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foreword to the eighth edition

For many years, the health care and medical laboratory communities have been
preparing for an impending workforce shortage that could threaten to
compromise patient care and safety. It is vital that the medical laboratory
community continue to educate and prepare credentialed professionals who can
work efficiently, have essential analytical and critical thinking skills, and can
communicate test results and test needs to health care providers. While the
shortage of qualified laboratory practitioners has been in the forefront of our
collective thoughts, a more insidious shortage has also arisen among the ranks of
faculty within medical laboratory education programs.

As a profession, we have long been blessed with dedicated faculty who
strive to impart their knowledge and experience onto countless students. We
know, however, that many of these dedicated faculty members have and will
continue to step aside to pursue other passions through retirement. As new
dedicated faculty step up to take over, we must support these new educators in
their roles as program directors and content specialists. Furthermore, we must
provide tools for these educators about techniques and theories that are
appropriate as they continue to develop their curricula.

One potential tool to assist educators is the American Society for Clinical
Laboratory Science (ASCLS) Entry Level Curriculum. At the 2016 ASCLS
Annual Meeting, the House of Delegates adopted a newly formatted version of
the entry level curriculum for MLT and MLS programs. This document had not
been updated since 2002, and a subcommittee of the ASCLS Education
Scientific Assembly was charged with editing the document to better represent
the field's expectations of new graduates. Subcommittee members solicited
feedback from educators and professionals in all subdisciplines and reviewed the
content for currency. New material was added to reflect techniques and theories
that have emerged since the last edition while material was removed if it was no
longer deemed relevant. After this extensive process, the final document is
reflective of what the industry demands of a new professional.

Similarly, the material presented throughout Clinical Chemistry: Principles,
Techniques, and Correlations has always kept current with changes in the
laboratory industry. This exceptional ability of authors and editors to keep pace
with the needs of an ever-changing profession has not diminished through its,
now, eight editions. The content inherent to the discipline of clinical chemistry is



foundational to all other areas of laboratory medicine. The eighth edition of this
textbook is ideal for students learning the principles of clinical chemistry while
helping them build connections to other areas of the laboratory. The chapters
have a perfect blend of basic theory and practical information that allows the
student to comprehend each area of clinical chemistry. The text is well organized
to help MLT and MLS educators distinguish what each unique student
population needs to be successful in the marketplace. The online materials,
powerpoints, and exam questions, for educators, are an invaluable resource for
those creating a new course or revising a current course.

As we face this transition of laboratory practitioners who perform testing and
faculty who train and educate our students, products that stay current with the
times and help facilitate better understanding of the unique levels of practice
within our field are the most essential element to success. The eighth edition of
Clinical Chemistry: Principles, Techniques, and Correlations accomplishes this
and serves as an invaluable tool for any new educator looking for guidance, or
seasoned educator looking to refresh their teachings.

As educators we are thrilled that students continue to find the field of
medical laboratory science an avenue to build a professional career. We wish all
students and educators who use this book the best to carry on a tradition of
excellence!

Joan Polancic, MSEd, MLS(ASCP)*M
Director, School of Medical Laboratory Science
Denver Health Medical Center

Denver, Colorado

Kyle B. Riding, PhD, MLS(ASCP)
Instructor, Medical Laboratory Science
Teaching and Learning Center Coordinator
Keiser University — Orlando Campus
Orlando, Florida



foreword to the seventh edition

You should not be surprised to learn that the delivery of health care has been
undergoing major transformation 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 and 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 differential 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 quality 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 utilization 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 concern as well. The role of
laboratorians in providing guidance to clinicians regarding appropriate test utilization is becoming not only
accepted but also welcomed as clinicians try to maneuver their way through an increasingly complex and
expensive test menu. These new roles lie in the pre- and postanalytic functions of laboratorians. The authors
of this text have successfully described the importance of these phases as well as the more traditional
analytic phase. It does not matter how precise or accurate 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 important step in the postanalytic phase. Participation
with other health care providers in the proper interpretation of test results and appropriate follow-up will be
important 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 professional 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 bilirubin 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.

Despite our current success, there is still much more to learn and do. For
example, there are no good laboratory 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 prolonging
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 patient in order to
maximize efficacy and minimize side effects.

If you are reading this book, you are probably studying 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



Preface

Clinical chemistry continues to be one of the most rapidly advancing areas of
laboratory medicine. Since the initial idea for this textbook was discussed in a
meeting of the Biochemistry/Urinalysis section of ASMT (now ASCLS) in the
late 1970s, the only constant has been changed. New technologies and analytical
techniques have been introduced, with a dramatic impact on the practice of
clinical chemistry and laboratory medicine. In addition, the health care system is
rapidly changing. There is ever increasing emphasis on improving the quality of
patient care, individual patient outcomes, financial responsibility, and total
quality management. Now, more than ever, clinical laboratorians 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 eighth
edition to be an even more valuable resource to both students and practitioners.

Now almost 40 years since the initiation of this effort, the editors have had
the privilege of completing the eighth edition with another diverse team of
dedicated clinical laboratory professionals. In this era of focusing on metrics, the
editors would like to share the following information. The 330 contributors in
the 8 editions represent 70 clinical laboratory science programs, 83 clinical
laboratories, 13 medical device companies, 4 government agencies, and 3
professional societies. One hundred and thirty contributors were clinical
laboratory scientists with advanced degrees. With today's global focus, the
previous editions of the text have been translated into at least 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.

The eighth edition of Clinical Chemistry: Principles, Techniques, and
Correlations is comprehensive, up-to-date, and easy to understand for students at
all levels. It is also intended to be a practically organized resource for both
instructors 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 balance between analytic
principles, techniques, and the correlation of results with disease states.



In this edition, the editors have maintained features in response to requests from our readers, students,
instructors, and practitioners. 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 procedures discussed in the chapters reflect the most recent or commonly performed
techniques in the clinical chemistry 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 rearranged for better continuity and readability.
thePoint*, 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



Acknowledgments

A project as large as this requires the assistance and support of many clinical
laboratorians. The editors wish to express their appreciation to the contributors
of all the editions of Clinical Chemistry: Principles, Techniques, and
Correlations—the dedicated laboratory professionals and educators whom the
editors have had the privilege of knowing and exchanging ideas with over the
years. These individuals were selected because of their expertise in particular
areas and their commitment to the education of clinical laboratorians. Many have
spent their professional careers in the clinical laboratory, at the bench, teaching
students, or consulting with clinicians. In these frontline positions, they have
developed a perspective of what is important for the next generation of clinical
laboratorians.

We extend appreciation to our students, colleagues, teachers, and mentors in
the profession who have helped shape our ideas about clinical chemistry practice
and education. Also, we want to thank the many companies and professional
organizations that provided product information and photographs or granted
permission to reproduce diagrams and tables from their publications. Many
Clinical and Laboratory Standards Institute (CLSI) documents have also been
important sources of information. These documents are directly referenced in the
appropriate chapters.

The editors would like to acknowledge the contribution and effort of all
individuals to previous editions. Their efforts provided the framework for many
of the current chapters. Finally, we gratefully acknowledge the cooperation and
assistance of the staff at Wolters Kluwer for their advice and support.

The editors are continually striving to improve future editions of this book.
We again request and welcome our readers' comments, criticisms, and ideas for
improvement.



Contents

Contributors

Foreword to the Eighth Edition
Foreword to the Seventh Edition
Preface

Acknowledgments

PART one
Basic Principles and Practice of Clinical Chemistry

1 Basic Principles and Practices
Kathryn Dugan and Elizabeth Warning

UNITS OF MEASURE
REAGENTS
Chemicals
Reference Materials
Water Specifications
Solution Properties
Concentration
Colligative Properties
Redox Potential
Conductivity
pH and Buffers
CLINICAL LABORATORY SUPPLIES
Thermometers/Temperature
Glassware and Plasticware



Desiccators and Desiccants
Balances
CENTRIFUGATION
LABORATORY MATHEMATICS AND CALCULATIONS
Significant Figures
Logarithms
Concentration
Dilutions
Water of Hydration
Graphing and Beer's Law
SPECIMEN CONSIDERATIONS
Types of Samples
Sample Processing
Sample Variables
Chain of Custody
Electronic and Paper Reporting of Results
QUESTIONS
REFERENCES
2 Laboratory Safety and Regulations
Tolmie E. Wachter

LABORATORY SAFETY AND REGULATIONS
Occupational Safety and Health Act

Other Regulations and Guidelines

SAFETY AWARENESS FOR CLINICAL LABORATORY
PERSONNEL

Safety Responsibility
Signage and Labeling



SAFETY EQUIPMENT
Chemical Fume Hoods and Biosafety Cabinets
Chemical Storage Equipment
PPE and Hygiene
BIOLOGIC SAFETY
General Considerations
Spills
Bloodborne Pathogens
Airborne Pathogens
Shipping
CHEMICAL SAFETY
Hazard Communication
Safety Data Sheet
OSHA Laboratory Standard
Toxic Effects from Hazardous Substances
Storage and Handling of Chemicals
RADIATION SAFETY
Environmental Protection
Personal Protection
Nonionizing Radiation
FIRE SAFETY
The Chemistry of Fire
Classification of Fires
Types and Applications of Fire Extinguishers
CONTROL OF OTHER HAZARDS
Electrical Hazards
Compressed Gas Hazards



Cryogenic Materials Hazards
Mechanical Hazards
Ergonomic Hazards
DISPOSAL OF HAZARDOUS MATERIALS
Chemical Waste
Radioactive Waste
Biohazardous Waste
ACCIDENT DOCUMENTATION AND INVESTIGATION
QUESTIONS
BIBLIOGRAPHY AND SUGGESTED READING
3 Method Evaluation and Quality Control

Michael W. Rogers, Cindi Bullock Letsos, Matthew P. A.
Henderson, Monte S. Willis, and Christoper R. McCudden

BASIC CONCEPTS
Descriptive Statistics: Measures of Center, Spread, and Shape
Descriptive Statistics of Groups of Paired Observations
Inferential Statistics

METHOD EVALUATION
Regulatory Aspects of Method Evaluation (Alphabet Soup)
Method Selection
Method Evaluation
First Things First: Determine Imprecision and Inaccuracy
Measurement of Imprecision
Interference Studies

COM Studies
Allowable Analytical Error
Method Evaluation Acceptance Criteria



QUALITY CONTROL
QC Charts
Operation of a QC System
Multirules RULE!
Proficiency Testing
REFERENCE INTERVAL STUDIES
Establishing Reference Intervals
Selection of Reference Interval Study Individuals
Preanalytic and Analytic Considerations

Determining Whether to Establish or Transfer and Verify
Reference Intervals

Analysis of Reference Values

Data Analysis to Establish a Reference Interval

Data Analysis to Transfer and Verify a Reference Interval
DIAGNOSTIC EFFICIENCY

Measures of Diagnostic Efficiency

SUMMARY
PRACTICE PROBLEMS

Problem 3-1. Calculation of Sensitivity and Specificity

Problem 3-2. A Quality Control Decision

Problem 3-3. Precision (Replication)

Problem 3-4. Recovery

Problem 3-5. Interference

Problem 3-6. Sample Labeling

Problem 3-7. QC Program for POCT Testing

Problem 3-8. QC Rule Interpretation

Problem 3-9. Reference Interval Study Design



QUESTIONS
ONLINE RESOURCES
REFERENCES

4 Lean Six Sigma Methodology Basics and Quality Improvement
in the Clinical Chemistry Laboratory

Cindi Bullock Letsos, Michael W. Rogers, Christoper R.
McCudden, and Monte S. Willis

LEAN SIX SIGMA METHODOLOGY
ADOPTION AND IMPLEMENTATION OF LEAN SIX SIGMA
PROCESS IMPROVEMENT

MEASUREMENTS OF SUCCESS USING LEAN AND SIX
SIGMA

LEAN SIX SIGMA APPLICATIONS IN THE LABORATORY
AND THE GREATER HEALTH CARE SYSTEM

PRACTICAL APPLICATION OF SIX SIGMA METRICS
Detecting Laboratory Errors
Defining the Sigma Performance of an Assay
Choosing the Appropriate Westgard Rules

PRESENT AND EVOLVING APPROACHES TO QUALITY
IMPROVEMENT AND QUALITY ASSURANCE IN THE
CLINICAL LABORATORY: FROM QCP TO IQCP AND ISO5189

Today's Standard: Quality Control Plan

QUALITY CONTROL PLAN BASED ON  RISK
MANAGEMENT: CLSI EP23-A DOCUMENT

QUALITY ASSESSMENT

INDIVIDUAL QUALITY CONTROL PROGRAM: AN OPTION
TO STREAMLINE QCP

I[SO5189—QUALITY MANAGEMENT IN MEDICAL



LABORATORIES: ADDING RISK ASSESSMENT TO THE
FORMULA INTERNATIONALLY (GLOBAL INITIATIVE)

CONCLUSIONS

ACKNOWLEDGMENTS

QUESTIONS

REFERENCES

RESOURCES FOR FURTHER INFORMATION ON
5 Analytic Techniques

Julia C. Drees, Matthew S. Petrie, and Alan H. B. Wu

SPECTROPHOTOMETRY
Beer Law
Spectrophotometric Instruments
Components of a Spectrophotometer
Spectrophotometer Quality Assurance
Atomic Absorption Spectrophotometer
Flame Photometry
Fluorometry
Basic Instrumentation
Chemiluminescence
Turbidity and Nephelometry
Laser Applications
ELECTROCHEMISTRY
Galvanic and Electrolytic Cells
Half-Cells
Ion-Selective Electrodes
pH Electrodes
Gas-Sensing Electrodes



Enzyme Electrodes
Coulometric Chloridometers and Anodic Stripping Voltammetry
ELECTROPHORESIS
Procedure
Support Materials
Treatment and Application of Sample
Detection and Quantitation
Electroendosmosis
Isoelectric Focusing
Capillary Electrophoresis
Two-Dimensional Electrophoresis
OSMOMETRY
Freezing Point Osmometer
SURFACE PLASMON RESONANCE
QUESTIONS
REFERENCES
6 Chromatography and Mass Spectrometry
Julia C. Drees, Matthew S. Petrie, and Alan H. B. Wu

CHROMATOGRAPHY
Modes of Separation
Chromatographic Procedures
High-Performance Liquid Chromatography
Gas Chromatography
MASS SPECTROMETRY
Sample Introduction and Ionization
Mass Analyzer
Detector



APPLICATIONS OF MS IN THE CLINICAL LABORATORY
Small Molecule Analysis
Mass Spectrometry in Proteomics and Pathogen Identification
Mass Spectrometry at the Point of Care

QUESTIONS

REFERENCES

7 Principles of Clinical Chemistry Automation
Ryan W. Greer and Joely A. Straseski

HISTORY OF AUTOMATED ANALYZERS
DRIVING FORCES TOWARD MORE AUTOMATION
BASIC APPROACHES TO AUTOMATION
STEPS IN AUTOMATED ANALYSIS
Specimen Preparation and Identification
Specimen Measurement and Delivery
Reagent Systems and Delivery
Chemical Reaction Phase
Measurement Phase
Signal Processing and Data Handling
SELECTION OF AUTOMATED ANALYZERS
TOTAL LABORATORY AUTOMATION
Preanalytic Phase (Sample Processing)
Analytic Phase (Chemical Analyses)
Postanalytic Phase (Data Management)
FUTURE TRENDS IN AUTOMATION
QUESTIONS
REFERENCES
8 Immunochemical Techniques



Alan H. B. Wu

IMMUNOASSAYS
General Considerations
Unlabeled Immunoassays
Labeled Immunoassays
Future Directions for Immunoassays
QUESTIONS
REFERENCES
9 Molecular Theory and Techniques
Shashi Mehta

NUCLEIC ACID-BASED TECHNIQUES
Nucleic Acid Chemistry
Nucleic Acid Extraction
Hybridization Techniques
DNA Sequencing
DNA Chip Technology
Target Amplification
Probe Amplification
Signal Amplification
Nucleic Acid Probe Applications
QUESTIONS
REFERENCES
10 Point-of-Care Testing
Heather Crookston

LABORATORY REGULATIONS
Accreditation



POCT Complexity
IMPLEMENTATION
Establishing Need
POCT Implementation Protocol
Personnel Requirements
QUALITY MANAGEMENT
Accuracy Requirements
QC and Proficiency Testing
POC APPLICATIONS
INFORMATICS AND POCT
QUESTIONS
REFERENCES

PART two
Clinical Correlations and Analytic Procedures

11 Amino Acids and Proteins
Takara L. Blamires

AMINO ACIDS
Overview
Basic Structure
Metabolism
Essential Amino Acids
Nonessential Amino Acids
Recently Identified Amino Acids
Aminoacidopathies
Methods of Analysis



PROTEINS
Overview
Basic Structure
General Chemical Properties
Synthesis
Catabolism and Nitrogen Balance
Classification
PLASMA PROTEINS
Prealbumin
Albumin
Globulins
OTHER PROTEINS OF CLINICAL SIGNIFICANCE
Myoglobin
Cardiac Troponin
Brain Natriuretic Peptide and N-Terminal-Brain Natriuretic
Peptide
Fibronectin
Adiponectin
B-Trace Protein
Cross-Linked C-Telopeptides
Cystatin C
Amyloid
TOTAL PROTEIN ABNORMALITIES
Hypoproteinemia
Hyperproteinemia
METHODS OF ANALYSIS
Total Nitrogen



Total Protein

Fractionation, Identification, and Quantitation of Specific
Proteins

Serum Protein Electrophoresis
High-Resolution Protein Electrophoresis
Capillary Electrophoresis
Isoelectric Focusing
Immunochemical Methods
PROTEINS IN OTHER BODY FLUIDS
Urinary Protein
CSF Protein
QUESTIONS
REFERENCES
12 Nonprotein Nitrogen Compounds
Elizabeth L. Frank

UREA
Biochemistry
Clinical Application
Analytical Methods
Pathophysiology

URIC ACID
Biochemistry
Clinical Application
Analytical Methods
Pathophysiology
CREATININE/CREATINE
Biochemistry



Clinical Application
Analytical Methods
Pathophysiology

AMMONIA
Biochemistry
Clinical Application
Analytical Methods
Pathophysiology

QUESTIONS

REFERENCES

13 Enzymes
Kamisha L. Johnson-Davis

GENERAL PROPERTIES AND DEFINITIONS
ENZYME CLASSIFICATION AND NOMENCLATURE
ENZYME KINETICS

Catalytic Mechanism of Enzymes

Factors That Influence Enzymatic Reactions

Measurement of Enzyme Activity

Calculation of Enzyme Activity

Measurement of Enzyme Mass

Enzymes as Reagents
ENZYMES OF CLINICAL SIGNIFICANCE

Creatine Kinase

Lactate Dehydrogenase

Aspartate Aminotransferase

Alanine Aminotransferase

Alkaline Phosphatase



Acid Phosphatase
y-Glutamyltransferase
Amylase
Lipase
Glucose-6-Phosphate Dehydrogenase
Drug-Metabolizing Enzymes

QUESTIONS

REFERENCES

14 Carbohydrates
Vicki S. Freeman

GENERAL DESCRIPTION OF CARBOHYDRATES
Classification of Carbohydrates
Stereoisomers
Monosaccharides, Disaccharides, and Polysaccharides
Chemical Properties of Carbohydrates
Glucose Metabolism
Fate of Glucose
Regulation of Carbohydrate Metabolism
HYPERGLYCEMIA
Diabetes Mellitus
Pathophysiology of Diabetes Mellitus
Criteria for Testing for Prediabetes and Diabetes
Criteria for the Diagnosis of Diabetes Mellitus
Criteria for the Testing and Diagnosis of GDM
HYPOGLYCEMIA
Genetic Defects in Carbohydrate Metabolism
ROLE OF LABORATORY IN DIFFERENTIAL DIAGNOSIS



AND MANAGEMENT OF PATIENTS WITH GLUCOSE
METABOLIC ALTERATIONS

Methods of Glucose Measurement
Self-Monitoring of Blood Glucose
Glucose Tolerance and 2-Hour Postprandial Tests
Glycosylated Hemoglobin/HbA c

Ketones
Albuminuria
Islet Autoantibody and Insulin Testing
QUESTIONS
REFERENCES
15 Lipids and Lipoproteins

Raffick A. R. Bowen, Amar A. Sethi, G. Russell Warnick, and Alan
T. Remaley

LIPID CHEMISTRY
Fatty Acids
Triglycerides
Phospholipids
Cholesterol

GENERAL LIPOPROTEIN STRUCTURE
Chylomicrons
Very-Low-Density Lipoproteins
Intermediate-Density Lipoproteins
Low-Density Lipoproteins
Lipoprotein (a)
High-Density Lipoproteins
Lipoprotein X



LIPOPROTEIN PHYSIOLOGY AND METABOLISM
Lipid Absorption
Exogenous Pathway
Endogenous Pathway
Reverse Cholesterol Transport Pathway
LIPID AND LIPOPROTEIN POPULATION DISTRIBUTIONS
Dyslipidemia and Children
National Cholesterol Education Program
National Heart, Lung, and Blood Institute
DIAGNOSIS AND TREATMENT OF LIPID DISORDERS
Arteriosclerosis
Hyperlipoproteinemia
Hypercholesterolemia
PCSKS9
Hypertriglyceridemia
Combined Hyperlipidemia
Lp(a) Elevation
Non—-HDL Cholesterol
Hypobetalipoproteinemia
Hypoalphalipoproteinemia
LIPID AND LIPOPROTEIN ANALYSES
Lipid Measurement
Cholesterol Measurement
Triglyceride Measurement
Lipoprotein Methods
HDL Methods
LDL Methods



Compact Analyzers
Apolipoprotein Methods
Phospholipid Measurement
Fatty Acid Measurement

STANDARDIZATION OF LIPID AND LIPOPROTEIN ASSAYS
Precision
Accuracy
Matrix Interactions

CDC Cholesterol Reference Method Laboratory Network
Analytic Performance Goals
Quality Control
Specimen Collection

QUESTIONS

REFERENCES

16 Electrolytes
James March Mistler

WATER
Osmolality

THE ELECTROLYTES
Sodium
Potassium
Chloride
Bicarbonate
Magnesium
Calcium
Phosphate
Lactate



ANION GAP
ELECTROLYTES AND RENAL FUNCTION
QUESTIONS
REFERENCES

17 Blood Gases, pH, and Buffer Systems
Yachana Kataria and Mark D. Kellogg

ACID-BASE BALANCE

Maintenance of H*

Buffer Systems: Regulation of H" and the Henderson-
Hasselbalch Equation

Regulation of Acid—Base Balance: Lungs and Kidneys
(Transport of Carbon Dioxide)

ASSESSMENT OF ACID-BASE HOMEOSTASIS

The Bicarbonate Buffering System

Acid-Base Disorders: Acidosis and Alkalosis
OXYGEN AND GAS EXCHANGE

Oxygen and Carbon Dioxide

Oxygen Transport

Assessment of a Patient's Oxygen Status

Hemoglobin—Oxygen Dissociation
MEASUREMENT

Spectrophotometric Determination of Oxygen Saturation (CO-
Oximetry)

Blood Gas Analyzers: pH, pCO», and pO»
Measurement of pO»
Measurement of pH and pCO»

Types of Electrochemical Sensors



Optical Sensors
Calibration
Correction for Temperature
Calculated Parameters
QUALITY ASSURANCE
Preanalytic Considerations
Analytic Assessments: Quality Control and Proficiency Testing
QUESTIONS
REFERENCES
18 Trace and Toxic Elements
Frederick G. Strathmann and Carrie J. Haglock-Adler

OVERVIEW AND OBJECTIVES
INSTRUMENTATION AND METHODS

Sample Collection and Processing

Atomic Emission Spectroscopy

Atomic Absorption Spectroscopy

Inductively Coupled Plasma Mass Spectrometry

Interferences

Elemental Speciation

Alternative Analytical Techniques
ALUMINUM

Introduction

Absorption, Transport, and Excretion

Health Effects and Toxicity

Laboratory Evaluation of Aluminum Status
ARSENIC

Introduction



Health Effects and Toxicity

Absorption, Transport, and Excretion

Laboratory Evaluation of Arsenic Status
CADMIUM

Introduction

Absorption, Transport, and Excretion

Health Effects and Toxicity

Laboratory Evaluation of Cadmium Status
CHROMIUM

Introduction

Absorption, Transport, and Excretion

Health Effects, Deficiency, and Toxicity

Laboratory Evaluation of Chromium Status
COPPER

Introduction

Absorption, Transport, and Excretion

Health Effects, Deficiency, and Toxicity

Laboratory Evaluation of Copper Status
IRON

Introduction

Absorption, Transport, and Excretion

Health Effects, Deficiency, and Toxicity

Laboratory Evaluation of Iron Status
LEAD

Introduction

Absorption, Transport, and Excretion

Health Effects and Toxicity



Laboratory Evaluation of Lead Status
MERCURY

Introduction

Absorption, Transport, and Excretion

Health Effects and Toxicity

Laboratory Evaluation of Mercury Status
MANGANESE

Introduction

Absorption, Transport, and Excretion

Health Effects, Deficiency, and Toxicity

Laboratory Evaluation of Manganese Status
MOLYBDENUM

Introduction

Absorption, Transport, and Excretion

Health Effects, Deficiency, and Toxicity

Laboratory Evaluation of Molybdenum Status
SELENIUM

Introduction

Absorption, Transport, and Excretion

Health Effects, Deficiency, and Toxicity

Laboratory Evaluation of Selenium Status
ZINC

Introduction

Absorption, Transport, and Excretion

Health Effects, Deficiency, and Toxicity

Laboratory Evaluation of Zinc Status
QUESTIONS



BIBLIOGRAPHY
REFERENCES

19 Porphyrins and Hemoglobin
Elizabeth L. Frank and Sara A. Taylor

PORPHYRINS
Porphyrin Properties
Biochemistry: Synthesis of Heme
Pathophysiology: Disorders of Heme Biosynthesis
Clinical Application
Analytical Methods

HEMOGLOBIN
Role in the Body
Structure of Hemoglobin
Synthesis and Degradation of Hemoglobin
Clinical Significance and Disease Correlation
Analytical Methods

DNA Technology

MYOGLOBIN
Structure and Role in the Body
Clinical Significance
Analytical Methods

QUESTIONS

REFERENCES

PART three
Assessment of Organ System Functions



20 Hypothalamic and Pituitary Function
Robert E. Jones and Heather Corn

EMBRYOLOGY AND ANATOMY

FUNCTIONAL ASPECTS OF THE HYPOTHALAMIC-
HYPOPHYSEAL UNIT

HYPOPHYSIOTROPIC OR HYPOTHALAMIC HORMONES
ANTERIOR PITUITARY HORMONES
PITUITARY TUMORS
GROWTH HORMONE
Actions of GH
Testing
Acromegaly
GH Deficiency
PROLACTIN
Prolactinoma
Other Causes of Hyperprolactinemia
Clinical Evaluation of Hyperprolactinemia
Management of Prolactinoma
Idiopathic Galactorrhea
HYPOPITUITARISM
Etiology of Hypopituitarism
Treatment of Panhypopituitarism
POSTERIOR PITUITARY HORMONES
Oxytocin
Vasopressin
QUESTIONS
REFERENCES



21 Adrenal Function
Vishnu Sundaresh and Deepika S. Reddy

THE ADRENAL GLAND: AN OVERVIEW
EMBRYOLOGY AND ANATOMY
THE ADRENAL CORTEX BY ZONE

Cortex Steroidogenesis

Congenital Adrenal Hyperplasia
PRIMARY ALDOSTERONISM

Overview

Etiology

Diagnosis

Treatment

Isolated Hypoaldosteronism
ADRENAL CORTICAL PHYSIOLOGY
ADRENAL INSUFFICIENCY

Overview

Symptoms

Diagnosis

Treatment
HYPERCORTISOLISM (CUSHING'S SYNDROME)

Overview

Etiology

Diagnosis

Treatment
ADRENAL ANDROGENS

Androgen Excess

Diagnosis



Treatment
THE ADRENAL MEDULLA
Embryology
Biosynthesis, Storage, and Secretion of Catecholamines
Metabolism and Excretion of Catecholamines
PHEOCHROMOCYTOMA AND PARAGANGLIOMA
Overview
Epidemiology
Clinical Presentation
Diagnosis
Interfering medications
Biochemical Testing
Plasma-Free Metanephrines
24-Hour Urine Fractionated Metanephrines and Catecholamines
Normal Results
Case Detection
24-Hour Urine Fractionated Metanephrines and Catecholamines
Plasma-Fractionated Metanephrines
Radiographic Localization
Treatment
Outcome, Prognosis, and Follow-up
Genetic Testing
ADRENAL INCIDENTALOMA
CASE STUDIES
QUESTIONS
REFERENCES
22 Gonadal Function



Mahima Gulati

THE TESTES
Functional Anatomy of the Male Reproductive Tract
Physiology of the Testicles
Disorders of Sexual Development and Testicular Hypofunction
Diagnosis of Hypogonadism
Testosterone Replacement Therapy
Monitoring Testosterone Replacement Therapy
THE OVARIES
Early Ovarian Development
Functional Anatomy of the Ovaries
Hormonal Production by the Ovaries
The Menstrual Cycle
Hormonal Control of Ovulation
Pubertal Development in the Female
Precocious Sexual Development
Menstrual Cycle Abnormalities
Hirsutism
Estrogen Replacement Therapy
QUESTIONS
REFERENCES
23 The Thyroid Gland
Marissa Grotzke

THE THYROID
Thyroid Anatomy and Development
Thyroid Hormone Synthesis



Protein Binding of Thyroid Hormone
Control of Thyroid Function
Actions of Thyroid Hormone
TESTS FOR THYROID FUNCTION
Blood Tests
OTHER TOOLS FOR THYROID EVALUATION
Nuclear Medicine Evaluation
Thyroid Ultrasound
Fine-Needle Aspiration
DISORDERS OF THE THYROID
Hypothyroidism
Thyrotoxicosis
Graves' Disease
Toxic Adenoma and Multinodular Goiter
DRUG-INDUCED THYROID DYSFUNCTION
Amiodarone-Induced Thyroid Disease
Subacute Thyroiditis
NONTHYROIDAL ILLNESS
THYROID NODULES
QUESTIONS
REFERENCES
24 Calcium Homeostasis and Hormonal Regulation
Josephine Abraham and Dev Abraham

CALCIUM HOMEOSTASIS

HORMONAL REGULATION OF CALCIUM METABOLISM
Vitamin D
Parathyroid Hormone



ORGAN SYSTEM REGULATION OF CALCIUM
METABOLISM

GI Regulation

Role of Kidneys

Bone Physiology
HYPERCALCEMIA

Causes of Hypercalcemia

Primary Hyperparathyroidism

Familial Hypocalciuric Hypercalcemia

Hyperthyroidism

Addison's Disease

Milk Alkali Syndrome

Medications That Cause Hypercalcemia
HYPOCALCEMIA

Causes of Hypocalcemia
METABOLIC BONE DISEASES

Rickets and Osteomalacia

Osteoporosis

SECONDARY HYPERPARATHYROIDISM IN  RENAL
FAILURE

QUESTIONS
REFERENCES
25 Liver Function
Janelle M. Chiasera and Xin Xu

ANATOMY
Gross Anatomy
Microscopic Anatomy



BIOCHEMICAL FUNCTIONS
Excretory and Secretory
Metabolism
Detoxification and Drug Metabolism
LIVER FUNCTION ALTERATIONS DURING DISEASE
Jaundice
Cirrhosis
Tumors
Reye's Syndrome
Drug- and Alcohol-Related Disorders

ASSESSMENT OF LIVER FUNCTION/LIVER FUNCTION
TESTS

Bilirubin

METHODS
Urobilinogen in Urine and Feces
Serum Bile Acids
Enzymes
Tests Measuring Hepatic Synthetic Ability
Tests Measuring Nitrogen Metabolism
Hepatitis

QUESTIONS

REFERENCES

26 Laboratory Markers of Cardiac Damage and Function

Ronald R. Henriquez, Michael Durando, Brian C. Jensen,
Christoper R. McCudden, and Monte S. Willis

CARDIAC ISCHEMIA, ANGINA, AND HEART ATTACKS
THE PATHOPHYSIOLOGY OF ATHEROSCLEROSIS, THE



DISEASE PROCESS UNDERLYING MI

MARKERS OF CARDIAC DAMAGE
Initial Markers of Cardiac Damage
Cardiac Troponins

CK-MB and Troponin I/Troponin T Considerations in Kidney
Disease Patients

Other Markers of Cardiac Damage

CARDIAC INJURY OCCURS IN MANY DISEASE
PROCESSES, BEYOND MI

THE LABORATORY WORKUP OF PATIENTS SUSPECTED OF
HEART FAILURE AND THE USE OF CARDIAC
BIOMARKERS IN HEART FAILURE

THE USE OF NATRIURETIC PEPTIDES AND TROPONINS IN
THE DIAGNOSIS AND RISK STRATIFICATION OF HEART
FAILURE

Cardiac Troponins
MARKERS OF CHD RISK
C-Reactive Protein
Homocysteine
MARKERS OF PULMONARY EMBOLISM
Use of p-Dimer Detection in PE
Value of Assaying Troponin and BNP in Acute PE
SUMMARY
QUESTIONS
REFERENCES
27 Renal Function
Kara L. Lynch and Alan H. B. Wu

RENAL ANATOMY



RENAL PHYSIOLOGY
Glomerular Filtration
Tubular Function
Elimination of Nonprotein Nitrogen Compounds
Water, Electrolyte, and Acid—Base Homeostasis
Endocrine Function
ANALYTIC PROCEDURES
Creatinine Clearance
Estimated GFR
Cystatin C
B>-Microglobulin
Myoglobin
Albuminuria
Neutrophil Gelatinase—Associated Lipocalin
NephroCheck
Urinalysis
PATHOPHYSIOLOGY
Glomerular Diseases
Tubular Diseases
Urinary Tract Infection/Obstruction
Renal Calculi
Renal Failure
QUESTIONS
REFERENCES
28 Pancreatic Function and Gastrointestinal Function
Edward P. Fody

PHYSIOLOGY OF PANCREATIC FUNCTION



DISEASES OF THE PANCREAS
TESTS OF PANCREATIC FUNCTION
Secretin/CCK Test
Fecal Fat Analysis
Sweat Electrolyte Determinations
Serum Enzymes
FECAL ELASTASE

PHYSIOLOGY AND BIOCHEMISTRY OF GASTRIC
SECRETION

CLINICAL ASPECTS OF GASTRIC ANALYSIS

TESTS OF GASTRIC FUNCTION
Measuring Gastric Acid in Basal and Maximal Secretory Tests
Measuring Gastric Acid
Plasma Gastrin

INTESTINAL PHYSIOLOGY

CLINICOPATHOLOGIC ASPECTS OF INTESTINAL
FUNCTION

TESTS OF INTESTINAL FUNCTION
Lactose Tolerance Test
D-Xylose Absorption Test
D-Xylose Test
Serum Carotenoids
Other Tests of Intestinal Malabsorption
QUESTIONS
SUGGESTED READING
REFERENCES
29 Body Fluid Analysis
Kyle B. Riding



CEREBROSPINAL FLUID
SEROUS FLUIDS
Pleural Fluid
Pericardial Fluid
Peritoneal Fluid
AMNIOTIC FLUID
Hemolytic Disease of the Newborn
Neural Tube Defects
Fetal Lung Maturity
Phosphatidylglycerol
Lamellar Body Counts
SWEAT
SYNOVIAL FLUID
QUESTIONS
REFERENCES

PART four
Specialty Areas of Clinical Chemistry

30 Therapeutic Drug Monitoring
Takara L. Blamires

OVERVIEW

ROUTES OF ADMINISTRATION
DRUG ABSORPTION

DRUG DISTRIBUTION

FREE VERSUS BOUND DRUGS
DRUG METABOLISM



DRUG ELIMINATION
PHARMACOKINETICS
SPECIMEN COLLECTION
PHARMACOGENOMICS
CARDIOACTIVE DRUGS

Digoxin

Quinidine

Procainamide

Disopyramide
ANTIBIOTICS

Aminoglycosides

Teicoplanin

Vancomycin
ANTIEPILEPTIC DRUGS

Phenobarbital and Primidone

Phenytoin and Fosphenytoin

Valproic Acid

Carbamazepine

Ethosuximide

Felbamate

Gabapentin

Lamotrigine

Levetiracetam

Oxcarbazepine

Tiagabine

Topiramate

Zonisamide



PSYCHOACTIVE DRUGS
Lithium
Tricyclic Antidepressants
Clozapine
Olanzapine
IMMUNOSUPPRESSIVE DRUGS
Cyclosporine
Tacrolimus
Sirolimus
Mycophenolic Acid
ANTINEOPLASTICS
Methotrexate
BRONCHODILATORS
Theophylline
QUESTIONS
SUGGESTED READINGS
REFERENCES
31 Toxicology
Takara L. Blamires

XENOBIOTICS, POISONS, AND TOXINS
ROUTES OF EXPOSURE
DOSE-RESPONSE RELATIONSHIP
Acute and Chronic Toxicity
ANALYSIS OF TOXIC AGENTS
TOXICOLOGY OF SPECIFIC AGENTS
Alcohols
Carbon Monoxide



Caustic Agents
Cyanide
Metals and Metalloids
Pesticides
TOXICOLOGY OF THERAPEUTIC DRUGS
Salicylates
Acetaminophen
TOXICOLOGY OF DRUGS OF ABUSE
Amphetamines
Anabolic Steroids
Cannabinoids
Cocaine
Opiates
Phencyclidine
Sedatives—Hypnotics
QUESTIONS
REFERENCES

32 Circulating Tumor Markers: Basic Concepts and Clinical
Applications

Christoper R. McCudden and Monte S. Willis

TYPES OF TUMOR MARKERS

APPLICATIONS OF TUMOR MARKER DETECTION
Screening and Susceptibility Testing
Prognosis
Monitoring Effectiveness of Therapy and Disease Recurrence

LABORATORY CONSIDERATIONS FOR TUMOR MARKER
MEASUREMENT



Immunoassays
High-Performance Liquid Chromatography
Immunohistochemistry and Immunofluorescence
Enzyme Assays

FREQUENTLY ORDERED TUMOR MARKERS
a-Fetoprotein

METHODOLOGY
Cancer Antigen 125
Carcinoembryonic Antigen
Human Chorionic Gonadotropin
Prostate-Specific Antigen

FUTURE DIRECTIONS

QUESTIONS

SUGGESTED READING

REFERENCES

33 Nutrition Assessment
Linda S. Gorman and Maria G. Boosalis

NUTRITION CARE PROCESS: OVERVIEW
NUTRITION ASSESSMENT
BIOCHEMICAL MARKERS: MACRONUTRIENTS
Protein
Fat
Carbohydrate
BIOCHEMICAL MARKERS: MISCELLANEOUS
Parenteral Nutrition
Electrolytes
Urine Testing



Organ Function
BIOCHEMICAL MARKERS: MICRONUTRIENTS
Vitamins
Conditionally Essential Nutrients
Minerals
Trace Elements
QUESTIONS
REFERENCES
34 Clinical Chemistry and the Geriatric Patient
Laura M. Hickes and J. Marvin McBride

THE AGING OF AMERICA
AGING AND MEDICAL SCIENCE
GENERAL PHYSIOLOGIC CHANGES WITH AGING
Muscle
Bone
Gastrointestinal System
Kidney/Urinary System
Immune System
Endocrine System
Sex Hormones
Glucose Metabolism
EFFECTS OF AGE ON LABORATORY TESTING
Muscle
Bone
Gastrointestinal System
Urinary System
Immune System



Endocrine System
Sex Hormones
Glucose Metabolism

ESTABLISHING REFERENCE INTERVALS FOR THE
ELDERLY

PREANALYTICAL VARIABLES UNIQUE TO GERIATRIC
PATIENTS

DISEASES PREVALENT IN THE ELDERLY
AGE-ASSOCIATED CHANGES IN DRUG METABOLISM
Absorption
Distribution
Metabolism
Elimination

ATYPICAL PRESENTATIONS OF COMMON DISEASES
Geriatric Syndromes

THE IMPACT OF EXERCISE AND NUTRITION ON
CHEMISTRY RESULTS IN THE ELDERLY

QUESTIONS
REFERENCES

35 Clinical Chemistry and the Pediatric Patient
Tracey G. Polsky and Michael J. Bennett

DEVELOPMENTAL CHANGES FROM NEONATE TO ADULT
Respiration and Circulation
Growth
Organ Development

Problems of Prematurity and Immaturity
PHLEBOTOMY AND CHOICE OF INSTRUMENTATION FOR



PEDIATRIC SAMPLES
Phlebotomy
Preanalytic Concerns
Choice of Analyzer
POINT-OF-CARE ANALYSIS IN PEDIATRICS

REGULATION OF BLOOD GASES AND PH IN NEONATES
AND INFANTS

Blood Gas and Acid—Base Measurement

REGULATION OF ELECTROLYTES AND WATER: RENAL
FUNCTION

Disorders Affecting Electrolytes and Water Balance
DEVELOPMENT OF LIVER FUNCTION
Physiologic Jaundice
Energy Metabolism
Diabetes
Nitrogen Metabolism
Nitrogenous End Products as Markers of Renal Function
Liver Function Tests
CALCIUM AND BONE METABOLISM IN PEDIATRICS
Hypocalcemia and Hypercalcemia
ENDOCRINE FUNCTION IN PEDIATRICS
Hormone Secretion
Hypothalamic—Pituitary—Thyroid System
Hypothalamic—Pituitary—Adrenal Cortex System
Growth Factors
Endocrine Control of Sexual Maturation
DEVELOPMENT OF THE IMMUNE SYSTEM
Basic Concepts of Immunity



Components of the Immune System
Neonatal and Infant Antibody Production
Immunity Disorders
GENETIC DISEASES
Cystic Fibrosis
Newborn Screening for Whole Populations
Diagnosis of Metabolic Disease in the Clinical Setting
DRUG METABOLISM AND PHARMACOKINETICS
Therapeutic Drug Monitoring
Toxicologic Issues in Pediatric Clinical Chemistry
QUESTIONS
REFERENCES
Index



PART one
Basic Principles and Practice of
Clinical Chemistry



1

Basic Principles and Practices

KATHRYN DUGAN and ELIZABETH WARNING



Chapter Outline

Units of Measure

Reagents
Chemicals
Reference Materials
Water Specifications
Solution Properties
Concentration
Colligative Properties
Redox Potential
Conductivity
pH and Buffers

Clinical Laboratory Supplies
Thermometers/Temperature
Glassware and Plasticware
Desiccators and Desiccants
Balances
Centrifugation

Laboratory Mathematics and Calculations
Significant Figures
Logarithms
Concentration
Dilutions
Water of Hydration
Graphing and Beer's Law

Specimen Considerations
Types of Samples
Sample Processing
Sample Variables
Chain of Custody
Electronic and Paper Reporting of Results



Questions
References

Chapter Objectives

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

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

Describe the classifications used for reagent grade water.

Identify the varying chemical grades used in reagent preparation and indicate their correct use.
Define primary standard and standard reference materials.

Describe the following terms that are associated with solutions and, when appropriate, provide
the respective units: percent, molarity, normality, molality, saturation, colligative properties,
redox potential, and conductivity.

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

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.

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

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

Demonstrate the proper use of a measuring and volumetric pipette.

Describe two ways to calibrate a pipetting device.

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

Describe how to properly care for and balance a centrifuge.

Correctly perform the laboratory mathematical calculations provided in this chapter.

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

Outline the general steps for processing blood samples.

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

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

Key Terms

Analyte
Anhydrous
Arterial blood
Beer's law

Buffer

Centrifugation
Cerebrospinal fluid (CSF)
Colligative property
Conductivity

Deionized water
Deliquescent substance
Delta absorbance

Density
Desiccant



Desiccator

Dilution

Dilution factor
Distilled water
Equivalent weight
Erlenmeyer flasks
Filtration

Graduated cylinder
Griffin Beaker
Hemolysis
Henderson-Hasselbalch equation
Hydrate
Hygroscopic

Icterus

International unit
Ionic strength
Lipemia

Molality

Molarity

Normality
One-point calibration
Osmotic pressure
Oxidized

Oxidizing agent
Percent solution

pH

Pipette

Primary standard
Ratio

Reagent grade water
Redox potential
Reduced

Reducing agent
Reverse osmosis
Serial dilution
Serum

Significant figures
Solute

Solution

Solvent

Specific gravity
Standard

Standard reference materials (SRMs)
Systéme International d'Unités (SI)
Thermistor



Ultrafiltration

Valence
Whole blood

The primary purpose of a clinical chemistry laboratory is to perform analytic
procedures that yield accurate and precise information, aiding in patient
diagnosis and treatment. The achievement of reliable results requires that the
clinical laboratory scientist be able to correctly use basic supplies and equipment
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 physical 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 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 describing physical quantities. The SI system units (referred to as SI units) are
based on the metric system. Several subclassifications 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 SI-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 an SI-
derived unit is meters per second (m/s), used to express velocity. Some non-SI
units are so widely used that they have become acceptable for use within the SI
system (Table 1.1). These include long-standing units such as hour, minute, day,
gram, liter, and plane angles expressed as degrees. The SI uses standard prefixes
that, when added to a given basic unit, can indicate decimal fractions or
multiples of that unit (Table 1.2). For example, 0.001 liter can be expressed

using the prefix milli, or 1073, and since 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 1073 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 103 L.



Base Quantity Name Symbol

Length Meter m
Mass Kilogram kg
Time Second S
Electric current Ampere A
Thermodynamic Kelvin K
temperature
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) (1 dm3=1023m? L
Angstrom (0.1inm=10""m) A




Select

Factor Prefix Symbol Decimals
10 78 atto a —

105 femto f —

10-1= pico P —

10-° nano n —

1072 micro U 0.000001
10 milli m 0.001
1072 centi C 0.01
10! deci d 0.1
(32 Liter, meter, gram Basic unit 1.0
101 deka da 10.0
102 hecto h 100.0
10° Kilo K 1,000.0
104 mega M —

10° giga G —

102 tera il —

10" peta P —

1018 exa = —

Prefixes are used to indicate a subunit or multiple of a basic SI unit.

It is important to understand the relationship these prefixes have to the basic
unit. The highlighted upper portion of Table 1.2 indicates prefixes that are
smaller than the basic unit and are frequently used in clinical laboratories. When
converting between prefixes, simply note the relationship between the two
prefixes based on whether you are changing to a smaller or larger prefix. For
example, if converting from one liter (1.0 x 10° or 1.0) to milliliters (1.0 x 1073
or 0.001), the starting unit (L) 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 three
places, so 1.0 liter (L) equals 1,000 milliliters (mL). When changing 1,000



milliliters (mL) to 1.0 liter (L), the process is reversed and the decimal point
would be moved three places to the left to become 1.0 L. Note that the SI term
for mass is kilogram; it is the only basic unit that contains a prefix as part of its
name. Generally, the standard prefixes for mass use the term gram rather than
kilogram.

Example 1: Convert 1.0 L to pLL

1.0 L (1 x 10% = ? pL (micro = 1075); move the decimal place six places to
the right and it becomes 1,000,000 pL; reverse the process to determine the
expression in L. (move the decimal six places to the left of 1,000,000 pL to
get 1.0 L).

S| CONVERSIONS

To convert between Sl 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

Example 2: Convert 5 mL to pL

5 mL (milli = 1073, larger) = ? pL (micro = 107, smaller); move the
decimal by three places to the right and it becomes 5,000 pL.

Example 3: Convert 5.3 mL to dL

5.3 mL (milli = 1073, smaller) = ? dL (deci = 107!, larger); move the



decimal place by two places to the left and it becomes 0.053 dL.

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 IU) rather than in SI units. These familiar and traditional units can
cause confusion during interpretation. Appendix D (on thePoint), 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 are moving 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. Many national initiatives have recommended common units
for laboratory test results, but none have been widely adopted.”? 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 laboratory scientist. Most instrument manufacturers
make the reagents in a ready-to-use form or “kit” where all necessary reagents
and respective storage containers are prepackaged as a unit requiring only the
addition of water or buffer to the prepackaged components for reconstitution. A
heightened awareness of the hazards of certain chemicals and the numerous
regulatory agency requirements has caused clinical chemistry laboratories 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 applications, specialized analyses,
or method validation, the laboratorian may still face preparing various reagents
or solutions.

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 grade.®> A committee of the
American Chemical Society (ACS) 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 laboratory
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 chemicals. These reagents may carry designations of
HPLC (high-performance liquid chromatography) or chromatographic on their
labels.

Because USP and NF grade chemicals are used to manufacture 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 standards 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 preparation of these chemicals is not uniform.
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 manufacturing 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 impurities; CP, which approaches the purity level of reagent grade
chemicals; spectroscopic (spectrally pure) and chromatographic grade organic
reagents, with purity levels attained by their respective procedures; and reagent
grade (ACS), which is certified to contain impurities below certain levels
established by the ACS. As in 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 indicate any physical or biologic health hazards and precautions needed for
the safe use, storage, and disposal of any chemical. A manufacturer is required to
provide technical data sheets for each chemical manufactured on a document



called a Safety Data Sheet (SDS).

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, making 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.

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 has purity tolerances for primary standards, because most biologic
constituents are unavailable within these tolerance limitations; the National
Institute of Standards and Technology (NIST)-certified standard reference

materials (SRMs) are used instead of ACS primary standard materials., ©, 7

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 composition of these
substances is then certified; however, they may not possess the purity equivalent
of a primary standard. 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
assessments. Many manufacturers use an 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.”

Water Specifications8

Water is the most frequently used reagent in the laboratory. Because tap water is
unsuitable for laboratory applications, most procedures, including reagent and
standard preparation, use water that has been substantially purified. There are
various methods for water purification including distillation, ion exchange,
reverse osmosis, ultrafiltration, ultraviolet light, sterilization, and 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 categories 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,
resistivity (measure of resistance in ohms and influenced by the number of ions
present), silicate, particulate matter, 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 generally suitable for routine laboratory use.

Prefiltration can remove particulate matter from municipal water supplies
before any additional treatments. Filtration cartridges are composed of glass;
cotton; 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 purification methods used. For example, hard
water (containing 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
0sSImosis 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 distillation experiments in which water is boiled and vaporized. Many
impurities do not rise in the water vapor and will remain in the boiling apparatus
so that the water collected after condensation has less contamination. Water may
be distilled more than once, with each distillation cycle removing additional
impurities. Ultrafiltration and nanofiltration, like distillation, are excellent in
removing particulate matter, microorganisms, and any pyrogens or endotoxins.

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 prefiltered or distilled water.
Deionized water is produced using either an anion or a cation exchange resin,
followed 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 resins 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 removing dissolved ionized solids and dissolved gases.

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

Ultraviolet oxidation, which removes some trace organic material or
sterilization processes at specific wavelengths, when used in combination with
ozone treatment, can destroy bacteria but may leave behind residual products.
These techniques are often used after other purification processes have been
completed.

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, deionization, 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
preparation. 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, 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
discouraged 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 resistance, pH, colony counts on selective and nonselective
media for the detection of bacterial contamination, 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 resistance 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 specifications from other
organizations, such as the ASTM, may not be equivalent to those established 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 including serum,
plasma, urine, and spinal fluid are quantified. 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 solvent. Together they represent a solution. Any
chemical or biologic solution is described by its basic properties, including
concentration, saturation, colligative properties, 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,
Note that these are non-SI units, and the SI expression for the amount of a
substance is the mole.

Percent solution is expressed as the amount of solute per 100 total units of
solution. Three expressions of percent solutions are weight per weight (w/w),
volume per volume (v/v), and weight per volume (w/v). Weight per weight (%
w/w) refers to the number of grams of solute per 100 g of solution. Volume per
volume (% v/v) is used for liquid solutes and gives the milliliters of solute in 100
mL of solution. For v/v solutions, it is recommended that grams per deciliter
(g/dL) be used instead of % v/v. Weight per volume (% w/v) is the most
commonly used percent solution in the clinical laboratory and is defined as the
number of grams of solute in 100 mL of solution. This is not the same as
molarity and care must be taken to not confuse the two.

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 concentration should be
represented as moles per liter (mol/L), millimoles per liter (mmol/L),



micromoles per liter (umol/L), and nanomoles per liter (nmol/L). The familiar
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 molarity; however, it can be easily distinguished from
molarity because molality is always expressed in terms of moles per kilogram
(weight per weight) and describes moles per 1,000 g (1 kg) of solvent. Note that
the common abbreviation (m) for molality is a lowercase “m,” while the
uppercase (M) refers to molarity. The preferred expression for molality is moles
per kilogram (mol/kg) to avoid any confusion. Unlike molarity, molality 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.
Normality is always equal to or greater than the molarity of the compound.
Normality was previously used for reporting electrolyte values, such as sodium
[Na"], potassium [K"], and chloride [Cl], expressed as milliequivalents per liter
(mEg/L); however, this convention has been replaced with the more familiar
units of millimoles per liter (mmol/L).

Solution saturation gives little specific information about the concentration
of solutes in a solution. A solution is considered saturated when no more solvent
can be dissolved in the solution. 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 saturation are dilute, concentrated, saturated, and supersaturated.
A dilute solution is one in which there is relatively little solute or one that has a
lower solute concentration per volume of solvent than the original, such as when
making 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 concentration of undissolved solute



particles than a saturated solution of the same substance. Because of the greater
concentration of solute particles, a supersaturated solution 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

Colligative properties are those properties related to the number of solute
particles per solvent molecules, not on the type of particles present. The behavior
of particles or solutes in solution demonstrates four repeatable properties,
osmotic pressure, vapor pressure, freezing point, and boiling point, these are
called colligative properties. Vapor pressure is the pressure exerted by the vapor
when the liquid solvent is in equilibrium with the vapor. Freezing point is the
temperature at which the first crystal (solid) of solvent forms in equilibrium with
the solution. Boiling point is the temperature at which the vapor pressure of the
solvent reaches atmospheric pressure (usually one atmosphere).

Osmotic pressure is the pressure that opposes osmosis when a solvent flows
through a semipermeable membrane to establish equilibrium between
compartments of differing concentration. The osmotic pressure of a dilute
solution is directly proportional to the concentration of the molecules in solution.
The expression for concentration is the osmole. One osmole of a substance
equals the molarity or molality multiplied by the number of particles, not the
kind of particle, 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, the colligative properties change in a
predictable manner for each osmole of substance present. 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 considered 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 passes through a solution. A
solution's conductivity quality depends principally on the number of respective
charges of the ions present. Resistivity, the reciprocal of conductivity, is a
measure of a substance's resistance 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 1.

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 abbreviations operationally means the “negative logarithm of”
or “inverse log of” that substance. In keeping with this convention, the term pH
represents the negative or inverse log of the hydrogen ion concentration.
Mathematically, pH is expressed as

where [H"] equals the concentration of hydrogen ions in moles per liter (M).

—

pH = Iﬂg[

[H']

pH = Ing[H'J (Eq. 1-1)

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

Unlike a strong acid or base, which dissociates almost completely, the
dissociation constant for a weak acid or base solution (like a buffer) tends to be
very small, meaning little dissociation occurs.

The dissociation of acetic acid (CH;COOH), a weak acid, can be illustrated
as follows:



[HA] & [A7] + [H']

[CH,COOH] « [CH,CO0 | + [H'] (Eq. 1-2)

HA = weak acid, A~ = conjugate base, H" = hydrogen ions, [] =
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:

[HA]  (Eq. 1-3)
Rearrangement of this equation reveals

[ ] = K, x ]
A (Bq. 1-4)

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

[HA]
(4] (gq. 1-5)

—lﬂg[H'] = —logK, A x —log

By convention, lowercase 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]

H = pK_ —log
SR T (Eq. 1-6)
[HA]

Eliminating the minus sign in front of the log of the quantity [A ] 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:

[A°]

[HA] (Eq. 1-7)

pH = pK_ + log

When the ratio of [A™] 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 conjugate base [A™] concentration to weak acid [HA]
concentration.

Ionic strength is another important aspect of buffers, particularly in
separation techniques. Ionic strength is the concentration or activity of ions in a
solution or buffer. Increasing ionic strength increases the ionic cloud surrounding
a compound and decreases the rate of particle migration. It can also promote
compound dissociation into ions effectively increasing the solubility of some
salts, along with changes in current, which can also affect electrophoretic
separation.

CLINICAL LABORATORY SUPPLIES

In today's clinical chemistry laboratory, many different types of equipment are in
use. Most of the manual techniques have been replaced by automation, but it is
still necessary for the laboratory scientist to be knowledgeable in the operation
and use of certain equipment. The following is a brief discussion of the
composition and general use of common equipment found in a clinical chemistry
laboratory, including thermometers, pipettes, flasks, beakers, and dessicators.

Thermometers/Temperature

The predominant practice for temperature measurement uses the Celsius (°C)
scale; however, 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 (thePoint) lists
the various conversion formulas.



Celsius (Centigrade) °C (9/5) + 32 (multiply Celsius

to Fahrenheit temperature by 9; divide the
answer by 5, then add 32)

Fahrenheit (°F — 32)5/9 (subtract 32 and

to Celsius divide the answer by 9; then
(Centigrade) multiply that answer by 5)

All analytic reactions occur at an optimal temperature. Some laboratory
procedures, such as enzyme determinations, 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 either are an integral part of an instrument or need to
be placed in the device for temperature maintenance. The two types of
thermometers discussed include liquid-in-glass and electronic thermometer or
thermistor probe; 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), encased in plastic or glass
material. They usually measure temperatures between 20°C and 400°C. Visual
inspection of the liquid-in-glass thermometer should reveal a continuous line of
liquid, free from separation or bubbles. The accuracy range for a thermometer
used in clinical laboratories is determined by the specific application.

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 thermometers. 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
incorporated 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.

Glassware and Plasticware

Until recently, laboratory supplies (e.g., pipettes, flasks, beakers, and burettes)
consisted of some type of glass and could be correctly termed glassware. As
plastic material was refined and made available to manufacturers, plastic has
been increasingly used to make laboratory equipment. 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
thePoint). Regardless of design, most laboratory supplies 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).!41> Those that satisfy Class A ASTM precision criteria are stamped
with the letter “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, and are often found in student laboratories
where durability 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 (borosilicate), 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 tolerances 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 corrosion and breakage, as well as varying flexibility,
has made plasticware 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, polyethylene,
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 appropriate protocols. Should the need arise, however, cleaning 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 distilled water rinses, may
be sufficient. Presoaking glassware 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 recommendations. 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 vessel walls.
Any biologically contaminated labware should be disposed of according to the
precautions followed by that laboratory.

Some determinations, such as those used in assessing heavy metals or assays
associated with molecular testing, require scrupulously clean or disposable
glassware. 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 pipettes should be placed immediately in a container of soapy
water with the pipette tips up. The container should be long enough to allow the
pipette tips to be covered with solution. A specially designed pipette-soaking jar
and washing/drying apparatus are recommended. For each final water rinse,
fresh reagent grade water should be provided. If possible, designate a pipette
container for final rinses only. Cleaning brushes are available to fit almost any
size glassware and are recommended for any articles that are washed routinely.

Although plastic material is often easier to clean because of its nonwettable
surface, it may not be appropriate 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 (thePoint) 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 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. When bringing the bottom of the
meniscus to the calibration mark, a pipette 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 inertness, 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 usually held upright by an
octagonal or circular base. The 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).
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FIGURE 1.1 Laboratory glassware.

Pipettes

Pipettes are glass or plastic equipment used to transfer liquids; they may be
reusable or disposable. Although pipettes 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. Table 1.4 outlines the
classification applied here.




|. Design
A. To contain (TC)
B. To deliver (TD)
ll. Drainage characteristics
A. Blowout
B. Self-draining
l1l. Type
A. Measuring or graduated
1. Serologic
2. Mohr
3. Bacteriologic
4. Ball, Kolmer, or Kahn
5. Micropipette
B. Transfer
1. Volumetric
2. Ostwald-Folin
3. Pasteur pipettes
4. Automatic macropipettes or micropipettes

Similar to other laboratory equipment, pipettes 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 pipette and the amount
of any residual liquid left in the pipette tip. Most manufacturers stamp TC or TD
near the top of the pipette to alert the user as to the type of pipette. Like other
TC-designated labware, a TC pipette holds or contains a particular volume but
does not dispense that exact volume, whereas a TD pipette will dispense the
volume indicated. When using either pipette, 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 pipette—without touching the vessel



walls. The pipette is held upright, not at an angle (Fig. 1.2). Using a pipette bulb
or similar device, a slight suction is applied to the opposite end until the liquid
enters the pipette and the meniscus is brought above the desired graduation line
(Fig. 1.3A), and suction is then stopped. While the meniscus level is held in
place, the pipette tip is raised slightly out of the solution and wiped with a
laboratory tissue of any adhering liquid. The liquid is allowed to drain until the
bottom of the meniscus touches the desired calibration mark (Fig. 1.3B). With
the pipette held in a vertical position and the tip against the side of the receiving
vessel, the pipette contents are allowed to drain into the vessel (e.g., test tube,
cuvette, or flask). A blowout pipette has a continuous etched ring or two small,
close, continuous rings located near the top of the pipette. This means that the
last drop of liquid should be expelled into the receiving vessel. Without these
markings, a pipette is self-draining, and the user allows the contents of the
pipette to drain by gravity. The tip of the pipette should not be in contact with the
accumulating fluid in the receiving vessel during drainage. With the exception of
the Mohr pipette, the tip should remain in contact with the side of the vessel for
several seconds after the liquid has drained. The pipette is then removed (Fig.
1.2).
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FIGURE 1.2 Correct and incorrect pipette positions.
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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.



FIGURE 1.4 Disposable transfer pipettes.

Measuring or graduated pipettes are capable of dispensing several different
volumes. Measuring pipettes are used to transfer reagents and to make dilutions
and can be used to repeatedly transfer a particular solution. Because the
graduation lines located on the pipette may vary, they should be indicated on the
top of each pipette. For example, a 5-mL pipette can be used to measure 5, 4, 3,
2, or 1 mL of liquid, with further graduations between each milliliter. The pipette
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 pipette, such as a 1-mL pipette, may be
designed to dispense 1 mL and have subdivisions of hundredths of a milliliter.
The markings at the top of a measuring or graduated pipette indicate the
volume(s) it is designed to dispense. The subgroups of measuring or graduated
pipettes are Mohr, serologic, and micropipettes. A Mohr pipette does not have
graduations to the tip. It is a self-draining pipette, but the tip should not be
allowed to touch the vessel while the pipette is draining. A serologic pipette has
graduation marks to the tip and is generally a blowout pipette. A micropipette is
a pipette with a total holding volume of less than 1 mL; it may be designed as
either a Mohr or a serologic pipette.

G rre B

Total volume Major divisions

FIGURE 1.5 Volume indication of a pipette.



The next major category is the transfer pipettes. These pipettes are designed
to dispense one volume without further subdivisions. Ostwald-Folin pipettes are
used with biologic fluids having a viscosity greater than that of water. They are
blowout pipettes, indicated by two etched continuous rings at the top. The
volumetric pipette is designed to dispense or transfer aqueous solutions and is
always self-draining. The bulb-like enlargement in the pipette stem easily
identifies the volumetric pipette. This type of pipette 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 prior to
cleaning. Disposable transfer pipettes may or may not have calibration marks
and are used to transfer solutions or biologic fluids without consideration of a
specific volume. These pipettes should not be used in any quantitative analytic
techniques (Fig. 1.4).

The automatic pipette is the most routinely used pipette in today's clinical
chemistry laboratory. Automatic pipettes come in a variety of types including
fixed volume, variable volume, and multichannel. The term automatic, as used
here, implies that the mechanism that draws up and dispenses the liquid is an
integral part of the pipette. It may be a fully automated/self-operating,
semiautomatic, or completely manually operated device. Automatic and
semiautomatic pipettes have many advantages, including 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 pipette (e.g., the tips) often being
disposable. Figure 1.6 illustrates many common automatic pipettes. A pipette
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 pipette is 0.5 pL to 1,000 pL. A pipette
with a pipetting capability of less than 1 mL is considered a micropipette, and a
pipette that dispenses greater than 1 mL is called an automatic macropipette.
Multichannel pipettes are able to attach multiple pipette tips to a single handle
and can then be used to dispense a fixed volume of fluid to multiple wells, such
as in delivery to a multiwell microtiter plate. In addition to classification by
volume delivery amounts, automatic pipettes can also be categorized according
to their mechanism: air-displacement, positive-displacement, and dispenser
pipettes. An air-displacement pipette 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 pipette
operates by moving the piston in the pipette 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 pipettes that obtain the liquid
from a common reservoir and dispense it repeatedly. The dispensing pipettes
may be bottle-top, motorized, handheld, or attached to a dilutor. The dilutor
often combines sampling and dispensing functions. Many automated pipettes use
a wash between samples to eliminate carryover problems. However, to minimize
carryover contamination with manual or semiautomatic pipettes, careful wiping
of the tip may remove any liquid that adhered to the outside of the tip before
dispensing any liquid. Care should be taken to ensure that the orifice of the
pipette tip is not blotted, drawing sample from the tip. Another precaution in
using manually operated semiautomatic pipettes is to move the plunger in a
continuous and steady manner. These pipettes should be used according to the
individual manufacturer's directions.
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FIGURE 1.6 (A) Adjustable volume pipette. (B) Fixed volume pipette with
disposable tips. (C) Multichannel pipette. (D) Multichannel pipette in use.

Disposable one-use pipette tips are designed for use with air-displacement
pipettes. The laboratory scientist should ensure that the pipette tip is seated
snugly onto the end of the pipette and free from any deformity. Plastic tips used
on air-displacement pipettes can vary. Different brands can be used for one
particular pipette but they do not necessarily perform in an identical manner.
Tips for positive-displacement pipettes are made of straight columns of glass or
plastic. These tips must fit snugly to avoid carryover and can be used repeatedly
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 pipettes, 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.!”-!® Calibration of pipettes is done to verify



accuracy and precision of the device and may be required by the laboratory's
accrediting agency. 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 pipette should be used only if it is within +1.0% of the expected value
following calibration.

Materials

Pipette
10 to 20 pipette 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 evaporation, 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 pipette to be tested, draw up the specified 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.

6. Record the weight of the vessel.

7. Subtract the weight obtained in step 3 from that obtained in step 6.
Record the result.

8. If plastic tips are used, change the tip between each dispensing.
Repeat steps 1 to 6 for a minimum of nine additional times.

9. curacy or the ability of the pipette to dispense the Obtain the
average or mean of the weight of the water. Multiply the mean
weight by the corresponding density of water at the given
temperature and pressure. At 20°C, the density of water is 0.9982.

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

Mean volume
% 100%
Expected volume (Eq. 1-8)

The manufacturer usually gives acceptable limitations for a
particular pipette, 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 coefficient 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
equations to calculate the SD and %CV are as follows:

= 2
& lll (x—Xx)
sD=,—
¥ n-t
%CV = E x 100
X (Eq. 1-9)

Required imprecision is usually £1 SD. The %CV will vary with the
expected volume of the pipette, but the smaller the %CV value, the
greater the precision. When n is large, the data are more statistically



valid. 1923

Although gravimetric validation is the most desirable method, pipette
calibration may also be accomplished by using photometric methods,
particularly for automatic pipetting devices. When a spectrophotometer is used,
the molar absorptivity 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 pipette. Another photometric technique used to assess
pipette accuracy compares the absorbances of dilutions of potassium dichromate,
or another colored liquid with appropriate absorbance spectra, 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 pipettes be checked initially and
subsequently three or four times per year, or as dictated by the laboratory's
accrediting agency. Many companies offer 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.

Syringes

Syringes are sometimes used for transfer of small volumes (< 500 pL) in blood
gas analysis or in separation techniques such as chromatography or
electrophoresis (Fig. 1.7). 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 or high-pressure
liquid chromatographic system. In electrophoresis work, however, disposable
Teflon tips may be used.
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FIGURE 1.7 Microliter glass syringe.

Desiccators and Desiccants

Many compounds combine with water molecules to form loose chemical
crystals. The compound and the associated water are called a hydrate. When the
water of crystallization 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 water from the atmosphere to cause dissolution, they are known
as deliquescent substances. Closed and sealed containers that contain desiccant
material are referred to as desiccators and 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

A properly operating balance is essential in producing high-quality reagents and
standards. However, because many laboratories discontinued in-house reagent
preparation, balances may no longer be as widely used. Balances are classified
according to their design, number of pans (single or double), and whether they
are mechanical or electronic or classified by operating ranges.

Analytic and electronic balances are currently the most popular in the



clinical laboratory. Analytic balances (Fig. 1.8) are required for the preparation
of any primary standard. It has a single pan enclosed by sliding transparent
doors, which minimize environmental influences on pan movement, 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.

i
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FIGURE 1.8 Analytic balance.

Electronic balances (Fig. 1.9) 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
balance, with the advantage of a fast response time (< 10 seconds).



FIGURE 1.9 Electronic top-loading balance.

Test weights used for calibrating balances should be selected from the
appropriate ANSI/ASTM Classes 1 through 4.2 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.

CENTRIFUGATION

Centrifugation is a process in which centrifugal force is used to separate solid
matter from a liquid suspension. It is used to prepare samples, blood and body
fluids, in clinical chemistry for analysis and also to concentrate urine sediment in
urinalysis for microscopic viewing. When samples are not properly centrifuged,
small fibrin clots and cells can cause erroneous results during analysis. The
centrifuge separates the mixture based on mass and density of the component
parts. It consists of a head or rotor, carriers, or shields 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; new models will have a locking lid for safety 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 speed of the
centrifuge is related to the RCF by the following equation:

RCF = 1.118 x 10° xr x (rpm)’ (Eq. 1-10)

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 thePoint. Centrifuge
classification is based on several criteria, including benchtop (Fig. 1.10A) or
floor model; refrigeration, rotor head (e.g., fixed, hematocrit, cytocentrifuge,
swinging bucket [Fig. 1.10B], or angled Fig. 1.10); or maximum speed attainable
(i.e., ultracentrifuge). Centrifuges are generally used to separate 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.




FIGURE 1.10 (A) Benchtop centrifuge. (B) Swinging-bucket rotor.

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
excessive 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 approximate 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” (Fig. 1.12). Exact positioning of
tubes depends on the design of the centrifuge holders.



FIGURE 1.11 Properly balanced centrifuge. Colored circles represent
counterbalanced positions for sample tubes.
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FIGURE 1.12 Properly loaded centrifuge.

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 if the hole is
uncovered. Accreditation agencies require periodic verification of centrifuge
speeds.

LABORATORY MATHEMATICS AND
CALCULATIONS

Significant Figures

Significant figures are the minimum number of digits needed to express a
particular value in scientific notation without loss of accuracy. There are several
rules in regard to identifying significant figures:

1. All nonzero numbers are significant (1, 2, 3, 4,5, 6, 7, 8, 9).

2. All zeros between nonzero numbers are significant.

3. All zeros to the right of the decimal are not significant when followed by a
nonzero number.

4. All zeros to the left of the decimal are not significant.

The number 814.2 has 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 notation expression for this value is 6.41 x 1074, The zeros
to the right of the decimal preceding the nonzero digits 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
Logarithms are the inverse of exponential functions and can be related as such:
x =A% or B = log, (x)

This is then read as B is the log base a of X, where B must be a positive
number, A is a positive number, and A cannot be equal to 1. Calculators with a



log function do not require conversion to scientific notation.

To determine the original number from a log value, the process is done in
reverse. This process is termed the antilogarithm. Most calculators require that
you enter this value, use an inverse or secondary/shift function, and enter log. If
given a log of 3.1525, the resulting value should be 1.424 x 103. Consult the
specific manufacturer's directions of the calculator to become acquainted with
the proper use of these functions.

pH (Negative Logarithms)
In certain circumstances, 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 the negative log of the hydrogen ion concentration. The following is a
convenient formula to determine the negative logarithm when working with pH
or pK,:

ﬂ =x — logN

PK, (Eq. 1-11)

where x is negative exponent base 10 expressed and N is the decimal portion
of the scientific notation expression.

For example, if the hydrogen ion concentration of a solution is 5.4 x 1075,
then x = 6 and N = 5.4. Substitute this information into Equation 1-11, and it
becomes

pH = 6-log5.4 (Eq. 1-12)
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_13)

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

52T =x —Iﬂgf\'r (Eq. 1_14)

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



527 = f)—lﬂgf\'r (Eq. 1_15)

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 Equations 1-16 through 1-18. Multiply all the variables by —1:
(~1)(5.27) = (-1)(6) - (~1)(logN)
=527 = =6 + ]l]g.-?\r (Eq ]_—]_6)

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

6 — 527 = logN
ﬂ.?j — Iﬂgj'\'r (Eq 1_17)

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

Antilog 0.73 = N; N = 5.37 = 54 (Eq. 1-18)

The hydrogen ion concentration for a solution with a pH of 5.27 is 5.4 x
1075, Many scientific calculators have an inverse function that allows for more
direct calculation of negative logarithms.

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.

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 independent
of the molecular weight of a substance.

Example 1.1Weight/Weight (w/w)




To make up 250 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 5% aqueous solution can be expressed as

— = 0.050
100 (Eq. 1-19)

5% =

Therefore, the calculation becomes

0.050 x 250 = 12.5g of 12M HCl g0 1)

Another way of arriving at the answer is to set up a ratio so that
Desired solution concentration = Final product of 12 M HCI
5 X
100 250
x =125 (Eq. 1_21)

Example 1.2Weight/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.
Restate the w/v as a fraction:

10% = —28_ _ 0.10
00 mL

Then, the calculation becomes 0.10 x 1,000 mL =100 g

or setting up a ratio so that

10g X

100mL 1,000 mL
X lllﬂg (Eq 1_22)

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

Example 1.3Volume/Volume (v/v)




Make up 50 mL of a 2% (v/v) concentrated hydrochloric acid solution.

2mL
Restate 2% as a fraction = .02
) mL

Then, the calculation becomes
0.02 x S0mL = 1mL
or using a ratio

2mL Xx
100 S0 mL

x =1mL (Eq 1_23)

Therefore, add 40 mL of reagent grade water to a 50-mL Class A
volumetric 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 milliliter (mmol/mL). Remember that 1 mol of a
substance is equal to the gmw (gram molecular weight) of that substance. When
trying to determine the amount of substance needed to yield a particular
concentration, initially decide what final concentration 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 cancel each
other out, leaving only those needed 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 molarity (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 solution 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 problem. In this case,
moles are also needed for the calculation: 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

3%65gHA 2mol  73g HA

ol L L (Eq. 1-24)

Cancel out like units, and the final units should be grams per liter. In
this example, 73 g HCI per liter is needed to make up a 2 M solution of
HCL

Example 1.5

A solution of NaOH is contained within a Class A 1-L volumetric flask
filled to the calibration mark. The content 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 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 j! NaOH 1 mol mol

> = )
L 40 g NaOH L

(Eq. 1-25)

By canceling out like units and performing the appropriate calculations,
the final answer of 0.6 M or 0.6 mol/L is derived.

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:

365gHO  48mol HA 250 mL x W
mol ¥ 1,000 i,
=43.8¢gHC] (Eq. 1-26)

In a 250-mL Class A volumetric flask, add 200 mL of reagent grade
water. Add 43.8 g of HCl 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
chemistry situations, regardless of whether the problem requests molarity
and normality or exchanging one concentration 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

equivalent 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/mol, valence = 1)

un

8g

=58 g per equivalent weight

L (Eq. 1-27)



2. H,SO, (gmw = 98 g/mol, valence = 2)

08¢ . .
=49 ¢ per equivalent weight

_x (Eq. 1-28)

Example 1.8

What is the normality of a 500 mL solution that contains 7 g of H,SO,? 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. (There are 49 g per equivalent
—see Equation 1-28 above.)

Step 3: Rearrange the equation so that like terms cancel out, leaving Eq/L.
This equation is

7¢ H,50, 1 Eq 1,000 w1,
* >
500mL 494 H,S0, 1L
=0.285Eq/L = 0.285N (Eq. 1-29)

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

Example 1.9

What is the normality of a 0.5 M solution of H,SO,? Continuing with the
previous approach, the final equation is

0.5 mol H,S0, 98 ¢H,SO, 1EqH,SO,

J/, . P"ﬁTHzSﬂJ g 49 %Hzm‘
=1Eq/L = IN (Eq. 1-30)

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



MxV =N (gq.1-31)

where V is the valence of the compound. Using this formula, Example
1.9 becomes

0.5M x 2 = IN (Eq. 1-32)

Example 1.10

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

25EqHO _ 36.5g Hel . Lmol HO
L 1 BEq 36.5g HeT
=2.5mol/LHCI (Eq. 1-33)

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

MxV=25N
V=1
M= . = 25N
1 (Eq. 1-34)

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.

Specific Gravity

Density is expressed as mass per unit volume of a substance. 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 scientist a means
of expressing density in terms of volume. 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



multiplied by the assay or percent purity value (expressed as a decimal) stated
on the label of the container.

Example 1.11

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

1.19g/mL x 0.37 = 0.44g/mL of HCl (Eq. 1-35)

Example 1.12

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 mol HCI 1,000 T

x
i 36.5gHCl L

=12.05mol/L or 12M (Eq 1—36)

Conversions

To convert one unit into another, the same approach of canceling 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 1.13

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 final units wanted are mmol/L. The equation
becomes



8.2mg . 141 Xl,{H}i},m‘lj L mmol
o 100 1. L 40 ;g

~ 2.05 mmol
L (Eq. 1-37)

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 where V| is the volume of the first

substance, C is the concentration of the first substance, V; is the volume of
the second substance, and C, is the concentration of the second substance:

VI XCI = Vl X(_:J (Eq 1_38)

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 1.14

What volume is needed to make 500 mL of a 0.1 M solution of Tris buffer
from a solution of 2 M Tris buffer?

Identify the known values:

Concentration of initial substance (C;) =2 M
Volume of the product (V,) = 500 mL
Concentration of the product (C,) =0.1 M
And the equation becomes:

V, x2M = 0.1M x 500 mL
(V,)(2M) = (0.1M)(500 mL); (V, )(2M) = 50 mL

S50 mL

Therefore, V, =

y = 25ml

2 " (Eq. 1-39)



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 laboratory 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 1.15

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

1-88- mmol " L 3 i
L 3,600 mmol 30 (Eq. 1_40)

The dilution factor indicates that the ratio of stock material is 1 part
stock made to a total volume of 30 mL. To actually make this dilution, 1 mL
of stock is added to 29 mL of diluent to achieve a total final volume of 30
mL. Note that the dilution factor indicates the parts per total amount;
however, in making the dilution, 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.



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, the dilution factor, to get
the final concentration. The dilution factor is the reciprocal of the dilution.
Stating the dilution factor is % 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
expressions. 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
recommended 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 1.16

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
determine the amount of stock needed. The equation becomes

Ipart  xmL
30parts 150 mL

x =5mL (Eq 1_41)

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 volume to diluent volume equal to 5/145. Recall
that the dilution 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 1.17




Many laboratory scientists like using (V;)(C;) = (V,)(C,) for simple dilution

calculations. This is acceptable, 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 mmol/L)
= (150 mL)(100mmol /L)

x=5:150 — 5 = 145mL of diluent

should be added to SmL of stock (Eq. 1-42)

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.

Example 1.18

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):

100 pL of serum added to 900 pL of saline
20 pL of serum added to 180 pL of saline
1 mL of serum added to 9 mL of saline

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, subtract 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
known, multiply the diluent parts needed to obtain the correct volume.

Example 1.19

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:

¥ A 1
2g/dl = — = Dilution factor

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 1.20.

1 } Stock “part” or volume

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

4

5

FIGURE 1.13 Simple dilution. Consider this diagram depicting a substance
having a 1/5 dilution factor. The dilution factor represents 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.

Example 1.20

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.

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

¢ Add 0.100 mL of stock (1 part) to 0.400 mL of diluent (4 parts x 0.100
mL).

e Add 0.200 mL of stock (1 part) to 0.800 mL of diluent (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 1.21

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 1.22

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 concentration, the inverse of
the dilution is used, and the actual serum creatinine value is

2 x 8.6 mg/dL = 17.2 mg/dL (Eq. 1-44)

Serial Dilutions

A serial dilution may be defined as multiple progressive dilutions ranging from
more concentrated solutions to less concentrated solutions. Serial dilutions are
extremely 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 laboratory 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 dilution factor, the final concentration needed, and the support
materials required.

Example 1.23

A three tube, twofold serial dilution is to be made on a sample. To start, the
tubes must be labeled. It is arbitrarily decided that the total volume for each
dilution is to be 1 mL. Into the first tube, 0.5 mL of diluent is added and
then 0.5 mL of patient sample. This satisfies the “twofold” or 1:2 dilution
for tube 1. In the next tube, 0.5 mL of diluent is again added, along with 0.5
mL of well-mixed liquid from tube 1. This satisfies the 1:2 dilution in tube
2, bringing the total tube dilution to 1:4. For the third tube, 0.5 mL of
diluent is added, along with 0.5 mL of well-mixed liquid from tube 2. This
satisfies the 1:2 dilution within the tube but brings the total tube dilution to
1:8. The calculation for these values is

Dilution Tube 1 % ¥ Dilution Tube 2

b | bt

1
= E total tube dilution Tube 2

(Eq. 1-45)

Making a 1:2 dilution of the 1:4 dilution will result in the next dilution
(1:8) in Tube 3. To establish the dilution factor needed for subsequent
dilutions, it is helpful to solve the following equation for (x):

Stock/preceding concentration x (x)

= (final dilution factor) (Eq. 1-46)

Refer to Figure 1.14 for an illustration of this serial dilution.

1 mL 1mL
P el 1:2 / 1:4
mixture- mixture
primary #2
dilution 1:4

1mL
1:4 mixture

1 mL primary [Esie:
1 mL serum }diluiinn m

- 1 mL diluent 1 mL diluent '

FIGURE 1.14 Serial dilution.

1 mL diluent



Example 1.24

Another type of dilution combines several dilution factors that are not
multiples of one another. In our previous 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. 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 (x) = 1:200
where (x) = 2(or 1 part stock to 1 part diluent) (Eq. 1-47)

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 contains 2 mL, the volume of diluent in the tube is divided by
its parts, which is 4; thus, 500 pL, 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 gmw for
these chemicals, the attached water molecule(s) must be included.

Example 1.25

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,-5H,0 (.5 mol
X 4 e =125 g/L

o X (Eq. 1-48)

Cancel out like terms to obtain the result of 125 g/L.. A reagent protocol
often designates the use of an anhydrous form of a chemical; frequently,
however, all that is available is a hydrated form.

Example 1.26

A procedure requires 0.9 g of CuSO,. All that is available 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

@ = (.64, or 64%

250 (Eq. 1-49)

Therefore, 1 g of CuSO,-5H,0O contains 0.64 g of CuSO, so the
equation becomes

0.9 g CuSO, needed
0.64 CuS0O,in CuSO, -5H,0
= L41g Cus0, -5H,0 required (Eq. 1-50)




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 = abe (Eq 1_51)

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 species remain unaltered during the analysis. In practice, however,
there are limits to the predictability of a linear response. 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 graph of Beer's
law, known as a standard graph or curve. This graph is made by plotting
absorbance versus the concentration of known standards (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. By convention in the clinical
laboratory, concentration is usually plotted on the x-axis. On a standard graph,
only the standard and their associated absorbances are plotted.

Absorbance

1 2 3 4 b
Concentration

Unknown absorbance = 0.250
Concentration from graph = 3.2



FIGURE 1.15 Standard curve.

Once a standard graph has been established, it is permissible to run just one
standard, or calibrator, as long as the system remains the same. One-point
calculation or calibration refers to the calculation of the comparison 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, )
Absorbance of standard (A_)
Concentration of unknown {(.'“]

Absorbance of unknown {.a'iuj (E q 1_52)

Solving for the concentration of the unknown, the equation becomes

A (Eq. 1-53)

Example 1.27

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 absorbance 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)

Ln

£ 25g/dL
(0.400) (Eq. 1-54)

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 unstable. Regulatory agencies often prescribe the
condition of verification as well as how often the linearity needs to be
checked.

Enzyme Calculations



Another application of Beer's law is the calculation of enzyme assay results.
When calculating enzyme results, the rate of change in absorbance is often
monitored continuously during the reaction to give the difference in absorbance,
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
absorptivity constant and absorbance, in this case AA, are given, Beer's law can
be used to calculate the enzyme concentration directly without initially needing a
standard graph, as follows:

A = abC
A

ab  (Eq. 1-55)

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
P ==

€ (Eq. 1-56)

For reporting enzyme activity, the IU, or international unit, 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, and IU/L were adopted by many clinical laboratories to represent the IU.
Although the reporting 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
equivalent 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

~ (AA)10°(TV)
(e)(B)(SV) (Eq. 1-57)




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 pmol 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.

Example 1.28

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 temperature are also kept at 30°C. The assay calls for 1 mL of
reagent and 0.050 mL of sample. Give the enzyme activity results in
international units.

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

2 (0.250)(10 *)(1.050 mL))

i : = 430U
(12.2x10%)(1)(0.050 mL)

(Eq. 1-58)

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

SPECIMEN CONSIDERATIONS

The process of specimen collection, handling, and processing remains one of the
primary areas of preanalytic 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
procedures used for proper collection, transport, and processing 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)%? specifies that procedures
for specimen submission and proper handling, including the disposition of any
specimen 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 collection device or a stoppered evacuated tube.
These tubes come in different volume sizes: from pediatric sizes (150 pL) to
larger 5 mL tubes. The most frequent site for venipuncture is the medial
antecubital vein of the arm. A tourniquet made of pliable nonlatex rubber flat
band or tubing is wrapped around the arm, causing cessation of blood flow and
dilation of the veins, making for easier detection. 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. Routine venipuncture uses a 23- or 21-gauge needle. An
intravenous (IV) infusion set, sometimes referred to as a butterfly because of the
appearance of the setup, may be used whenever the veins are fragile, small, or
hard to reach or find. The butterfly is attached to a piece of tubing, which is then
attached to a hub or barrel. Because of potential needlesticks and cost of the
product, 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 IV site should be sought. The
initial sample drawn (5 mL) should be discarded because it is most likely
contaminated with I'V fluid and only subsequent sample tubes should be used for
analytic purposes.

In addition to venipuncture, blood samples can be collected using a skin
puncture technique that customarily involves the outer area of the bottom of the
foot (a heel stick) for infants or the fleshy part of the middle of the last phalanx
of the third or fourth (ring) finger (finger stick). A sharp lancet device is used to
pierce the skin and an appropriate capillary or microtainer tubes are 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 vacuum tube containing an
anticoagulant. Complete mixing of the blood immediately following
venipuncture is necessary to ensure the anticoagulant can adequately inhibit the
blood's clotting factors. As whole blood sits or is centrifuged, 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 in
forming a clot incorporating 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 clinical 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 samples be allowed to
completely clot (%20 minutes) before being centrifuged. Plasma samples also
require centrifugation but do not need to allow for clotting time and their use can
decrease turnaround time for reporting results.

Before separation... Separation

—t—— PLASMA
Anticoagulant present—plasma

Whole blood | . : contains fibrinogen

(if anticoagulant | —— SERUM

present) : p— Mo anticoagulant present
= —— CLOT

Formed encapsulating cells

FIGURE 1.16 Blood sample. (A) Whole blood. (B) Whole blood after
separation.

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 1,000 to 2,000 g but should avoid mechanical destruction of red cells
that can result in hemoglobin release, called hemolysis.

Arterial blood samples measure blood gases (partial pressures of oxygen
and carbon dioxide) and pH. Syringes containing heparin anticoagulant are used
instead of evacuated tubes because of the pressure in an arterial blood vessel.
The radial, brachial, and femoral arteries are the primary arterial sites. Arterial
punctures are more difficult to perform because of inherent arterial pressure,
difficulty in stopping bleeding afterward, and the undesirable development of a
hematoma, which cuts off the blood supply to the surrounding 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
material 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.

Proper patient identification is the first step in sample collection. The
importance of using the proper collection 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 (which is
then soap and water only as the disinfectant).

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 collected 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 container 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 the
serum or plasma in a specified time interval and urine volume (often correcting
for the surface area).

Other body fluids analyzed by the clinical chemistry laboratory include
cerebrospinal fluid (CSF), paracentesis 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 microbiology) and centrifugation could
invalidate certain tests in those areas.



CSF is an ultrafiltrate of the plasma and will, ordinarily, 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 concurrently 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
procurement, transport, and analysis.

Amniotic fluid is used to assess fetal lung maturity, 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).

Sample Processing

When samples arrive in the laboratory, they are first processed. In the clinical
chemistry laboratory, this means correctly matching the blood collection tube(s)
with the appropriate test requisition and patient identification labels. This is a
particularly sensitive area of preanalytic error. Bar code labels on primary
sample tubes are vital in detecting errors and to minimizing clerical errors at this
point of the processing. The laboratory scientist must also ascertain 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 (i.e.,
was it collected in the correct evacuated tube), 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). 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 analyzed 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 exception of



alkaline phosphatase (increases) and lactate dehydrogenase (decreases as a result
of temperature labile fractions). Samples may be frozen at —20°C and stored for
longer periods without deleterious effects on the results. Repeated cycles of
freezing and thawing, 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 collection, 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 individuals outside of the
laboratory. The best course of action is to critically assess or predict the weak
areas, identify potential problems, and put an action plan in place that contains
policies, procedures, or checkpoints throughout the sample's journey to the
laboratory scientist who is actually performing the test. Good communication
with all personnel involved helps ensure that whatever plans are in place meet
the needs of the laboratory 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). Samples may be drawn on patients who
are fasting (usually overnight for at least 8 hours). 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 physician office personnel.
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 access to this information and the interest in this
type of interference only arises when the physician questions a result. Some
frequently encountered influences are smoking, which causes an increase in
glucose as a result of the action of nicotine, growth hormone, cortisol,
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 creatine kinase and the skeletal muscle fraction of
lactate dehydrogenase. Opiates, such as morphine or meperidine, 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 discussed under
specimen processing. Clerical errors are the most frequently encountered,
followed by inadequate separation of cells from serum, improper storage, and
collection.

Factor Examples of Analytes Affected
Age Creatinine clearance, hormone levels (| with age)
Gender (1 males): albumin, ALP, creatine, Ca?*, uric acid, CK, AST, phosphate (PO,), blood urea

Diurnal variation

Day-to-day variation
Recent food ingestion

Posture
Activity

Stress
Race

Require fasting

Anaerobic and require
ICE slurry (immedi-
ate cooling)

Hemolysis

ALP, alkaline

nitrogen, Mg?*, bilirubin, cholesterol

(1 females): Fe, cholesterol, y-globulins, a-lipoproteins

1 in am: ACTH, cortisol, Fe, aldosterone

1 in pm: ACP, growth hormone, PTH, TSH

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

1 glucose, insulin, triglycerides, gastrin, ionized Ca®*

| chloride, phosphorus, potassium, amylase, ALP

1 when standing: albumin, cholesterol, aldosterone, Ca®*

1 in ambulatory patients: CK

1 with exercise: lactic acid, creatine, protein, CK, AST, LD, K+, glucose

| with exercise: cholesterol, triglycerides, pH

1 ACTH, cortisol, catecholamines, TSH

TP 1 (black), albumin | (black); IgG 40% 1, and IgA 20%1 (black male vs. white male); CK/
LD 1 black males; 1 cholesterol and triglycerides > white >40 years old (glucose incidence
diabetes in Asian, Black, Native American, Hispanic)

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

Lactic acid, ammonia, blood gas (if not analyzed within 30 min = | pH, and pO,), iCa*?
(heparinized whole blood if not analyzed within 30 min)

1 K*, ammonia, POy, Fe, Mg?, ALT, AST, LD, ALP, ACP, catecholamines, CK (marked
hemolysis)

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, K+, potassium.

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
be collected and then sealed with 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 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, coding, billing, and other data management systems
have caused much debate regarding appropriate standards needed in terms of
both reporting guidelines and safeguards to ensure privacy of the data and
records. Complicating matters is that there are many different data management
systems in use by health care agencies 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 own coding systems for laboratory observations.
There are also additional proprietary systems in use, adding to the confusion. In
an attempt to standardize these processes and to protect the confidentiality of
patient information 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-10 is
currently in place. 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, which 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 80,000 and 89,000. 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 associated 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 pertinent 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.?®




Name and address of laboratory performing the analy-
sis including any reference laboratories used

Patient name and identification humber 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
interferences that may alter interpretation

For additional student resources, please visit Point” at
http://thepoint.lww.com

questions

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. 3.45M
b. 1.72M
c. 290M

d. 5.27M

. 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 g.

a. 3.45


http://thepoint.lww.com

b. 0.86

C.

1.72

d. 69

What is the percent (w/v) for a solution containing 100 g of NaCl made up to
500 mL with distilled water?

a.
b.

C.

20%
5%
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.
b.
c.
d.

1:50r 1/5
5

50 or 1/50
10

What is the value in mg/dL for a solution containing 10 mg of CaCl, made
with 100 mL of distilled water?

a.
b.
c.
d.

10
100
50

Cannot determine without additional information

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 g.

a. 9x107*
b. 1.1x1073
c. 11.1

d. 90

You must make 1 L of 0.2 M acetic acid (CH;COOH). 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. 342

d. 12.01

What is the hydrogen ion concentration of an acetate buffer having a pH of
3.85?

a. 1.41x10™
b. 3.90x 107!
c. 0.048

d. 0.15x107°
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.

14.7/1
1/8.6
1.17/1

d. 1/4.3
0. The pK, for acetic acid is 4.76. If the concentration of salt is 2 mmol/L and

that of acetic acid is 6 mmol/L, what is the expected pH?
a. 4.43

b. 6.19

c. 104

d. 56
1. The hydrogen ion concentration of a solution is 0.000439. What is the pH?

a. 3.36
b. 4.39x107°
c. 4.39

d. 8.03
2. Perform the following conversions:

o =P

a. 4x10°mg=g
b. 1.3x10°mL =dL
c. 0.02mL = pL

d. 5x1073mL = pL
e. 5x102L=mL



7.

f. 4cm=mm
What volume of 14 N H,SO, is needed to make 250 mL of 3.2 M H,S0,

solution? Assume a gram molecular weight of 98.08 g.
a. 114 mL

b. 1.82 mL
c. 1.75mL
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 analyte 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 following labels would be most
appropriate for this procedure?

a. ACS with no impurities listed
USP

NF

CP

ACS with impurities listed
When selecting quality control reagents for measuring an analyte in urine,
the medical technologist should select:

ec an o



8.

9.

a. A quality control reagent prepared in a urine matrix.
b.
C
d

A quality control reagent prepared in a serum matrix.

. A quality control reagent prepared in deionized water.

The matrix does not matter; any quality control reagent as long as the
analyte of measure is chemically pure.

A patient's serum sample was placed on the chemistry 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.
b.
c.

d.
e.

Deionized water

Tap water

Another patient's serum with confirmed, low levels of CK
Type III water

Type I water

True or False? Laboratory liquid-in-glass thermometers should be calibrated
against an NIST-certified thermometer.

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

a.
b.
c.
d.

Volumetric flask
Erlenmeyer flask

Griffin beaker
Graduated cylinder

Which of the following does NOT require calibration in the clinical
laboratory?

a.
b.
c.

d.

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

a.

b.

Electronic balance
Liquid-in-glass thermometer
Centrifuge

Volumetric flask
Air-displacement pipette

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

The blood was not permitted to clot and spun in a centrifuge after 6



minutes of collection.

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 collected prior to the red clot
tube.
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Chapter Objectives

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

Discuss safety awareness for clinical laboratory personnel.

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

Identify hazards related to handling chemicals, biologic specimens, and radiologic materials.
Choose appropriate personal protective equipment when working in the clinical laboratory.
Identify the classes of fires and the types of fire extinguishers 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.

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

Outline the steps required in documentation of an accident in the workplace.

For additional student resources, please visit Point’” at http://thepoint.lww.com
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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, compressed 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 laboratory
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 legislation, the Occupational Safety
and Health Administration (also known as OSHA) is authorized to conduct on-
site inspections to determine whether an employer is complying 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 laboratory 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 materials
should be reviewed. Assistance can be obtained from local libraries, the Internet,
and federal, state, and local regulatory agencies. The primary standards
applicable 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
exposures 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 personal protective equipment (PPE) are
foremost among these infection control measures. The universal precautions
concept is basically an approach to infection control 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 managing laundry and infectious
wastes. Employee information 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 OSHA's 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 the Hazard Communication Standard regarding its application
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
engineering 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 laboratory 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 excellent general
laboratory safety and infection control guidelines in their documents GP17-A3
(Clinical Laboratory Safety; Approved Guideline, Second Edition) and M29-A4
(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; formerly 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 directives have been emplaced
regarding enhanced security 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
respective 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 laboratories do surpass
the thresholds for radiological and biological agents. Management and
employees must be 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
(Nuclear Regulatory Commission [NRC] Security Orders and Increased
Controls for licensees holding sources above Quantities of Concern), and
biological (Select Agents and Toxins, 42 CFR 73) agents. Most security
measures involve restriction of access to only approved or authorized
individuals, assessment of security 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 responsibility. 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 laboratory managers and supervisors.
In order to ensure clarity and consistency, safety management in the laboratory
should start with a written safety policy. Laboratory supervisors, 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 medical surveillance to
employees.

e Provide and maintain equipment and laboratory facilities 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 conduct in the laboratory is a vital factor in the
achievement of a workplace without accidents or injuries.

Employee's Responsibilities

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

e Have a positive attitude toward supervisors, coworkers, facilities, and safety
training.

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

e 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 also to identify specific hazards that may arise
because of emergencies such as fire or explosion. The National Fire Protection



Association (NFPA) developed a standard 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
(yellow quadrant), and other special information (white quadrant). In addition,
each quadrant shows the magnitude 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.)

®
Cat. C4324-56L Qty. 5 gallons (18.91) mwm s TO-®
Baxter DANGER! POISON -
] =g When using, the following salety precautions are recommended:
Scientific Products BT s e
P Methyl Alcohol gl
LAB COAT, APRON ﬁ
E% & GLOVES SY Fne
(Methanol - Anhydrous) Sarr hesthcr et FLAMMABLE » VAPOR HARMFUL » :;":ISF:::L oA :
@ CH,OH FW 32.04 Vi P, . S0088-6787 USA CAUSE BLINDNESS IF SWALLOWED  CANNOT BE mnﬁ}
For Laboratory Use e RIS+ BosPTORARCALL SECTE
Store at 68-86°F (20-30°C) Wade in LISA |

Keep away fmm mru and fame. Kstp w\umﬁnw cased and upnght 1o
. vl it zkage. ahing vapar or spriy misd, comact with ayes, $on and
Flash Point: 11=C (52°F Closed Cup) Chtting, Use only wih sdequatt vordlation, Wash thoroughiy &cr handing, I c35€ of
Maximum Limits and Specifications Lot Ho. KEAM ® e, e waver spray, alcohol o, dry chemical or Oy, In case of spilage, absorb and

4 oy fiysh with karge volumes of water immediatedy.
Mam‘d Alcohol: 93.8% Minimum h,l' volume [FIRST AID: In case of skinm conbsed, Nush with plenty of waler, Ber oy, fsh with

Residue after Evaporation; 0.001% Maximum glenty of water [of 15 Minetzs &nd get mescal alenton. N swallewed, if conseaes,
- induca vomiting by phing two plassss of vees 3nd slicking finger diown Peoil Have
%ﬂ' 0.10% M?’:Imum patiant i down i kBep warm. Cower ayes b extlude gh. Never give anything by
— (B67-56-1); G 15 3N NCONSCOUS . I Inhdled, femove 10 Irash Akt It Recassay, Qi
ewcygen of apply artificial respirabon
WOTE: R is uniawiul fo use this Musd in asy food or drink or in 2y drug or cosmatc for
niemal of exteenal usa. Mot for infermal of extemal use on man of anemal

DOT Description: Methyl Alcohol, Rammable Liquid, UN1230

FIGURE 2.1 Sample chemical label: (1) statement of hazard, (2) hazard class,
(3) safety precautions, (4) 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 general 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.)

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 protective 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 classification under an internationally
recognized guideline, 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 provisions of the GHS and encourages employers
to begin adopting the program.

ToxiFlam (Contains: XYZ)
Danger! Toxic If Swallowed, Flammable Liquid and Vapor h@.—l
H
Do not eat, drink or use tobacco when using this product. Wash hands 2
thoroughly after handling. Keep container tightly closed. Keep away
from heat/sparks/open flame. - No smoking. Wear protective gloves
and eyefface 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, COs, 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).



All in-house prepared reagents and solutions should be labeled in a standard
manner and include the chemical identity, concentration, hazard warning, special
handling, 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 showers, eyewash stations, and
fire extinguishers and to periodically test and inspect the equipment for proper
operation. It is recommended that safety showers deliver 30 to 50 gallons of
water per minute at 20 to 50 pounds per square in. (psi) and be located in areas
where corrosive liquids are stored or used. Eyewash stations must be accessible
(i.e., within 100 ft or 10 s travel) in laboratory 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 pipetting devices must be used for manipulating all types of
liquids in the laboratory, including water. Mouth pipetting 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, ventilation 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 position) should be 100 to 120 ft 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 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 laboratory 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 biosafety 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.



Applications

Nonvolatile Toxic Volatile Toxic
Face Chemicals and Chemicals and
BSC Class Velocity Airflow Pattern Radionuclides Radionuclides
| 75 In at front through HEPA to the outside  Yes When exhausted
or into the room through HEPA outdoors
I, Al 74S) 70% recirculated to the cabinet work Yes (minute amounts) No
area through HEPA; 30% balance can
be exhausted through HEPA back
into the room or to outside through a
canopy unit
I, B1 100 30% recirculated, 70% exhausted. Yes Yes (minute amounts)
Exhaust cabinet air must pass
through a dedicated duct to the
outside through a HEPA filter
l, B2 100 No recirculation; total exhaust to the Yes Yes (small amounts)
outside through a HEPA filter
I, A2 100 Similar to Il, A1, but has 100 Ifm Yes When exhausted
intake air velocity and plenums are outdoors (formally
under negative pressure to room; “B3”) (minute
exhaust air can be ducted to the amounts)

outside through a canopy unit

BSC, biological safety cabinet; HEPA, high-efficiency particulate air; 1fm, linear
feet per minute. Adapted from Centers for Disease Control and Prevention,
National Institutes of Health. Biosafety in Microbiological and Biomedical
Laboratories. 5th ed. Washington, DC: U.S. Government Printing Office; 2009.

Chemical Storage Equipment

Safety equipment is available for the storage and handling 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, explosion-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 supports 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 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
solution 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 better protection against particular
reagent formulations. Nitrile gloves, for example, offer a wider range of
compatibility with organic solvents than do latex gloves. Laboratory coats,
preferably with knit-cuffed sleeves, should be full length and buttoned and made
of liquid-resistant material. When performing manipulations prone to splash
hazards, the laboratory coat should be supplemented with an impermeable apron
and/or sleeve garters, constructed of suitable material to guard against the
substances. Proper footwear is required; shoes constructed of porous materials,
open-toed shoes, and sandals 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 respiratory protection
standard.

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

Hand washing is a crucial component of both infection control and chemical
hygiene. After removing gloves, hands should be washed thoroughly with soap
and warm water, even if glove breakthrough or contamination 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 wused 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 stations 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 infection. 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 centrifuge is recommended. These sealed vessels can then be
brought to a biosafety cabinet to be opened.

Spills

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

Alert others in area of the spill.

Wear appropriate protective equipment.

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.

e Rinse the spill site with water.

e Dispose off all materials in appropriate biohazard containers.

Bloodborne Pathogens

In December 1991, OSHA issued the final rule for occupational exposure to
bloodborne pathogens. To minimize 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 anticipated 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 biohazardous 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 causative
agent. Special precautions must be taken when handling all specimens because
of the continual increase in the proportion of infectious samples received in the
laboratory. Therefore, in practice, specimens from patients with confirmed or
suspected hepatitis, acquired immunodeficiency syndrome (AIDS), or other
potentially infectious diseases should be handled no differently than other
routine specimens. Adopting a universal precautions 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 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 materials. 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 specimens are those tested as routine screening or for initial
diagnosis. Each type of specimen has rules and packaging requirements. The
DOT guidelines are found in the Code of Federal Regulations, Title 49,
Subchapter C; 1ATA 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 associated 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.

¢ Educate all employees annually on how to interpret chemical labels, SDSs,
and health hazards of the chemicals and how to work safely with the
chemicals.

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

In 2012, OSHA adopted significant changes to the Hazard Communication



Standard to facilitate a standardization of international hazard communication
programs. This new initiative was titled the Globally Harmonized System of
Classification and Labelling of Chemicals, or GHS. The primary improvements
to the program involved more specific criteria for classification of chemicals; a
uniform system of chemical labeling, including intuitive pictographs; and,
replacing the existing Material Safety Data Sheet (MSDS) program with the new
SDS format. These changes were phased in over a 3-year period, with the final
requirements effective in June of 2016.

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 the SDS from the chemical manufacturer or developing an SDS for
each hazardous agent used in the workplace. The information contained in the
SDS must follow a specific format, addressing each of the following 16 items:

Section 1: Identification

Section 2: Hazard identification

Section 3: Ingredients information

Section 4: First aid procedures

Section 5: Fire-fighting procedures

Section 6: Accidental-release measures

Section 7: Handling and storage

Section 8: Exposure controls and personal protection
Section 9: Physical and chemical properties

Section 10: Stability and reactivity

Section 11: Toxicological information

Section 12: Ecological information

Section 13: Disposal considerations

Section 14: Transport information

Section 15: Regulatory information

Section 16: Other information, including date of preparation or last revision

The SDS must provide the specific compound identity, together with all
common names. All information 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.



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 provide 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 reducing exposure of
laboratory personnel to hazardous chemicals. Hazardous chemicals are those that
pose a physical or health hazard from acute or chronic exposure. Procedures
describing how to protect employees 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 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 deleterious effects (local or
systemic) by direct chemical action or interference with the function of body
systems. They can cause acute or chronic effects related to the duration of
exposure (i.e., short-term, or single contact, versus long-term, or prolonged,
repeated contact). Almost any substance, even the most benign seeming, can
pose risk of damage to a worker's 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 solvents, 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 mercury and mercury-containing compounds.
Laboratories should have a policy on mercury reduction or elimination and a
method for legally disposing off mercury. Several compounds, including
formaldehyde and methylene 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, dispensing, 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 acids such as chromic and nitric acid, carbon
tetrachloride 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 chemically. They must be separated for storage, as shown
in Table 2.2.




Substance Stored Separately

Flammable liquids Flammable solids
Mineral acids Organic acids
Caustics Oxidizers
Perchloric acid Water-reactive
substances
Air-reactive substances Others

Heat-reactive substances
requiring refrigeration

Unstable substances
(shock-sensitive explosives)

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 classified according to
flash point, which is the temperature at which sufficient vapor is given off to
form an ignitable 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
solvents are acetone, benzene, ethanol, heptane, isopropanol, 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.

Corrosive Chemicals

Corrosive chemicals are injurious to the skin or eyes by direct contact or to the
tissue of the respiratory 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 standards 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 personnel, 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.



CHEMICAL SPILL

TREATMENT KIT

FIGURE 2.3 Spill cleanup Kkit.

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 monitoring must be emphasized, and
decontamination of laboratory equipment, glassware, and work areas should be
scheduled as part of routine procedures. Records must be maintained as to the
quantity of radioactive material on hand as well as the quantity that is disposed.
A 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 consistently 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 varying 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.

Approximate

Type Wavelength Source Equipment Example Protective Measures

Low frequency >1cm Radiofrequency coil in inductively coupled Engineered shielding and
plasma-mass spectrometer posted pacemaker warning

Microwaves 3 m-3 mm Energy beam microwave used to Engineered shielding

accelerate tissue staining in histology
prep processes

Infrared 750 nm-0.3 cm Heat lamps, lasers Containment and appropriate
warning labels
Visible spectrum 400-750 nm General illumination and glare Filters, diffusers, and
nonreflective surfaces
Ultraviolet 4-400 nm Germicidal lamps used in biologic Eye and skin protection; UV
safety cabinets warning labels
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 oxygen (air). However, recent
research suggests that a fourth factor is present. This factor has been classified as
a reaction chain in which burning continues and even accelerates. 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
established 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
reaction

Fuel

Oxygen

Heat

FIGURE 2.4 Fire tetrahedron.

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 magnesium, sodium, and
potassium

Types and Applications of Fire Extinguishers

Just as fires have been divided into classes, fire extinguishers 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 present special problems, and extinguishment is left to
trained firefighters using special dry chemical extinguishers (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 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.



CLASS OF FIRE TYPE OF EXTINGUISHER OPERATION

A Class A Fires
Use these types of
extinguishers — -
ﬁ Ordinary
Combustibles:
Wood, Paper, P
“ Cloth, atc. ULL
PIN
B | Class B Fires AIM
Use these types of
exfinguishers ———= NDZZ LE
Flammablea
Ligusich
L Grease S
Gasolineg
Svei QUEEZE
Oils, ate. THIGGEH
@ Class C Fires SWEEF“
Usze these types of NOZZLE
exﬂ'ngumhers L
Electrical
equipment
Motors
Switches
Class D Fires _ .
Use !rm's fype of Cover burning material
agan = with extinguishin
Metal X g g
Fr:'laE-TEIT;EbIE agent (scoop, sprinkle)
Magnesium

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.)

CONTROL OF OTHER HAZARDS

Electrical Hazards

Most individuals are aware of the potential hazards associated with the use of
electrical appliances and equipment. 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) equipment in hazardous
atmospheres.
e Be particularly careful when operating high-voltage equipment, such as



electrophoresis apparatus.

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

Check for frayed electrical cords.

Promptly report any malfunctions or equipment producing a “tingle” for
repair.

Do not work on “live” electrical equipment.

Never operate electrical equipment with wet hands.

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

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

Have ground, polarity, and leakage checks and other periodic preventive
maintenance performed on outlets and equipment.

Compressed Gas Hazards

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

Know the gas that you will use.

Store tanks in a vertical position.

Keep cylinders secured at all times.

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

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.

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).

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

Use a hand truck to transport large cylinders.

Always check cylinders on receipt and then periodically 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 protection, 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 interlocks 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 pipettes 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.

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 physical 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
pipettes), adherence to ergonomically correct technique, and equipment
positioning when engaging in any repetitive task. Chronic symptoms of pain,
numbness, or tingling in extremities 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 properties 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 off waste. There are four basic waste disposal techniques: flushing
down the drain to the sewer system, incineration, landfill burial, and recycling.

Chemical Waste

In some cases, it is permissible to flush water-soluble substances down the drain
with copious quantities of water. However, strong acids or bases should be
neutralized before disposal. The laboratory must adhere to institutional, local,
and state regulations regarding the disposal of strong acids and bases. Foul-
smelling chemicals should never be disposed off 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 material can also be burned in specially designed
incinerators 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 incineration
may be amenable to other treatments or buried in an approved, permitted
landfill. Note that certain chemical 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 purpose 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 techniques 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 facility including, but not
limited to, ambulatory surgical centers; blood banks and blood drawing centers;
clinics, including medical, dental, and veterinary; clinical, diagnostic,
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 infectious diseases.” (For additional information, see the TJC Web site:
http://www.jointcommission.org/). It comprises animal waste, bulk blood and
blood products, microbiologic 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.

Generators of medical waste must implement the following procedures:

e 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.

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

e All biomedical waste must then be disposed off according to one of the
recommended procedures.

e 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
combustible 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. Serious injuries and
illnesses, including those resulting in hospitalization, disability, or death, must be
reported to OSHA or the state-administered program within 8 hours. Under
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OSHA regulations, employers are required to maintain 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 summary that is recorded on an OSHA injury and illness
log (Form 300).

The first report of injury is used to notify the insurance 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 insurance representative.

The investigation report should include information on the injured person, a
description of what happened, 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 depersonalized information similar to the first report of injury and the
accident investigation report. Information about every occupational death,
nonfatal occupational illness, biologic or chemical exposure, and nonfatal
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 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 laboratory attire, lack of skills or knowledge,
specific physical 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 authority 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).

For additional student resources, please visit Point” at
http://thepoint.lww.com

questions

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
. Chemicals should be stored

a. According to their chemical properties and classification
b. Alphabetically, for easy accessibility
c. Inside a safety cabinet with proper ventilation

d. Inside a fume hood, if toxic vapors can be released when opened
. 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 contact lenses
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
. Which of the following is the proper means of disposal for the type of waste?
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d.

Microbiologic waste by steam sterilization
Xylene into the sewer system

Mercury by burial

Radioactive waste by incineration

. What are the major contributing factors to repetitive strain injuries?

a.
b.
c.
d.

Position/posture, applied force, and frequency of repetition
Inattention on the part of the laboratorian

Temperature and vibration

Fatigue, clumsiness, and lack of coordination

. Which of the following are examples of nonionizing radiation?

a.
b.
c.

d.

Ultraviolet light and microwaves
Gamma rays and x-rays

Alpha and beta radiation
Neutron radiation

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
b
c.
d
e.

. Call 911
. Alert and evacuate those in the immediate area out of harm's way

Throw some Kkitty litter on the spill
Squirt water on the spill to dilute the chemical
Neutralize with absorbing materials in a nearby spill kit

. 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.
C

A laboratorian that experienced a chemical burn

A laboratorian that tripped in the lab and hit her head on the lab bench
rendering her unconscious

A laboratorian that was stuck by a contaminated needle after
performing phlebotomy on a patient

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

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

e Define the following terms: quality control, accuracy, precision, 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 standard deviation.

Understand why statistics are needed for effective quality management.

Read a descriptive statistics equation without fear.

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

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

Appreciate how the test cutoff affects diagnostic performance.

Evaluate laboratory data using multirules for quality control.

Graph laboratory data and determine significant constant or proportional errors.

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

Discuss the processes involved in method selection and evaluation.

Discuss proficiency testing programs in the clinical laboratory.

Describe how a process can be systematically improved.

For additional student resources, please visit at Point’ http://thepoint.lww.com
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Key Terms

Accuracy

AMR

Bias

CLIA

Constant error
CRR

Descriptive statistics
Dispersion
Histograms
Levey-Jennings control chart
Limit of detection
Linear regression
Precision
Predictive values
Proficiency testing
Proportional error
Quality control
Random error
Reference interval
Reference method
SDI

Sensitivity

Shifts

Specificity
Systematic error
Trends

It is widely accepted that the majority of medical decisions are supported using
laboratory data. It is therefore critical that results generated by the laboratory are
accurate and provide the appropriate laboratory diagnostic information to assist
the health care provider in treating patients. 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 and managed. 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 performing acceptably by meeting or exceeding defined
quality criteria; 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 quality control (QC) and Quality



Improvement/Assurance (see Chapter 4). This chapter describes basic statistical
concepts and provides an overview of the procedures necessary to implement a
new method and ensure its continued accuracy.

BASIC CONCEPTS

Each day, high-volume clinical laboratories generate thousands of results. This
wealth of clinical laboratory data must be summarized and critically be reviewed
to monitor test performance. The foundation for monitoring performance (known
as QQC) is descriptive statistics.

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, volume, 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 variety of sources. Although
measurements will differ, their values form patterns that can be visualized and
analyzed collectively. Laboratorians view and describe these patterns using
graphical representations and descriptive statistics (Fig. 3.1).
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FIGURE 3.1 Basic measures of data include the center, spread, and shape.



When comparing and analyzing collections or sets of laboratory data,
patterns can be described by their center, 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 data set (Fig. 3.2)
are the mean, the median, and the mode. The mean is most commonly used and
often called the average. The median is the “middle” point and is often used
with skewed data so its calculation is not significantly affected by outliers. 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 observations and dividing by the number of the
critically evaluated observations (Box 3.1).
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FIGURE 3.2 The center can be defined by the mean (x-bar character), median,
or mode.



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

Instrument differences Reagents
Test accessories Power surges
Contarination Matrix effects (hemolysis, lipe-

mia, serum proteins)

Mean Equation:
¥ Add up...
35 the data points (the x’s)and....

i / divide by the total number of
N data points (1)

XY x;/n tofind the mean (“xbar”)
= (Eq. 3-1)

The summation sign, %, is an abbreviation for (x; + x, + x3 + ** + x,)) and is

used in many statistical formulas. Often, the mean of a specific data set is called
Y. 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 points
is4,5,6,7,8,9. 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 half.

The mode is the most frequently occurring value in a data set. 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 data set 3,
4,55,5,6,7,8,9,9, 9 has two modes, 5 and 9.

After describing the center of the data set, 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 four commonly used descriptions of
spread: (1) range, (2) standard deviation (SD), (3) coefficient of variation (CV),
and (4) standard deviation index (SDI). 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 o) is the most frequently used
measure of variation. Although calculating 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 mathematical operations that are
by themselves no more complex 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 data set. The CV allows a laboratorian to
compare SDs with different units and reflects the SDs in percentages. The SDI is
a calculation to show the number of SDs a value is from the target mean. Similar
to CV, it is a way to reflect ranges in a relative manner regardless of how low or
high the values are.
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FIGURE 3.3 Spread is defined by the standard deviation and coefficient of
variation.

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 (i.e., wrong quality control material
or wrong data entry).

To calculate the SD of a data set, 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:

e i{_rj. -X)in-1
= (Eq. 3-2)

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



]|
—
un
+
Y
o+

wn — .
+
wn
+
L
.
+
un
—
=]
]
L

}:{x,.—ff 0+1+1+0+4+4
i=1

+0=10
i{x,-—f}zfu—l 10/(7-1)=10/6
i=1

Y (x,-%)'/n-1 167

(Eq. 3-3)

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

.t{ﬂ]lznl.‘r?:\/i[xr. —ff fn-1
(Eq. 3-4)

Although it is important to understand how these measures are calculated,
most analyzer/instruments, laboratory information systems, and laboratory
statistical 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:

v (%) = 100s
*  (Eq. 3-5)

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 summarize QC data. The CV of highly precise analyzers
can be lower than 1%. For values at the low end of the analytical measurement,



the acceptable CV can range as high as 50% as allowed by CLIA.

FSH Concentration sSD cv BhCG Concentration sD cv
1 0.09 9.0 10 0.8 8.0

5 0.25 5.0 100 5.5 5.5
10 0.40 4.0 1,000 52.0 5.2
25 1.20 4.8 10,000 500.00 5.0
100 3.80 3.8 100,000 4,897.0 4.9

SD, standard deviation; CV, coefficient of variation; FSH, follicle-stimulating
hormone; BhCG, B-human chorionic gonadotropin.

Another way of expressing SD is in terms of the SDI, where the SDI is
calculated by dividing the difference of the (measured laboratory value or mean
— target or group mean)/assigned or group SD. The SDI can be a negative or
positive value.

(laboratory mean — group mean |

GroupSD (Eq 3—6)

SDI =

Measures of Shape

Although there are hundreds of different “shapes”— distributions—that data sets
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 distribution is symmetric—meaning
half the values fall to the left of the mean and the other half fall to the right with
the peak of the curve representing the average of the data. This symmetrical
shape is often called a “bell curve.”



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 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 (p * 10) (Fig. 3.5A). Most
of 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 (p £ 30) (Fig. 3.5C). (Note that p represents the average of the total

Xy

population, whereas the mean of a specific data set is or “x bar.”)
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FIGURE 3.5 A normal distribution contains (A) #68% of the results within +1
SD (1s or 10), (B) 95% of the results within +2s (206), and (C) #99% of the
results within +30.

The “68-95-99 Rule” summarizes the above relationships between the area
under a Gaussian distribution and the SD. In other words, given any Gaussian
distributed 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 data set 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 there is a 0.99
probability of it lying between +3 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 histograms as
shown in the figure is a useful and an 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 distributed is related to the way it can be statistically
analyzed.

Mormal (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).

Descriptive  Statistics of Groups of Paired
Observations

While the use of basic descriptive statistics is satisfactory for examining a single
method, laboratorians frequently need to compare two different methods. This is
most commonly encountered in comparison of methods (COM) experiments. A
COM experiment involves measuring patient specimens by both an existing
(reference) 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.

Linear Regression Equation (y = 0.89x + 6.0)

g0

a0

70

G0
Standard Error

of the Estimate
50

Test Meathod

40

30

20

Correlation Coefficient
re = 0.998

10 Y-intercept

b=6.0

10 20 30 40 50 60 70 80 90

Referance 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 (S,,,); S, basically represents the distance of

each point from the regression line. The correlation coefficient indicates the
strength of the relationship between the tests.

In Figure 3.7, the agreement between the two methods 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 regression analysis
provides objective an objective measure of the line of best fit for the data. 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 (r) 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 positive values of r
(0.95 or higher) with excellent agreement between the test and comparative
methods, most 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 or modified COM
value sets should be used to derive more realistic estimates of the regression,
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 data set, the slope, y-intercept, and
correlation coefficients are all identical, yet visual inspection reveals that the
underlying data are completely different.



FIGURE 3.8 Anscombe's quartet demonstrates the need to visually inspect data.
In each panel, y = 0.5 x + 3, r2 = 0.816, Sy/x =4.1.

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



+40
+30
3
£ +20
[]
B =
g@ +10
=]
o
§2 o0
— L] .
= E . ozl [l t' i .'- ®e
o a ® &
E a3 -10 LI . L] L] o - =
o5 *
‘ﬁ-} [ ] [ ]
@ —20 P e
o .
=30 [*
—40

10 20 30 40 50 60 70 80 Q0
Analyte concentration average of reference and test method

FIGURE 3.9 An example of a difference (Bland-Altman) plot. Difference plots
are a useful tool to visualize concentration-dependent error.

The difference between test and reference method results is called error.
There are two kinds of error measured in COM experiments: random and
systematic. Random error is present in all measurements and can be either
positive or negative, typically a combination of both positive and negative errors
on both sides of the assigned target value. Random error can be a result of many
factors including instrument, operator, reagent, and environmental variation.
Random error is calculated as the SD of the points about the regression line
(Syx)- Sy« 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. 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 (Box 3.2).



1. Systematic Error 2. Random Error

Constant Proportional

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 systematic 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 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 comparative 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
underestimated 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” analysis. Nonparametric tests are
encountered in reference interval studies, where population data are often
skewed. For reference interval studies, nonparametric methods typically rely on
ranking or ordering the values in order to determine upper and lower percentiles.
While many software packages are capable of performing 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 and lead to
erroneous provider decisions and patient care/impact consequences.

METHOD EVALUATION

The value of clinical laboratory service is based on its ability to provide reliable,
accurate test results and optimal test information for patient management. 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 undertaken to produce results within medically
acceptable error limits to help providers maximally manage/treat 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 but regulatory
mandated evaluation of a method to verify the manufacturer's performance
claims and to see how well the method works specifically in the laboratory and
patient population served.

Regulatory Aspects of Method Evaluation (Alphabet
Soup)

The Centers for Medicare and Medicaid Services (CMS) and the Federal Drug
Agency (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 laboratories 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. Future trends are seeing
additional regulatory services being used by both larger laboratories and smaller
laboratories (i.e., Physician clinics and public health departments), Commission
of Office Laboratory Accreditation (COLA) is an example of additional
regulatory services available to clinical laboratories regardless of their size, test
menu, and test volume. Regardless of which regulatory agency is used the
acceptable and mandatory standards of compliance guidelines are set by CLIA,
FDA, and TJC.

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 complexity. Waived tests are
cleared by the FDA to be so simple that they are most likely accurate and most
importantly would pose negligible risk of harm to the patient if not performed
correctly. A few examples of waived testing include dipstick tests, qualitative
pregnancy testing, rapid strep, rapid HIV, rapid HCV, and glucose monitors. For
waived testing, personnel requirements are not as stringent as moderately
complex testing or high-complexity testing, but there are still training,
competency, and quality control mandatory requirements. Most automated
methods are rated as moderate complexity, while manual methods and methods
requiring more interpretation are rated as high complexity. The patient
management/treatment impact is also a factor in determining whether a test is
waived, moderate complexity or high complexity. The CLIA final rule requires
that waived tests simply follow the manufacturer's instructions. Both moderate-
and high-complexity tests require in-laboratory validation. However, FDA-
approved nonwaived tests may undergo a more basic validation process (Table
3.2), whereas a more extensive validation 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.

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 Modified or 1. Determine
Developed by Laboratory Accuracy
Precision
Analytic sensitivity
Analytic specificity (including interfering substances)
Reportable range of test results
Reference/normal ranges
Other performance characteristics
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.
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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

COLA Commission of Office Laboratory Accreditation

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

Method Selection

Evaluating a method is a labor-intensive costly process—so why select a new
method? There are many reasons, including enhanced provider utilization in
effectively treating/managing patients, reducing costs, staffing needs, improving



the overall quality of results, increasing provider satisfaction, and improving
overall efficiency. Selecting a test method starts with the collection of technical
information about a particular test from colleagues, scientific presentations, the
scientific literature, and manufacturer claims. 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, testing
volumes, cost, break-even financial analysis, calibration, Quality Control Plan,
space needs, disposal needs, personnel requirements, safety considerations,
alternative strategies to supply testing (i.e., referral testing laboratories), etc.
Most importantly, the test should be able to meet the clinical task by having
specific analytic performance standards that will accurately assist in the
management and ultimately the treatment of patients. Specific information that
should be discovered about a test you might bring into the laboratory includes
analytic sensitivity, analytic specificity, linear range, interfering substances,
estimates of precision and accuracy, and test-specific regulatory requirements.
The process of method selection is the beginning of a process to bring in a new
test for routine use (Fig. 3.10).

Select Testing
Method Development Improvemeants
Select Another Method
Yy
Establishing Validate — irecf's:‘on
Test = Accuracy =
AR = Reportable Range
L ]
Implement r Adjust/Maintain
Method [ Procedure
[
e b e
Routine Routine N 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.)

Method Evaluation

A short, initial evaluation should be carried out before the complete method



evaluation. This preliminary evaluation 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 estimates of short-term precision. If any
results fall short of the specifications published in the method's product
information sheet (package insert), the method's manufacturer should be
consulted. Without a successful initial evaluation, including precision and linear
range minimal studies, there is no opportunity to proceed with the method
evaluation until the initial issues have been resolved. Also, without improvement
in the method, more extensive evaluations are pointless.

First Things First: Determine Imprecision and
Inaccuracy

The first determinations (estimates) to be made in a method evaluation are the
precision and accuracy, which should be compared with the maximum allowable
error budgets based on medical criteria and regulatory guidelines. If the
precision or accuracy exceeds the maximum allowable error budgets, it is
unacceptable and must be modified and reevaluated or rejected. Precision 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 lack of precision or the imprecision in a test. Precision is
estimated from studies in which multiple aliquots of the same specimen (with a
constant concentration) are analyzed repetitively.

Imprecision Inaccuracy

Determined by: Determined by:
Repeated analysis study 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.



Accuracy, or the difference between a measured value and its actual value, is
due to the presence of a systematic error, as represented in Figure 3.11B.
Systematic error can be due to constant or proportional error and is estimated
from three types of study: (1) recovery, (2) interference, and (3) a COM study.

DEFINITIONS BOX

Analytic sensitivity Ability of a method to detect small quantities or
small changes in concentration of an analyte.

Analytic specificity Ability of a method to detect only the analyte it is
designed to determine, also known as cross-reactivity.

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 pretreatment.

CRR (clinically reportable range) Range of analyte 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.

LoQ (limit of quantitation) Lowest amount of analyte that can be
reported while achieving a precision target (e.g., lowest concentration at
which a CV of 10% may be achieved).

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 inaccuracy. SDI may be
positive or negative.

DEFINITIONS BOX

Precision Dispersion of repeated measurements about the mean due to
analytic error.

Accuracy How close the measured value is to the true value due to
systematic error, which can be either constant or proportional.



Bias Difference between the true value and the measured value.

Systematic error Error always in one direction (may be constant or
proportional).

Constant error Type of systematic error in the sample direction and
magnitude; the magnitude of change is constant and not dependent on
the amount of analyte.

Proportional error Type of systematic 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 systematic error.

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

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
reproducibility. 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 materials) per day, preferred is an AM run and a PM run.>® A common
precision study is a 2 x 2 x 10 study, where two controls are run twice a day
(AM and PM) 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 (simple precision)
but underestimates long-term changes and testing variables 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 appropriate
and analytical measurement 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, CV, and SDI are
calculated. An example of a precision study from our laboratory is shown in
Figure 3.12.
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(Different plotting symbols represent differant runs)
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Within Between Between Total Medically  Verification Pass/Fail

Run Run Day Required Value (95%)
Std. Dev  1.08 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 B,,. The data

represent analysis of a control sample run in duplicate twice a day (red and black
circles) for 10 days (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 imprecision is the most accurate assessment of performance
that would affect the values a provider might see and reflects differences in
operators, pipettes, and variations in environmental changes such as temperature,
reagent stability, etc. In practice, however, within-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: Precision Studies

During an evaluation of vitamin B;, in the laboratory, a precision 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 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 decision 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.®9 In
this case, the medically required SD limit is 4.8, based on mandated CLIA error
budgets. 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 % 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 for analytes that are very precise and
accurate. It is not recommended to use all of the allowable error for imprecision
(random error) as it leaves no room for systematic error (bias or inaccuracy).




Calcium, total
Chloride
Cholesterol, total
Cholesterol, HDL
Glucose
Potassium
Sodium

Total protein
Triglycerides
Urea nitrogen
Uric acid

Target +1.0 mg/dL

Target +5%

Target +10%

Target +30%

Greater of target +6 mg/dL or +10%
Target £0.5 mmol/L

Target +4 mmol/L

Target +10%

Target +25%

Greater of target +2 mg/dL or +9%
Target +17%

Reprinted from Centers for Disease Control and Prevention (CDC), Centers for Medicare and Medicaid
Services (CMS), Health and Human Services. Medicare, Medicaid, and CLIA programs; laboratory
requirements relating to quality systems and certain personnel qualifications. Final rule. Fed Regist.

2003;68:3639—-3714, with permission.

DEFINITIONS BOX

Recovery Ability of an analytic test to measure a known amount of
analyte; a known amount of analyte is added to real sample matrices.

Interference Effect of (a) compound(s) on the accuracy of detection of

a particular analyte.

Interferents Substances that cause interference.

Matrix Body component (e.g., fluid and urine) in which the analyte is

to be measured.

Estimation of Inaccuracy

Once method imprecision is estimated and deemed acceptable, the determination

of accuracy can begin.® Accuracy is estimated using three different types of
studies: (1) recovery, (2) interference, and (3) patient sample comparison.



Recovery Studies

Recovery studies will show whether a method is able to accurately measure an
analyte. In a recovery experiment, a small aliquot of concentrated analyte is
added (spiked) into a patient sample (matrix) and then measured by the method
being evaluated. The amount recovered is the difference between the spiked
sample and the patient sample (unmodified). The purpose of this type of study is
to determine how much of the analyte can be detected (recovered) in the
presence of all the other compounds in the matrix. The original patient samples
(matrix) should not be diluted more than 10% so that the physiological
(biological and protein components) matrix solution is minimally affected. An
actual example of a recovery study for total calcium is illustrated in Figure 3.13;
the results are expressed as percentage recovered. The performance standard for
calcium, 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 and therefore acceptable (Fig. 3.13).

Ca2+ Measured

2 2
T Ca<t* Added Ca<* Recovered % Recovery
Baseline 7.5 mg/dL MNA MNA MA
Sample 1 8.35 mg/dL 0.95 mg/dL 0.85 ma/dL 89%
Sample 2 9.79 mg/dL 2.38 mg/dL 2.28 ma/dL 96%

Calculation of % recovery

Measured in spike sample) — (Measured in baseline
% Recovered = ( P Bl =1 ) * 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.

Interference Studies

Interference studies are designed to determine if specific compounds affect the



accuracy of laboratory tests. Common interferences encountered in the
laboratory include hemolysis (broken red blood cells and their contents), icterus
(high bilirubin), and turbidity (particulate matter or lipids), which can affect the
measurement of many analytes. Interferents often affect tests by absorbing or
scattering light, but they can also react with the reagents or affect reaction rates
used to measure a given analyte.

Interference experiments are typically performed by adding the potential
interferent to patient samples.!! If an effect is observed, the concentration of the
interferent is lowered sequentially to determine the concentration at which test
results are not clinically 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
designing 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 concentration 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
requirement to consider interferences as part of any method validation. In the
clinical laboratory, interference studies “in vitro” are often difficult, and
standardized experiments are often suspect as to reflecting the actual actions “in
vivo.” Proper instrumentation and critical literature reviews are often the best
options for determining interference acceptability guidelines.



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 (TnI).
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.

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
systematic error in actual patient samples, and it may offer the type of systematic
error (proportional vs. constant). Ideally, the test method is compared with a
standardized 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 laboratories are understaffed
or do not have the technical expertise required 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
inaccuracies they might have that are documented in the literature. If the new
test method is to replace the routine method, differences between the two should
be well characterized. Also extensive documented communications with all
providers and staff must be performed before implementation.



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.
Samples should cover the full analytical measurement range, and it is
recommended that 25% be lower than the reference range, 50% should be in the
reference range, and 25% should be higher than the reference range. Additional
samples at the medical decision points should be a priority during the COM. As
an extra measure of QC, specimens should be analyzed in duplicate. Otherwise,
experimental results must be critically reviewed by the laboratory director and
evaluation staff comparing test and comparative method results immediately
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).18 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 produce 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.!
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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.)

DEFINITIONS BOX

Deming regression Linear regression analysis (orthogonal least
squares) used to compare two methodologies using the best fit line
through the data points (see Figs. 3.24 and 3.25).

Passing-Bablok regression A nonparametric regression method for
comparison studies. It is a robust method that is resistant to outliers.

Statistical Analysis of COM Studies

While a visual inspection of method comparisons is essential, statistical analysis



can be used to make objective decisions about the performance of a method. The
first and most fundamental statistical analysis for COM studies is the linear
regression. Linear regression analysis yields the slope (b), the y-intercept (a), the
SD of the points about the regression line (S,,,), and the correlation coefficient

(r); regression also yields the coefficient of determination (r?) (see
DEFINITIONS BOX). An example of these calculations can be found in Figure
3.15, where a comparison of [-human chorionic gonadotropin (hCG)
concentrations on an existing immunoassay system (Reference Method) and to a
new system (Test Method). Statistics are calculated to determine the types and
amounts of error that a method has, which is the basis for deciding 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 are randomly distributed around the regression
line. Increases in the S, statistic reflect random error. Constant error (Fig.

3.16B) is seen visually as a shift in the y-intercept; a t-test can be used to
determine if two sets of data are significantly different from each other.
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).
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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.)

DEFINITIONS BOX

Correlation Coefficient (r) Defines the strength of relationship
between two variables. Ranges from —1 (perfect inverse correlation) to
+1 (perfect positive correlation). A value of 0 indicates no correlation or
a random relationship between variables.

Coefficient of Determination (r2 or R2) Indicates the proportion of
variation explained by one variable to predict another. Ranges from 0 to
1. Where 12 = 0.95, one variable explains 95% of the variation of the



other. In the case of regression, it indicates how well the line represents
the data.

Note that a statistical difference does not necessarily indicate that the method
is not clinically usable, just that it is different. The size and nature (systematic
and random error) of the differences determines if a method is clinical useable.?°
For this reason, linear regression analysis is more useful than the t-test for
evaluating COM studies,?® as the constant systematic error can be determined by
the y-intercept and the proportional systematic error can be determined by the
slope. Random error can also be determined by the standard error of the estimate
(Sy)- 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.21-23

So far, we have described how we estimate error test methods in terms of
imprecision and inaccuracy. 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 (analytical) error (E,).>* Allowable error is

determined for each test based on the amount of error that will not negatively
affect clinical decisions. If the combined random and systematic 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 (calibration, new reagents, or

hardware improvements) must be made to reduce the error or the method
rejected. This process ensures that the laboratory provides accurate, clinically
usable information to physicians to manage their patients effectively. To
emphasize this point, laboratorians should consider that physicians are rarely
aware of the imprecision, bias, and performance of a given test that they rely on
to make decisions. It is the responsibility of the laboratory to ensure quality.

Allowable Analytical Error

An important aspect of method evaluation is to determine if the random and
systematic errors (total error) are less than the total allowable analytical error
(E,)- In the past, there have been several methodologies that have been used to

establish E,, including physiologic variation, multiples of the reference interval,
and pathologist judgment.?®, 26, 27, 28 The Clinical Laboratory Improvement



Amendments of 1988 (CLIA 88) published allowable error (Ea) for an array of
clinical tests.?® The E, limits published by the CLIA specify the maximum error
allowable by federally mandated proficiency testing (see examples in Table
3.3). These performance standards are now being used to determine the
acceptability of clinical chemistry analyzer performance.?3! The E, is
specifically calculated based on the types of studies described in the previous
section (Table 3.4). An example of calculations made for the single-value criteria
is shown in Table 3.4. Here, estimates of random and systematic errors 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 be rejected.

Type of Error Test Used to Determine Criteria

Random error Replication experiment 2.58s <E,

Proportional error Recovery experiment | (Recovery — 100) x Xc/100 | < E,
Constant error Interference experiment |Bias| < E,

Systematic error Comparison of methods X0 |< E,|(yo + mXo)

Total error Replication and comparison 2.58 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.

Comprehensive COM studies are demanding on personnel, time, and
budgets. This has led to the description of abbreviated experiments that could be
undertaken to estimate imprecision and inaccuracy.>’ CLIA has published
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 completed in 5
working days, making it likely laboratories will use these guidelines to set up
new methodologies. The Clinical Laboratory Standards Institute (CLSI) also has
several documents that describe best practices for method evaluation with
worked examples.

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
mlU/mL is more of a concern than it would be at 15,000 mIU/mL. Likewise,
proportional bias for troponin at a high concentration is of less concern than it is
near the clinical decision point. Thus, method evaluation studies and statistical
analysis are necessary, but not sufficient to determine if a test is valid. The
validation and statistics serve as the basis on which to make the decision.

QUALITY CONTROL

QC in the laboratory involves the systematic monitoring 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 of what we have
discussed so far, QC is part of the performance monitoring that occurs after a test
has been established (see Fig. 3.10). In general, monitoring of analytic methods
is performed by assaying stable control 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
operator can be reasonably assured that the analytic method is properly reporting
values as approved during the method validation. However, when observed
values fall outside the control limits, the operator must be aware of possible
problems and the need for further investigation before reporting potentially
erroneously patient results. The principles of visualizing QC data 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.

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 systematic errors over time (e.g.,
1-3S, 2-2S, R4-S in combination).

Specimens analyzed for QC purposes are known as QC materials. These
materials must be available in sufficient quantity to last for extended periods of
time determined by QC material stability and vendor determined expiration
dates. 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 concentrations 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
immunoassays commonly use three. Today, laboratories more often purchase
manufactured control materials for QC, instead of preparing the materials
themselves. These materials are often lyophilized (dehydrated to powder) for
stability and can be reconstituted in specific diluents or matrices representing
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 expensive because of the additional
characterization, they allow another external check of method accuracy. Some
laboratories will prepare internal quality control materials using human serum
(i.e., serum pools) as an attempt to address concerns about artificial matrixes and
analyte values used in commercial materials.

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



and handling of QC materials is the main reason for QC failures in the laboratory
and requires staff education and material management to minimize. For example,
if one user mixes the QC material thoroughly after warming it for several hours,
while another user runs it cold with minimal mixing, it may be expected that the
QC results will vary while the process itself may be perfectly stable. More
manufactured liquid QC is becoming available; however, it is usually more
expensive, but it does remove any variation due to the preparation of the QC
materials.

QC Charts

A common method to assess the determination of control 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 in relation to the target value. 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 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. 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. Systematic errors arise from factors that contribute to constant
differences between measurements; these errors may be either positive or
negative (Fig. 3.17B, right). Systematic errors may be due to several factors,
including poorly made standards, reagents, instrumentation problems, poorly
written procedures, or inadequate staff training.
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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.)

Operation of a QC System

The QC system in the clinical laboratory is used to monitor the analytic
variations that can occur (refer to Chapter 4 for Quality Control Plan additional
information)

The QC program can be thought of as a three-stage process:

1. Establishing or verifying allowable statistical limits of variation for each
analytic method
2. Using these limits as criteria for evaluating the QC data generated for each
test
3. Taking action to remedy errors real time when indicated
a. Finding the cause(s) of error



b. Taking corrective action
c. Reanalyzing control and patient data

Establishing Statistical Quality Control Limits

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.
Also, if the QC materials is a new lot with similar ranges for an existing analyte
to be implemented, a modified precision study can be done with as few as 10
values and monitoring post implementation. Repeat analysis of the control
materials allows the determination of the mean and SD of control materials.
Initial estimates of the mean and control limits may be somewhat inaccurate
because of the low number of data points. In order to produce more reliable data,
estimates of the mean and SDs should be reviewed and updated to include
cumulative data. When changing to a new lot of similar material, laboratorians
use the newly obtained mean (or manufacturer mean and SD) 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.3*

The distribution of error is assumed to be symmetrical and bell shaped
(Gaussian) as shown in Figure 3.18. Control limits are set to include most
observed values (95% to 99.7%), corresponding to the mean +2 or 3 SDs.
Observation of values in the distribution tails should therefore be rare (1/20 for 2
SDs; 3/1,000 for 3 SDs). 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 particular 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

related to the goals set by the laboratory.3°
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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.

It is essential to recognize the distinction between QC limits and QC goals or
specifications (Figure 3.19 control_v_specification.png). QC specifications are
the criteria used to decide that a given method meets the clinical
requirements. QC specifications may be derived from the total allowable error,
biological variation, or other medical decision criteria. QC limits are defined by
the process itself based on its natural variation. A good description of the
difference is that QC specifications are the “voice of the customer,” while QC
limits are the “voice of the process.” Thus, QC specifications are “the
performance the health care provider needs,” whereas QC limits are the “natural
variation of a given test”; more simply, QC specifications are what you want and
QC limits are what you have. A process tells the user its limits and the user
decides if those limits meet their specification.

Control Chart

Specification limits

FIGURE 3.19 QC specifications limits are the criteria used to decide that a



given method meets the clinical requirements based on the needs of the health
care provider. QC control limits are defined by the process itself based on its
natural variation.

From a practical perspective, QC limits define if a process is in control on a
daily basis, and QC specifications define if the overall performance of the
process meets the quality goals. Consider that a process may be out of control
(e.g., have a 1-3S flag), but still meet the QC specification limits. Conversely, a
poorly performing method might have natural variation QC limits, which exceed
the QC specification. QC limits must be within QC specifications or the lab will
not be able to consistently report accurate results. Importantly, QC specifications
do not have any effect on or causal relationship with QC limits; setting QC
specifications to a CV of 0.1% will not make a method more precise any more
than widening specifications to a CV of 100% would make the method become
imprecise. However, the relationship between QC limits and QC specifications
can be used to establish which multirules to use.

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.36
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 analytic 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 analytic run will be accepted (i.e.,
results will be reported). If the QC results are more than 3 SDs (the 15 rule is

violated), 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).



¢ 1,, One control observation exceeding the mean +2s. A warning rule that initiates testing of control data by other
rules.

® 15, One control observation exceeding the mean +3s. Allows high sensitivity to random error.

® 2, Two control observations consecutively exceeding the same +2s or —-2s. Allows high sensitivity to systematic
error.

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

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

e 10, Ten consecutive control observations falling on one side or the other of the mean (ho requirement for SD size).
This allows the detection of systematic error.

SD, standard deviation.

Analogous to overlapping diseased and healthy patient results, it is important
to consider that not every rule violation 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 8 rule is violated if 8 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 controls 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 either as a warning or not at all when used with other
QC rules rather than criteria for run rejection. QC rules should be selected based
on the performance of the test relative to the QC specifications. If a test is very
precise and well within the QC specification, fewer QC rules are needed. For
example, if there are 6 standard deviations between the natural process variation
and the QC specification limits, a simple 1-3S rule will easily detect that a
process is out of control long before it exceeds the specification limits.
Conversely, a test that just meets the QC specification would need multiple rules
to ensure that error is detected before exceeding the specification. By judiciously
selecting QC rules based on method performance and specifications, error
detection can be maximized while minimized false rejections.

A final practical concept related to QC materials is repeats. It is common
practice is to repeat a control when a QC rule is violated. In the context of
imprecision, this practice does not make much sense. A repeat sample is likely to
regress to the mean and therefore falls within the limits, even if the process is out
of control. If ever, QC repeats only make sense in the context of a shift or bias,
where the bias would persist between samples. Collectively, operators should
review the Levey-Jennings chart and think about their process and what a given
QC violation means before acting. The operators' job is not get QC to pass, but
to report accurate results.



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 (see Chapter 4)
Clinical utilization

DEFINITIONS BOX

Proficiency test Method used to validate a particular 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 several times per
year to the laboratory from the program offering this analysis, such as CAP. The
sample challenges are from 2 to 5 in quantity for each analyte for each testing
event based on complexity and span a range of target values within the AMR
and medical decision points. The samples are analyzed in the same manner as
patient specimens as much as possible, 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 performance criteria
(e.g., 3 SDs to peer mean), where laboratories using the same method are
graded by comparing them with the group. Some proficiency tests are not
quantitative and are qualitatively or semiquantitatively (i.e., rapid pregnancy
test, RPR titers) compared with other laboratories. Areas of pathology other than
clinical chemistry are also subjected to mandatory proficiency
qualitative/interpretive  testing, including anatomic pathology, clinical
microbiology, and clinical microscopy.

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
mlIU/mL

Testing laboratory value = 71.54; SDI = —0.84 acceptable

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 laboratories 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 for this test is established as 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 until
after the deadline of submission of results to the proficiency provider.
Referral of proficiency samples to another lab is prohibited as well as
acceptance of proficiency samples from another lab is prohibited.

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.

5. Proficiency samples are to be performed and submitted on the primary
analyzer when there are multiple analyzers in the laboratory following
CLIA guidelines (D2006 493.801). In addition, at least twice per year, other
analyzers within the laboratory are to be compared to the primary analyzer.

6. All proficiency failures and significant shifts and trends must be reviewed,
investigated, and resolved with 30 days of final receipt of proficiency
results. Emphasis must be placed on investigating potential patient impact
during the time of proficiency testing.

7. Proficiency testing program must demonstrate a dynamic and real-time
review time of all proficiency results by the laboratory director and
delegated management personnel.

The bottom line is that the sample should be treated like a patient sample to
yield a true indication of test accuracy. Proficiency samples are not to be
analyzed more than once unless this is the standard policy for patient testing at
your laboratory.

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 criteria 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 compare its test results with
those of peer 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 proficiency 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 monitor and improve their test
performance. The proficiency testing samples also can serve as valuable
troubleshooting aids when investigating problem analytes. In our hospital,
proficiency samples are also included in the technologist competency or new
employee training program. Proficiency tests can also be beneficial in validating
the laboratory's measurement method, technical training, and total allowable
error limits for new tests.

Proficiency testing programs require thorough investigation of discrepant
results for any analyte (i.e., failure). Laboratories may be asked to submit
information that could include current and historical proficiency testing 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 (patient impact). If the laboratory cannot resolve analyte testing
discrepancies over several testing events, the testing facility may be at risk of
losing the authority to perform patient testing for the analyte(s) in question. Also
if the laboratory violates any of the mandatory proficiency requirements
referenced earlier, it may be at risk of losing its accreditation and authority to
perform patient testing for all tests.

To develop and manage a successful proficiency testing 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 of several in providing a quality management system. As an
example of the scale and volume of proficiency tests, our laboratory (for a 800-
bed hospital with outreach clinics) performed ~10,000 proficiency tests in a year
for #500 individual analytes. Even a smaller laboratory with a limited test menu
and 3 analyzers and waived testing performs several hundred proficiencies per
year. Besides meeting required accreditation standards, proficiency testing
allows the laboratory to objectively ensure patient results are accurate.

REFERENCE INTERVAL STUDIES

Laboratory test data is used to make medical diagnoses, 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 called “normal ranges.” While all normal ranges are in
fact reference intervals, not all reference intervals are normal ranges. This is
exemplified by the reference 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 also sometimes
called reference ranges; the preferred term is reference interval because range
implies the absolute maximum and minimum values.

DEFINITIONS BOX

Reference interval A pair of medical decision points that span the
limits of results expected for a defined healthy population.

The theory for the development of reference intervals was the work of two
main expert committees.?®, 39 40 4l 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 scientific 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 vendor 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) transferring and verifying a reference interval.

The clinical laboratory is required by good laboratory 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 (Box



The Laboratory Establishes or Verifies Its
Reference 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 verification of manufacturer's
stated range when reference range study is not practical (e.g., unavailable
normal population) or other methods approved by the laboratory director.*’,

48 49

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 appropriate for the patient

population, corrective action must be taken.*?, 43, 44

Evidence of Compliance

Records of evaluation and corrective action, if indicated

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

DEFINITIONS BOX

Establishing a reference interval A new reference 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.

Transference and validation of a reference interval In many cases, a
reference interval will be transferred from a similar instrument or
laboratory. The reference interval is then validated using the method
comparison and patient population and/or using a smaller sample of
healthy individuals. These are the most common reference interval
studies performed in the clinical laboratory and often include as few as
40 study individuals.

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

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 laboratory, and
the provision of reliable reference intervals is an important task for
clinical laboratories and test manufacturers. The review of existing
reference intervals by the health care team (scientific community,
manufacturers, 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 different 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.

TSH Reference

Patients Age Ranges (puIU/ML)
Pediatric 0-3d 1.00-20.00
3-30d 0.50-6.50
31d-5m 0.50-6.00
6 m-18y 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.



Approximate BhCG 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
s 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
Normal 0.8-1.8 ng/mL (collected 6 h after dose)
Critical >2.0 ng/mL

Tables 3.6, 3.7, 3.8 also demonstrate the complexity of reference intervals
when multiple levels (partitions) of reference intervals are required by the
clinician. The framework for verifying or establishing reference intervals is one
that can be overwhelming and not feasible for many valid reasons for large and
small clinical laboratories. The costs, personnel, and resource requirements



mandate that the reference interval experiment be feasible, well defined, and
structured in such a manner to provide accurate and timely reference intervals
for optimal clinical use. Where possible, the clinical laboratory director may
determine that a review of literature references or manufacturer's package inserts
is appropriate in assigning reference intervals for an analyte or this additional
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
(Box 3.4).%

1. Define an appropriate list of biological variations and analytic
interferences from medical literature.

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

3. Complete a written consent form and questionnaire 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 a BhCG 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 laboratory 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 reference interval. Inpatient
samples generally cannot be used for reference interval studies that are designed
to reflect a healthy population. Often, donors are recruited from unlikely sources
out of necessity, that is, medical or university students and public health patients.
Practical considerations must be built into the study to include adequate sample
procurement areas, staffing, legal disclaimers, and patient financial incentives
(Box 3.5).




Age (adult and childhood) Stage of preghancy
Fasting or nonfasting Sex
Diet Tobacco use

Creatinine Clearance Example

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

Capturing the appropriate information for the inclusion and exclusion
criteria, such as donor health status, often requires a well-written confidential
questionnaire and consent form. 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 examples are testimony to the complexity and variability of conducting
reference interval studies. The initial selection of individual donors is crucial to
the successful evaluation of reference intervals.




Age (adult and childhood) Stage of preghancy

Fasting or nonfasting Sex
Diet Tobacco use
Plasma potassium 3.5-5.0 mmol/L

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, consider establishing 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 interferences 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 appropriately deal
with the results and interpretation. Hemolysis and lipemia can be detected
automatically by large chemistry analyzers. It is also worth considering that
some methods are more sensitive to interferences. 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 of the analyte, analytic parameters,
methodology, and instrumentation and management of all study variables.




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

Determining Whether to Establish or Transfer and
Verify Reference Intervals

Whether to transfer and 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 comparison 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, and intercept is 0, 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 or external resources reviewed.

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.

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 acceptable raw data have
been generated, the next step is to actually define the reference interval. The
reference interval is calculated statistically using methods that depend on the
distribution of the data. In the most basic sense, data may be either normally
distributed (Gaussian) or skewed (non-Gaussian) (see Fig. 3.6). If reference data
are normally distributed, the reference interval can be determined using a
parametric 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.
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FIGURE 3.20 (A) Histogram of total thyroxine (TT,) 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.

Most analytes do not display a normal (Gaussian) distribution. For example,
the distribution of fhCG 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 population 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 analyses. 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 packages such as Analyse-it, EP
Evaluator, GraphPad Prism, JMP, MedCalc, Minitab, R, and SAS, reference
intervals are rarely determined manually, although basic reference range
verification can be done with in a spreadsheet with minimal effort just reviewing
patient results (>90% or n > 36 out of n = 40 total) that fall within the proposed
reference range. However they are determined, it is important to understand how
basic statistical concepts are used to establish reference intervals. 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 Transfer and Verify a Reference
Interval

When possible, clinical laboratories rely on assay manufacturers or on published
primary literature as a source of 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 40 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 range for free thyroxine (fT,). In this example, fewer



than 10% are outside the manufacturer's limits, enabling the reference interval to
be adopted by the laboratory. 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 verification 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 identified, the laboratory may need to establish the reference
interval using at least 120 individuals. Figure 3.22 demonstrates a simple
algorithm to verify reference intervals.

Reference Interval Histogram

50
Expected Range
40
Statistical Analysis
Mean 1.0030 ng/dL
| sSD 0.1488
30 = | Median 1.010
= : Range 0.690 to 1.280
g Central 95% Interval 0.702 to 1.284
&
Reference Interval
20 -
FProposed 0.777 to 2.193 ng/dL
Results (total/fexcluded) 47/0
Max/Obs outside 10.0%/4.3%
Passes Yes
10
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FIGURE 3.21 Reference verification test for free thyroxine (fT,). 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).



Obtain =20 subject specimens and perform testing

Compare results with existing 95% reference interval
(from manufacturer or literature)

=10% outside =10% outside
range range
Y Y
Use reference Repeat testing on
method interval another =20 specimens
=10% outside =10% outside
range range

Use reference Evaluate donor population
method interval and possible =120 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.

Once a reference interval is completed, determined, and approved by the
laboratory director, it needs to be effectively communicated and documented to
the physicians and providers 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 methodologies. 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 over time. Review of a large
number of patient results over time requires a laboratory information system
capable of retreiving patient result data. In addition, all studies need to be



evaluated as to patient population sampled and does it represent the desired
donor population. Any of these or other related factors may warrant a review of
existing reference intervals.

Changes in reagent formulations by the vendor (e.g.,
new antibody)

Minor changes in reagents due to lot-to-lot variations

Differences between reference interval and test
populations —selection bias

Not all analytes use population/gender/age-based reference intervals. 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 clinical 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 cut point for a test if the results do not agree with the method used to
determine the cut point. 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 or smog-
ridden large cities, where a healthy population will be deficient.

DIAGNOSTIC EFFICIENCY

Ideally, healthy patients would have completely distinct laboratory values from
patients with disease (Fig. 3.23A). However, the reality is that laboratory values
usually overlap significantly between these populations (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 different parameters
that are used. These parameters are broadly defined as diagnostic efficiency,
which can be broken down into sensitivity, specificity, and predictive values.
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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.

DEFINITIONS BOX

Diagnostic sensitivity Ability of a test to detect a given disease or
condition.

Diagnostic specificity Ability of a test to correctly 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.

Measures of Diagnostic Efficiency

Parameters of diagnostic efficiency are intended to quantify how useful a test is
for a given disease or condition.*® For example, BhCG is used as a test to
diagnose pregnancy. While BhCG is excellent for this purpose, there are
instances where fhCG 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 diagnostic and clinical
sensitivity. Analytic sensitivity refers to the lower limit of detection for a given
analyte, whereas clinical sensitivity 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:

Pregnant Patients

True positives (TP)

hCG test positive

False negatives (FN)

hCG test negative

%;
%

SEﬂsitivity = TPJ'TP +FM =
A 810 or 80%



Nonpregnant patients

False positives (FP)

i
hCG test positive %

True negatives (TN)

hCG test negative %

Specificity = TN/TN + FP =
B 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. FIN, false negative; FP, false positive; TN, true negative;
TP, true positive.
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FIGURE 3.25 Positive and negative predictive values using beta-human
chorionic gonadotropin (BhCG) 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 negative; FP, false positive;
TN, true negative; TP, true positive.

Diagnostic (No. of pregnant with positive test)

sensitivity (%) (No.of pregnant individuals tested )

= (TP)/(TP+FN) (Eq. 3-8)

Another measure of clinical performance is diagnostic specificity.
Diagnostic specificity is defined as the 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-reactivity with other substances. Continuing with fhCG as
an example, diagnostic specificity refers to the percentage of nonpregnant
individuals that have a negative test compared with the number of nonpregnant



individuals tested. Patients who are not pregnant and have a negative fhCG test
are called true negatives (TNs), 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)

Specificity | %) =
3 y(%) {Nn. 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).

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 preenant with positive test
n— preg I )

(No. with positive test)
(TP)/(TP+FP) (Eq. 3-10)

. {Nn. 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 fhCG test is “positive,” there is a
72% chance the patient is pregnant; if the test is negative, then there is a 78%
chance the 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 population studied. Prevalence refers to the proportion of
individuals 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 specificity of the test would remain unchanged.

Population® Prevalence of 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 53188 89.09

9Based on a constant sensitivity of 80% and specificity of 70%.

bHypothetical.

PPV, positive predictive value; NPV, negative predictive value.

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 concentration 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 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
considered “positive.” By changing the cutoff, from 8 mIU/mL (Fig. 3.27A) to 5
mlU/mL (Fig. 3.27B) or 2 mIU/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.
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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.
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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.

To define an appropriate cutoff, laboratorians often use a graphical tool
called the receiver operator characteristic (ROC).*” ROC curves are generated by
plotting 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 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
comparison 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.
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80% (fewest incorrect
results)
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20% Total area under the curve (AUC)
BhCG Test B Difference
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0%
0% 20% A40% BO0%: BO%: 100%

100% — Specificity

FIGURE 3.28 A receiver operator characteristic curve for beta-human chorionic
gonadotropin (BhCG) and a hypothetical “test B.” The area under the fhCG
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 hCG cutoff concentration with the fewest incorrect patient
classifications.

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 perfect 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 diagnostic 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 predictive values, there are a
number of other measures of diagnostic efficiency. These include odds ratios,
likelihood ratios, and multivariate analysis.*>*° While these have increasingly
higher degrees of complexity, they all represent efforts to make clinical sense of
data postanalytically. It is worth remembering the bigger picture, which is that
laboratory values are not used in isolation. Laboratory tests are interpreted in the
context of a patient's physical exam, symptoms, and clinical history to achieve a
diagnosis.

SUMMARY

Collectively, method validation is the first step toward establishing quality for a
new method. Once a method has an established acceptable performance, quality
control, proficiency testing, and reference interval review are employed to
ensure that quality is maintained. Underpinning all decisions about quality are
allowable error limits and the clinical requirements of a given test. Given a set of
clinical requirements, visual inspection and basic statistics are used to help
decide if a method meets the clinical need. Beyond the analytical performance of
a test is the diagnostic efficiency, the measure of how well a test can differentiate
a diseased state from a healthy one. Diligent method evaluation and ongoing
quality monitoring ensure that a test consistently meets analytical and clinical
requirements to maximize diagnostic utility.

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
manufacturers 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 sensitivity, specificity, and efficiency of
urine hCG for detecting pregnancy. Determine the predictive value of a positive
urine hCG test.



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

Day Low High
1 86 215
2 82 212
3 83 218
4 87 214
5 85 220
6 81 217
£ 88 223
8 83 224
9 82 217

10 85 222
1. Calculate the mean and standard deviation for the above data set.

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?

5. What do you observe about these control data?

6. What might be a potential problem?



7. 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 concentrations were close to medical decision levels (X) for glucose: 120

mg/dL for control solution A and 300 mg/dL for control solution B.
Control solution A was analyzed daily, and the following 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 e