.

Nernst Equation

The electromotive force generated because of H* at the
glass tip is described by Nernst equation, which is shown
in a simplified form:

é;=AApI{ X B}llg_lg

= ApH x 0.059 V (Eq. 5-6)
where € is the electromotive force of the cell, F is the
Faraday constant (96,500C/mol), R is the molar gas con-
stant, and T is temperature, in Kelvin.

As the temperature increases, H' activity increases
and the potential generated increases. Most pH meters
have a temperature compensation knob that amplifies
the millivolt response when the meter is on pH func-
tion. pH units on the meter scale are usually printed
for use at room temperature. On the voltmeter, 59.16 is
read as 1 pH unit change. The temperature compensa-
tion changes the millivolt response to compensate for
changes due to temperature from 54.2 at 0°C to 66.10
at 60°C. However, most pH meters are manufactured for
greatest accuracy in the 10°C to 60°C range.

Calibration

The steps necessary to standardize a pH meter are fairly
straightforward. First, balance the system with the elec-
trodes in a buffer with a 7.0 pH. The balance or intercept
control shifts the entire slope, as shown in Figure 5-19.
Next, replace the buffer with one of a different pH. If the
meter does not register the correct pH, amplification of
the response changes the slope to match that predicted
by Nernst equation. If the instrument does not have a
slope control, the temperature compensator performs the
same function.

pH Combination Electrode

The most commonly used pH electrode has both the
indicator and reference electrodes combined in one small
probe, which is convenient when small samples are test-
ed. It consists of an Ag/AgCl internal reference electrode
sealed in a narrow glass cylinder with a pH-sensitive
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FIGURE 5-19 pH meter calibration. (Adapted from Willard HH,
MerrittLL, DeanJA, etal. Instrumental Methods of Analysis. Belmont,
CA: Wadsworth; 1981.)

glass tip. The reference electrode is an Ag/AgCl wire
wrapped around the indicator electrode. The outer glass
envelope is filled with KCl and has a tiny pore near the
tip of the liquid junction. The solution to be measured
must completely cover the glass tip. Examples of other
ISEs are shown in Figure 5-20. The reference electrode,
electrometer, and calibration system described for pH
measurements are applicable to all ISEs.

There are three major ISE types: inert metal electrodes
in contact with a redox couple, metal electrodes that par-
ticipate in a redox reaction, and membrane electrodes.
The membrane can be solid material (e.g., glass), liquid
(e.g., ion-exchange electrodes), or special membrane
(e.g., compound electrodes), such as gas-sensing and
enzyme electrodes.

The standard hydrogen electrode is an example of
an inert metal electrode. The Ag/AgCl electrode is an
example of the second type. The electrode process
AgCl + e — Ag" + Cl™ produces an electrical potential
proportional to chloride ion (CI7) activity. When CI™
is held constant, the electrode is used as a reference
electrode. The electrode in contact with varying CI~
concentrations is used as an indicator electrode to mea-
sure CI™ concentration.

4 %%
KA L A K A ey
R
] 2eteteReRe%e%
Surface Flow-through
Microelectrode electrode electrode

n]mm] XX

B

%% &

5%

4 o}
paEsl
PSSR

9 ¢

el il

SR

%!

RRZZR
ledelo%

<

Field effect

transistor Macroelectrode

FIGURE 5-20 Other examples of ion-selective electrodes.
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The H*-sensitive gel layer of the glass pH electrode is
considered a membrane. A change in the glass formula-
tion makes the membrane more sensitive to sodium ions
(Na*) than to H*, creating a sodium ISE. Other solid-
state membranes consist of either a single crystal or fine
crystals immobilized in an inert matrix such as silicone
rubber. Conduction depends on a vacancy defect mecha-
nism, and the crystals are formulated to be selective
for a particular size, shape, and change—for example,
F-selective electrodes of LaF;, Cl™-sensitive electrodes
with AgCl crystals, and AgBr electrodes for the detection
of Br.

The calcium ISE is a liquid membrane electrode. An
ion-selective carrier, such as dioctylphenyl phosphonate
dissolved in an inert water-insoluble solvent, diffuses
through a porous membrane. Because the solvent is
insoluble in water, the test sample cannot cross the mem-
brane, but calcium ions (Ca*) are exchanged. The Ag/
AgCl internal reference in a filling solution of CaCl, is
in contact with the carrier by means of the membrane.

Potassium-selective liquid membranes use the antibi-
otic valinomycin as the ion-selective carrier. Valinomycin
membranes show great selectivity for K*. Liquid mem-
brane electrodes are recharged every few months to
replace the liquid ion exchanger membrane and the
porous membrane.

Gas-Sensing Electrodes

Gas electrodes are similar to pH glass electrodes but are
designed to detect specific gases (e.g., CO, and NH,)
in solutions and are usually separated from the solu-
tion by a thin, gas-permeable hydrophobic membrane.
Figure 5-21 shows a schematic illustration of the pCO,
electrode. The membrane in contact with the solution is
permeable only to CO,, which diffuses into a thin film of
sodium bicarbonate solution. The pH of the bicarbonate
solution is changed as follows:

CO, + H,0 <> H,CO; <> H" + HCOJ (Eq. 5-7)

pH electrode

C02 + H20‘“"H2003

+ -
H «— Hty CO4q
CO, membrane

CO,

FIGURE 5-21 The pCO, electrode.
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The change in pH of the HCOJ is detected by a pH
electrode. The pCO, electrode is widely used in clinical
laboratories as a component of instruments for measur-
ing serum electrolytes and blood gases.

In the NH; gas electrode, the bicarbonate solution
is replaced by ammonium chloride solution, and the
membrane is permeable only to NH; gas. As in the pCO,
electrode, NH; changes the pH of NH,Cl as follows:

NH, + H,0 ¢ NH + OH~ (Eq. 5-8)
The amount of OH™ produced varies linearly with the log
of the partial pressure of NH, in the sample.

Other gas-sensing electrodes function on the basis
of an amperometric principle—that is, measurement of
the current flowing through an electrochemical cell at
a constant applied electrical potential to the electrodes.
Examples are the determination of pO,, glucose, and
peroxidase.

The chemical reactions of the pO, electrode (Clark
electrode), an electrochemical cell with a platinum cath-
ode and an Ag/AgCl anode, are illustrated in Figure 5-17.
The electrical potential at the cathode is set to —0.65 V
and will not conduct current without oxygen in the
sample. The membrane is permeable to oxygen, which
diffuses through to the platinum cathode. Current passes
through the cell and is proportional to the pO, in the test
sample.

Glucose determination is based on the reduction in
pO, during glucose oxidase reaction with glucose and
oxygen. Unlike the pCO, electrode, the peroxidase elec-
trode has a polarized platinum anode and its potential is
set to +0.6 V. Current flows through the system when
peroxide is oxidized at the anode as follows:

H,0, = 2H + 2"+ O, (Eq. 5-9)

Enzyme Electrodes

The various ISEs may be covered by immobilized
enzymes that can catalyze a specific chemical reac-
tion. Selection of the ISE is determined by the reaction
product of the immobilized enzyme. Examples include
urease, which is used for the detection of urea, and glu-
cose oxidase, which is used for glucose detection. A urea
electrode must have an ISE that is selective for NHY, or
NH,, whereas glucose oxidase is used in combination
with a pH electrode.

Coulometric Chloridometers and Anodic
Stripping Voltammetry

Chloride ISEs have largely replaced coulometric titra-
tions for the determination of chloride in body fluids.
Anodic stripping voltammetry was widely used for the
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analysis of lead and is best measured by electrothermal
(graphite furnace) atomic absorption spectroscopy or,
preferably, ICP-MS.

ELECTROPHORESIS

Electrophoresis is the migration of charged solutes or
particles in an electrical field. Iontophoresis refers to the
migration of small ions, whereas zone electrophoresis is
the migration of charged macromolecules in a porous
support medium such as paper, cellulose acetate, or
agarose gel film. An electrophoretogram is the result of
zone electrophoresis and consists of sharply separated
zones of a macromolecule. In a clinical laboratory, the
macromolecules of interest are proteins in serum, urine,
cerebrospinal fluid (CSF), and other biologic body fluids
and erythrocytes and tissue.

Electrophoresis consists of five components: the driv-
ing force (electrical power), the support medium, the
buffer, the sample, and the detecting system. A typical
electrophoretic apparatus is illustrated in Figure 5-22.

Charged particles migrate toward the opposite charged
electrode. The velocity of migration is controlled by the
net charge of the particle, the size and shape of the
particle, the strength of the electric field, chemical and
physical properties of the supporting medium, and the
electrophoretic temperature. The rate of mobility!? of the
molecule (1) is given by

Q

U=—c>re>n (Eq. 5-10)
K

where Q is net charge of the particle, k is a constant, r is

the ionic radius of the particle, and n is the viscosity of

the buffer.

From the equation, the rate of migration is directly
proportional to the net charge of the particle and
inversely proportional to its size and the viscosity of
the buffer.

Power supply

- |+
Sample H
application Support Chamber lid
point media /
Wick into
buffer
Electrode
in buffer

Buffer chambers

FIGURE 5-22 Electrophoresis apparatus—basic components.
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Procedure

The sample is soaked in hydrated support for approxi-
mately 5 minutes. The support is put into the electro-
phoresis chamber, which was previously filled with the
buffer. Sufficient buffer must be added to the chamber
to maintain contact with the support. Electrophoresis is
carried out by applying a constant voltage or constant
current for a specific time. The support is then removed
and placed in a fixative or rapidly dried to prevent diffu-
sion of the sample. This is followed by staining the zones
with an appropriate dye. The uptake of dye by the sample
is proportional to sample concentration. After excess dye
is washed away, the supporting medium may need to be
placed in a clearing agent. Otherwise, it is completely
dried.

Power Supply

Power supplies operating at either constant current or
constant voltage are available commercially. In electro-
phoresis, heat is produced when current flows through
a medium that has resistance, resulting in an increase in
thermal agitation of the dissolved solute (ions) and lead-
ing to a decrease in resistance and an increase in current.
The increase leads to increases in heat and evaporation of
water from the buffer, increasing the ionic concentration
of the buffer and subsequent further increases in the cur-
rent. The migration rate can be kept constant by using a
power supply with constant current. This is true because,
as electrophoresis progresses, a decrease in resistance as
a result of heat produced also decreases the voltage.

Buffers

Two buffer properties that affect the charge of ampho-
lytes are pH and ionic strength. The ions carry the
applied electric current and allow the buffer to maintain
constant pH during electrophoresis. An ampholyte is
a molecule, such as protein, whose net charge can be
either positive or negative. If the buffer is more acidic
than the isoelectric point (pI) of the ampholyte, it binds
H*, becomes positively charged, and migrates toward
the cathode. If the buffer is more basic than the pl,
the ampholyte loses H*, becomes negatively charged,
and migrates toward the anode. A particle without a
net charge will not migrate, remaining at the point
of application. During electrophoresis, ions cluster
around a migrating particle. The higher the ionic con-
centration, the higher the size of the ionic cloud and
the lower the mobility of the particle. Greater ionic
strength produces sharper protein-band separation but
leads to increased heat production. This may cause
denaturation of heat-labile proteins. Consequently, the
optimal buffer concentration should be determined for
any electrophoretic system. Generally, the most widely
used buffers are made of monovalent ions because their
ionic strength and molality are equal.
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Support Materials

Cellulose Acetate

Paper electrophoresis use has been replaced by cellulose
acetate or agarose gel in clinical laboratories. Cellulose
is acetylated to form cellulose acetate by treating it with
acetic anhydride. Cellulose acetate, a dry, brittle film
composed of about 80% air space, is produced commer-
cially. When the film is soaked in buffer, the air spaces fill
with electrolyte and the film becomes pliable. After elec-
trophoresis and staining, cellulose acetate can be made
transparent for densitometer quantitation. The dried
transparent film can be stored for long periods. Cellulose
acetate prepared to reduce electroendosmosis is available
commercially. Cellulose acetate is also used in isoelectric
focusing.

Agarose Gel

Agarose gel is another widely used supporting medium.
Used as a purified fraction of agar, it is neutral and,
therefore, does not produce electroendosmosis. After
electrophoresis and staining, it is detained (cleared),
dried, and scanned with a densitometer. The dried gel
can be stored indefinitely. Agarose gel electrophoresis
requires small amounts of sample (approximately 2 mL);
it does not bind protein and, therefore, migration is not
affected.

Polyacrylamide Gel

Polyacrylamide gel electrophoresis involves separation
of protein on the basis of charge and molecular size.
Layers of gel with different pore sizes are used. The gel
is prepared before electrophoresis in a tube-shaped elec-
trophoresis cell. The small-pore separation gel is at the
bottom, followed by a large-pore spacer gel and, finally,
another large-pore gel containing the sample. Each layer
of gel is allowed to form a gelatin before the next gel
is poured over it. At the start of electrophoresis, the
protein molecules move freely through the spacer gel to
its boundary with the separation gel, which slows their
movement. This allows for concentration of the sample
before separation by the small-pore gel. Polyacrylamide
gel electrophoresis separates serum proteins into 20 or
more fractions rather than the usual 5 fractions separated
by cellulose acetate or agarose. It is widely used to study
individual proteins (e.g., isoenzymes).

Starch Gel

Starch gel electrophoresis separates proteins on the basis
of surface charge and molecular size, as does polyacryl-
amide gel. The procedure is not widely used because of
technical difficulty in preparing the gel.

Treatment and Application of Sample

Serum contains a high concentration of protein, especially
albumin, and therefore, serum specimens are routinely
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diluted with buffer before electrophoresis. In contrast,
urine and CSF are usually concentrated. Hemoglobin
hemolysate is used without further concentration.
Generally, preparation of a sample is done according to
the suggestion of the manufacturer of the electrophoretic
supplies.

Cellulose acetate and agarose gel electrophoresis
require approximately 2 to 5 mL of sample. These are
the most common routine electrophoreses performed
in clinical laboratories. Because most commercially
manufactured plates come with a thin plastic template
that has small slots through which samples are applied,
overloading of agarose gel with sample is not a frequent
problem. After serum is allowed to diffuse into the gel
for approximately 5 minutes, the template is blotted to
remove excess serum before being removed from the
gel surface. Sample is applied to cellulose acetate with a
twin-wire applicator designed to transfer a small amount.

Detection and Quantitation

Separated protein fractions are stained to reveal their
locations. Different stains come with different plates
from different manufacturers. The simplest way to
accomplish detection is visualization under UV light,
whereas densitometry is the most common and reliable
way for quantitation. Most densitometers will automati-
cally integrate the area under a peak, and the result is
printed as percentage of the total. A schematic illustra-
tion of a densitometer is shown in Figure 5-23.

Electroendosmosis

The movement of buffer ions and solvent relative to the
fixed support is called endosmosis or electroendosmosis.
Support media, such as paper, cellulose acetate, and
agar gel, take on a negative charge from adsorption of
hydroxyl ions. When current is applied to the electro-
phoresis system, the hydroxyl ions remain fixed while
the free positive ions move toward the cathode. The ions
are highly hydrated, resulting in net cathodic movement
of solvent. Molecules that are nearly neutral are swept
toward the cathode with the solvent. Support media such
as agarose and acrylamide gel are essentially neutral,
eliminating electroendosmosis. The position of proteins
in any electrophoresis separation depends not only on
the nature of the protein but also on all other technical
variables.

oy
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FIGURE 5-23 Densitometer—basic components.
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FIGURE 5-24 Schematic of capillary electrophoresis instrumenta-
tion. Sample is loaded on the capillary by replacing the anode
buffer reservoir with the sample reservoir. (Adapted from Heiger
DN. High-Performance Capillary Electrophoresis. Waldbronn,
Germany: Hewlett-Packard; 1992.)

Isoelectric Focusing

Isoelectric focusing is a modification of electropho-
resis. An apparatus is used similar to that shown in
Figure 5-24. Charged proteins migrate through a support
medium that has a continuous pH gradient. Individual
proteins move in the electric field until they reach a pH
equal to their isoelectric point, at which point they have
no charge and cease to move.

Capillary Electrophoresis

In capillary electrophoresis (CE), separation is performed
in narrow-bore fused silica capillaries (inner diameter 25
to 75 pm). Usually, the capillaries are only filled with
buffer, although gel media can also be used. A CE instru-
mentation schematic is shown in Figure 5-24. Initially,
the capillary is filled with buffer and then the sample is
loaded; applying an electric field performs the separa-
tion. Detection can be made near the other end of the
capillary directly through the capillary wall.!3

A fundamental CE concept is the electro-osmotic flow
(EOF). EOF is the bulk flow of liquid toward the cathode
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upon application of an electric field and it is superim-
posed on electrophoretic migration. EOF controls the
amount of time solutes remain in the capillary. Cations
migrate fastest because both EOF and electrophoretic
attraction are toward the cathode; neutral molecules
are all carried by the EOF but are not separated from
each other; and anions move slowest because, although
they are carried to the cathode by the EOF, they are
attracted to the anode and repelled by the cathode
(Fig. 5-25). Widely used for monitoring separated ana-
lytes, UV-visible detection is performed directly on the
capillary; however, sensitivity is poor because of the
small dimensions of the capillary, resulting in a short
path length. Fluorescence, laser-induced fluorescence,
and chemiluminescence detection can be used for higher
sensitivity.

CE has been used for the separation, quantitation, and
determination of molecular weights of proteins and pep-
tides; for the analysis of polymerase chain reaction prod-
ucts; and for the analysis of inorganic ions, organic acids,
pharmaceuticals, optical isomers, and drugs of abuse in
serum and urine.!* While traditionally serum protein
electrophoresis (Chapter 11) for the diagnosis of plasma
cell dyscrasias has been performed using polyacrylamide
gel electrophoresis, CE has now become widely used for
this analysis due to its faster run time and its relative
automation.

Two-Dimensional Electrophoresis

This electrophoresis assay combines two different elec-
trophoresis dimensions to separate proteins from com-
plex matrices such as serum or tissue. In the first
dimension, proteins are resolved according to their
isoelectric points (pls), using immobilized pH gradients.
Commercial gradients are available in a variety of pH
ranges. In the second dimension, proteins are separated
according to their relative size (molecular weight), using
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis. A schematic of this is shown in Figure 5-26. Gels

FIGURE 5-25 Differential solute migration superimposed on electro-osmotic flow in capillary zone
electrophoresis. (Adapted from Heiger DN. High-Performance Capillary Electrophoresis. Waldbronn,

Germany: Hewlett-Packard; 1992.)
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FIGURE 5-26 Hypothetical example of a two-dimensional elec-
trophoretogram from a patient with a disease (panel 1) compared
with a normal subject (panel 2). The patient exhibits a protein (oval)
that is not expressed in the normal subject. This protein might
be a potential marker for this disease. (Gels courtesy of Kendrick
Laboratories, Madison, WI.)

can be run under denaturing or nondenaturing condi-
tions (e.g., for the maintenance of enzyme activity) and
visualized by a variety of techniques, including the use
of colorimetric dyes (e.g., Coomassie blue or silver stain)
and radiographic, fluorometric, or chemiluminescence
of appropriately labeled polypeptides. These latter tech-
niques are considerably more sensitive than the colori-
metric dyes.

OSMOMETRY

An osmometer is used to measure the concentration of
solute particles in a solution. The mathematic definition is

Osmolality = ¢xnx C (Eq. 5-11)

where @ is the osmotic coefficient, n is the number of
dissociable particles (ions) per molecule in the solu-
tion, and C is the concentration in moles per kilogram
of solvent.

The osmotic coefficient is an experimentally derived
factor to correct for the fact that some of the molecules,
even in a highly dissociated compound, exist as mol-
ecules rather than as ions.

The four physical properties of a solution that change
with variations in the number of dissolved particles in
the solvent are osmotic pressure, vapor pressure, boiling
point, and freezing point. Osmometers measure osmolal-
ity indirectly by measuring one of these colligative proper-
ties, which change proportionally with osmotic pressure.
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Osmometers in clinical use measure either freezing point
depression or vapor pressure depression; results are
expressed in milliosmolal per kilogram (mOsm/kg) units.

Freezing Point Osmometer

Figure 5-27 illustrates the basic components of a freez-
ing point osmometer. The sample in a small tube is
lowered into a chamber with cold refrigerant circulat-
ing from a cooling unit. A thermistor is immersed in
the sample. To measure temperature, a wire is used to
gently stir the sample until it is cooled to several degrees
below its freezing point. It is possible to cool water to
as low as —40°C and still have liquid water, provided no
crystals or particulate matter is present. This is referred
to as a supercooled solution. Vigorous agitation when
the sample is supercooled results in rapid freezing.
Freezing can also be started by “seeding” a supercooled
solution with crystals. When the supercooled solution
starts to freeze as a result of the rapid stirring, a slush is
formed and the solution actually warms to its freezing
point temperature. The slush, an equilibrium of liquid
and ice crystals, will remain at the freezing point tem-
perature until the sample freezes solid and drops below
its freezing point.

Impurities in a solvent will lower the temperature at
which freezing or melting occurs by reducing the bond-
ing forces between solvent molecules so that the mol-
ecules break away from each other and exist as a fluid at
a lower temperature. The decrease in the freezing point
temperature is proportional to the number of dissolved
particles present.

The thermistor is a material that has less resis-
tance when the temperature increases. The readout uses
a Wheatstone bridge circuit that detects temperature
change as proportional to change in thermistor resis-
tance. Freezing point depression is proportional to the
number of solute particles. Standards of known concen-
tration are used to calibrate the instruments in mOsm/kg.

[

Readout
o Stirring
Refrigerant o :%: A wire
out
Thermistor
Sample Refrigerant
in

FIGURE 5-27 Freezing point osmometer. (Adapted from Coiner
D. Basic Concepts in Laboratory Instrumentation. Bethesda, MD:
ASMT Education and Research Fund; 1975-1979.)
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QUESTIONS

1

. Which of the following is not necessary for obtain-

ing the spectrum of a compound from 190 to
500 nm?

a. Tungsten light source

b. Deuterium light source

c. Double-beam spectrophotometer

d. Quartz cuvettes

e. Photomultiplier

. Stray light in a spectrophotometer places limits on

a. Upper range of linearity

b. Sensitivity

c. Photometric accuracy below 0.1 absorbance
units

d. Ability to measure in the UV range

e. Use of a grating monochromator

. Which of the following light sources is used in

atomic absorption spectrophotometry?
a. Hollow-cathode lamp
b. Xenon arc lamp
c. Tungsten light
d. Deuterium lamp
e. Laser

. Which of the following is true concerning

fluorometry?

a. Fluorescence is an inherently more sensitive
technique than absorption.

b. Emission wavelengths are always set at lower
wavelengths than excitation.

c. The detector is always placed at right angles to
the excitation beam.

d. All compounds undergo fluorescence.

e. Fluorometers require special detectors.

. Which of the following techniques has the highest

potential sensitivity?
Chemiluminescence
Fluorescence
Turbidimetry

. Nephelometry
Phosphorescence

o ap o

. Which electrochemical assay measures current at

fixed potential?
a. Amperometry
b. Anodic stripping voltammetry
c. Coulometry
d. Analysis with ISEs
e. Electrophoresis
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7. Which of the following refers to the movement of
buffer ions and solvent relative to the fixed support?

Electroendosmosis

Isoelectric focusing

Iontophoresis

. Zone electrophoresis

Plasmapheresis

oo T

8. Reverse-phase liquid chromatography refers to

a. A polar mobile phase and nonpolar stationary
phase

b. A nonpolar mobile phase and polar stationary
phase

c. Distribution between two liquid phases

d. Size used to separate solutes instead of charge

e. Charge used to separate solutes instead of size

9. Which of the following is not an advantage of CE?
a. Multiple samples can be assayed simultane-

ously on one injection

Very small sample size

Rapid analysis

. Use of traditional detectors

Cations, neutrals, and anions move in the

same direction at different rates

cae o

10. Tandem mass spectrometers

a. Are two mass spectrometers placed in series
with each other

b. Are two mass spectrometers placed in parallel
with each other

c. Require use of a gas chromatograph

d. Require use of an electrospray interface

e. Do not require an ionization source

11. Which of the following is false concerning the
principles of point-of-care testing devices?

a. Devices do not require quality control testing.

b. They use principles that are identical to
laboratory-based instrumentation.

c. Biosensors have enabled miniaturization par-
ticularly amendable for point-of-care testing.

d. Onboard microcomputers control instrument
functions and data reduction.

e. Whole blood analysis is the preferred specimen.

12. Which is the most sensitive detector for spectro-
photometry?
a. Photomultiplier
b. Phototube
c. Electron multiplier
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d. Photodiode array
e. All are equally sensitive

13. Which of the following is Beer’s law?
.A=exbxc

. %T =1/1,x 100

. E=hv

. e=ApHX 0.59 V

. Osmolality = ¢xnx C

a6 owm

o

14. Which of the following correctly ranks electromag-
netic radiation from low energy to high energy?

a. Microwaves, infrared, visible, UV, x-rays, gamma,
cosmic

b. Cosmic, gamma, x-rays, UV, visible, infrared,
microwaves

c. UV, visible, infrared, microwaves, x-rays, cosmic,
gamma

d. UV, visible, infrared, cosmic, gamma, micro-
waves, X-rays

e. Visible, UV, infrared, cosmic, gamma, micro-
waves, X-rays

15. What is the purpose of the chopper in an atomic
absorption spectrophotometer?

a. Correct for the amount of light emitted by the
flame

b. Correct for the fluctuating intensity of the
light source

c. Correct for the fluctuating sensitivity of the
detector

d. Correct for differences in the aspiration rate of
the sample

e. Correct for the presence of stray light

16. Which of the following best describes the process
of fluorescence?
a. Molecules emit a photon at lower energy when
excited electrons return to the ground state.
b. Atoms emit a photon when the electrons are
excited.
c. Molecules emit a photon when the electrons
are excited.
d. Molecules emit a photon at the same energy
when excited electrons return to the ground
state.
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e. Molecules emit a photon at higher energy
when excited electrons return to the ground
state.

17. Which is most accurate concerning ISEs?

a. Gas-specific membranes are necessary for oxy-
gen and carbon dioxide electrodes.

b. The pH electrode uses a solid-state membrane.

c. The calcium electrode does not require a refer-
ence electrode.

d. The sodium electrode uses an ion-selective
carrier (valinomycin).

e. The ISE for urea uses immobilized urease.

18. Which of the following regarding MS is false?

a. Mass spectrometers can be used to sequence
DNA.

b. Ions are formed by the bombardment of
electrons.

¢. Quadrupole and ion trap sectors separate ions
according to their mass-to-charge ratio.

d. Each chemical compound has a unique mass
spectrum.

e. MS detects for gas and liquid chromatography.

19. Which of the following is not an objective of pro-
teomics research?

a. Identifying specific gene mutations

b. Identifying novel proteins as potential new
biomarkers for disease

c. Identifying posttranslational modifications of
proteins

d. Understanding the mechanism of diseases

e. Determining which genes are expressed and
which genes are dormant

20. Which of the following procedures is not currently
or routinely used for point-of-care testing devices?

Polymerase chain reaction

Immunochromatography

Biosensors

. Colorimetric detection

Electrochemical detection

N
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Chapter Objectives mm

Upon completion of this chapter, the clinical
laboratorian should be able to do the following:

e Explain the general principles of each analytic method.

e Discuss the limitations of each analytic technique.

e Compare and contrast the various analytic techniques.

e Discuss existing clinical applications for each analytic
technique.

e Describe the operation and component parts of the
following instruments: mass spectrometer and gas
chromatograph.

e Qutline the quality assurance and preventive maintenance
procedures involved with the following instruments: mass
spectrometer and gas chromatograph.

Key TErRMS

Chromatography
Gas chromatography

Over the past several decades, the number of analytes
measured in clinical laboratories has increased dra-
matically. This has been accompanied by an equally high
demand for technologies that can accurately measure a
large variety of compounds. Liquid or gas chromatogra-
phy (GC) coupled to mass spectrometry (MS) has long
been considered the gold standard for most testing due
to its high sensitivity and specificity. In this chapter,
we will discuss how these high-complexity instruments
operate and, in turn, how they are utilized in the modern
clinical laboratory.

CHROMATOGRAPHY

Chromatography refers to the group of techniques
used to separate complex mixtures on the basis of dif-
ferent physical interactions between the individual
compounds and the stationary phase of the system. The

122
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High-performance liquid chromatography
Mass spectrometry

basic components in any chromatographic technique
are the mobile phase (gas or liquid), which carries the
complex mixture (sample); the stationary phase (solid
or liquid), through which the mobile phase flows; the
column holding the stationary phase; and the separated
components (eluate).

Modes of Separation

Adsorption

Adsorption chromatography, also known as liquid—solid
chromatography, is based on the competition between
the sample and the mobile phase for adsorptive sites
on the solid stationary phase. There is an equilibrium
of solute molecules being adsorbed to the solid surface
and desorbed and dissolved in the mobile phase. The
molecules that are most soluble in the mobile phase
move fastest; the least soluble move slowest. Thus, a
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mixture is typically separated into classes according to
polar functional groups. The stationary phase can be
acidic polar (e.g., silica gel), basic polar (e.g., alumina),
or nonpolar (e.g., charcoal). The mobile phase can be
a single solvent or a mixture of two or more solvents,
depending on the analytes to be desorbed. Liquid—solid
chromatography is not widely used in clinical laborato-
ries because of technical problems with the preparation
of a stationary phase that has homogeneous distribution
of absorption sites.

Partition
Partition chromatography is also referred to as liquid-
liquid chromatography. Separation of solute is based on
relative solubility in an organic (nonpolar) solvent and
an aqueous (polar) solvent. In its simplest form, parti-
tion (extraction) is performed in a separatory funnel.
Molecules containing polar and nonpolar groups in an
aqueous solution are added to an immiscible organic sol-
vent. After vigorous shaking, the two phases are allowed
to separate. Polar molecules remain in the aqueous
solvent; nonpolar molecules are extracted in the organic
solvent. This results in the partitioning of the solute mol-
ecules into two separate phases.

The ratio of the concentration of the solute in the two
liquids is known as the partition coefficient:

solute in stationary phase

K= (Eq. 6-1)
solute in mobile phase

Modern partition chromatography uses pseudo-liquid
stationary phases that are chemically bonded to the
support or high-molecular-weight polymers that are
insoluble in the mobile phase.! Partition systems are
considered normal phase when the mobile solvent is less
polar than the stationary solvent and reverse phase when
the mobile solvent is more polar.

Partition chromatography is applicable to any sub-
stance that may be distributed between two liquid
phases. Because ionic compounds are generally soluble
only in water, partition chromatography works best with
nonionic compounds.

Steric Exclusion

Steric exclusion, a variation of liquid-solid chroma-
tography, is used to separate solute molecules on the
basis of size and shape. The chromatographic column
is packed with porous material, as shown in Figure 6-1.
A sample containing different-sized molecules moves
down the column dissolved in the mobile solvent. Small
molecules enter the pores in the packing and are momen-
tarily trapped. Large molecules are excluded from the
small pores and so move quickly between the particles.
Intermediate-sized molecules are partially restricted from
entering the pores and, therefore, move through the col-
umn at an intermediate rate that is between those of the
large and small molecules.
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FIGURE 6-1 Pictorial concept of steric exclusion chromatography.
Separation of sample components by their ability to permeate
pore structure of column-packing material. Smaller molecules (A)
permeating the interstitial pores; large excluded molecules (B).
(Adapted from Parris NA. Instrumental Liquid Chromatography:
A Practical Manual on High Performance Liquid Chromatographic
Methods. New York, NY: Elsevier; 1976.)

Early methods used hydrophilic beads of cross-linked
dextran, polyacrylamide, or agarose, which formed a ge