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''A ... firm grasp of the statistical method was as essential part of the outfit of the investigator in that
field [epidemiology] as was a grounding in bacteriology."---Anonymous, 1913 (1)

Introduction
It is difficult for us to imagine the report of an epidemiologic investigation without at least one 2×2
table, p value, or odds ratio. We now recognize that an understanding of mathematical methods and
the use of statistics to assess data in epidemiology and public health are critical for identifying the
causes of disease, modes of transmission, appropriate control and prevention measures, and for
prioritizing and evaluating activities.

When CDC was established in 1946 (as the Communicable Disease Center), the U.S. Public Health
Service borrowed statistical methods developed by Florence Nightingale and Edwin Chadwick, who
had applied these techniques to implement sanitary measures in London (2). Based on William Farr's
use of statistical induction to analyze death rates (3), Karl Pearson's creation of goodness-of-fit tests
and correlation methods, and Bradford Hill's development of guidelines for establishing causal
relationships (4), Nightingale employed statistics in her efforts to reform the British military health-
care system through the founding of training programs and definition of sound professional
standards (5).
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During the 1950s, CDC's activities emphasized the work of sanitarians and laboratory scientists, and
the analytic component of most epidemiologic investigations rarely went beyond descriptive analysis
and 2×2 tables. However, with the establishment of the Epidemic Intelligence Service (EIS), rapid
response to outbreak investigations, and involvement of mathematical experts, epidemiologic
methods advanced (6). Case-control studies were used routinely by EIS officers. An investigation of
Staphylococcus in a newborn nursery was the first CDC report to include a chi-square statistic and a p
value (CDC, unpublished data, 1957). By the middle of the decade, an early dose-response analysis
was included in an investigation of hepatitis in a housing project (CDC, unpublished data, 1956).

The 1960s
With the acquisition of MMWR in 1961 under Alexander Langmuir's leadership, CDC had a vehicle for
influencing the practice of biostatistics. Langmuir's training under Wade Hampton Frost, the first
professor of epidemiology in the United States at the Johns Hopkins University School of Hygiene
and Public Health, led to Langmuir's emphasis on quantitative foundations for public health and the
need to link data acquisition with practical application through the practice of public health
surveillance (7).

During this decade, the first t test in an epidemic-assistance investigation (Epi-Aid) is found in Carl
Norden's report of infectious mononucleosis in Kentucky (CDC, unpublished data, 1963). The first pie
chart appears in James Bryan and Ron Roberto's Epi-Aid for suspected poliomyelitis in the Marshall
Islands (CDC, unpublished data, 1963). During this period, the vast majority of requests for Epi-Aids
collected data through convenience survey methods or used existing surveillance data. In only two of
502 Epi-Aids was the method of randomization reported. Calculations were restricted to those that
could be done by hand or later on programmable calculators (Figure 1). Eventually, however,
surveillance and other data analyses used mainframe computers and the punched card throughout
the late 1960s.

The 1970s
In 1970, the Communicable Disease Center's name changed to the Center for Disease Control. Beyond
semantics, this represented a broadening of the mission beyond communicable diseases. In 1971, the
National Center for Health Statistics (not yet part of CDC) conducted the first National Health
Assessment and Nutrition Examination Survey (NHANES). The National Institute for Occupational
Safety and Health joined CDC in 1973 and brought use of methods for noninfectious conditions, such
as large population-based studies.

This expansion of activity to environmental and occupational problems brought expanded
opportunities for the contribution of statistical and engineering methods to public health. One
example is the use of NHANES data combined with data on lead in gasoline from the U.S.
Environmental Protection Agency to develop a model to predict human blood lead levels (8). The
results were used to provide evidence that subsequently led to a ban on the use of lead in gasoline in
the United States.

In 1974, CDC assumed leadership of a major national immunization campaign. Although the theory
behind herd immunity was developed during the 1920s, the development of vaccines coupled with
advances in mathematical modeling in epidemiology found a new synergy in a paper written in 1971
(9). Four years earlier, in 1967, the World Health Organization had declared its intent to eradicate
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smallpox within 10 years, and the U.S. Public Health Service had declared its intent to eliminate
measles from the United States within 1 year (10). Both of these tasks were theoretically to be
achieved by the induction of herd immunity with vaccines.

The year 1976 saw the beginning of flexible computing in public health. To address the swine flu crisis
(11), an auditorium at CDC was filled with epidemiologists and a Digital Equipment PDP 11
minicomputer the size of a large refrigerator. A program called SOCRATES, written in FORTRAN,
allowed an epidemiologist to define questions, enter data, and summarize the results in tabular form
without the aid of a programmer or a trip across campus to a mainframe computer. The SOCRATES
program later formed the basis of another program, the Epidemiologic Analysis System, which was an
early forerunner of Epi Info(tm), a suite of lightweight software tools for use in field epidemiology
first released by CDC in 1985 (see below).

The 1980s
In the 1980s, public health saw an expansion of emphasis on statistical methods and more statistical
sophistication among epidemiologists and analysts. The computer-punched card was gradually
replaced as the primary means for data storage by magnetic tape, as better computers became
available (Figure 2). Punched cards were still commonly used for data entry and programming at CDC
until the mid-1980s, when the combination of lower-cost magnetic disk storage and affordable
interactive terminals on less expensive minicomputers made punched cards obsolete. However, their
influence persists through many standard conventions and file formats. For example, the terminals
that replaced the mainframe card readers displayed 80 columns of text, the same amount of space on
the punched card.

The first report in MMWR containing results from a logistic regression model appeared in 1982, only
3 years after the software package BMDP provided the LOGIT routine as part of its software (12). In
this investigation of typhoid fever in Michigan, the model was unable to identify risk associated with
any food item because of a small number of cases and little variation in food-consumption patterns.
Since this first use, logistic regression has become a standard technique in public health and has
contributed to policy formulation in many areas. For example, the results from a logistic regression
analysis were used to implement a requirement that tobacco-control programs should include
opportunities for community participation and interaction for maximal impact. (13).

In the early 1980s, CDC launched a major case-control study as part of the nascent investigation of
human immunodeficiency virus (HIV)/acquired immunodeficiency syndrome (AIDS) (14), which
provided a platform for development of new statistical methods for surveillance and estimation of
disease incubation periods (15). A major challenge for HIV/AIDS surveillance was poor data quality
due to underreporting, reporting delay (16), and risk redistribution (17). To address these problems,
statistical scientists adapted methods from correlation analysis (18) and developed a technique known
as back-calculation (19).

Back-calculation uses the number of AIDS cases diagnosed per month or calendar quarter (which can
be estimated from AIDS surveillance data) and the probability distribution of the incubation period
(the time from HIV infection to diagnosis of AIDS) to estimate the number of persons infected with
HIV. This incubation distribution must be estimated from cohort studies. On the basis of these data,
back-calculation methods provide estimates of the number of persons infected with HIV during each
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month or calendar quarter necessary to account for the number of persons in whom AIDS has been
diagnosed during those same periods. The number of persons in whom AIDS will be diagnosed in the
future can then be projected from the estimated HIV epidemic curve and the incubation period
distribution (20).

The back calculation method proved useful in navigating two major changes in the way HIV/AIDS
surveillance was conducted. One was a 1993 change in the surveillance case definition for AIDS to
include all HIV-infected persons who have <200 CD4+ T-lymphocytes/µL or a CD4+ T-lymphocyte
percentage of total lymphocytes <14, or in whom pulmonary tuberculosis, invasive cervical cancer, or
recurrent pneumonia has been diagnosed (21). The other was the development and widespread use of
pharmacotherapy (zidovudine) (22). These and other statistical challenges in HIV/AIDS surveillance
illustrated well the ability of statistical methods to respond to developing public health problems.

During the mid-1980s, with the increasing availability of microcomputers, CDC epidemiologists first
began using computers during field investigations, but no user-friendly software existed for the
purpose. To remedy this problem, in the early 1980s, CDC began development of Epi Info, a general-
purpose computer program that could be used for epidemic investigations and surveillance (Table).
Early versions of Epi Info were used in field investigations on large "luggable" computers (23) (Figure
3). The widespread distribution of Epi Info and the responsiveness of its developers to the needs of
epidemiologists in the field drove the application of statistical methods in field investigations
throughout the world (24). A recent search of MEDLINE found >23,000 citations mentioning Epi
Info in the peer-reviewed literature. Add to this countless other citations in reports not indexed, and
the impact of its development on the field of statistics is apparent. In addition, Epi Info aided in early
efforts to coordinate surveillance activities to reduce the workload of state health departments (25).

During this period, statistical methods for surveillance also advanced. The availability of methods of
forecasting by using time series methods augmented previous regression results (26,27). An
investigation in response to food poisoning in Peru was the first documented field investigation to
implement a time series analysis (CDC, unpublished data, 1986). Use of these methods, developed
during the 1920s, was aided by the availability of computers that allowed computations to be
conducted in a reasonable amount of time.

More broadly, methods were developed to investigate changes in patterns of surveillance data to aid
in epidemic detection and control (28). This development was further aided in 1987, when the
National Center for Health Statistics became part of CDC and brought its expertise in vital statistics
and surveys (29).

The 1990s
Innovations continued during the 1990s in such areas as the detection of statistical aberrations, and
changes in patterns of data reported over time (30--33). A 1988 Symposium on Statistics in
Surveillance (34) became the foundation for ongoing CDC symposia on the statistics of cluster
investigations (35), statistics for rare events and small areas (36), statistics as a basis for public health
decisions (37), emerging statistical issues (38), complicated designs and data structures (39),
methods for decisions in uncertainty (40), methods for addressing health inequities (41), and use of
multisource data (42). Over time, these symposia were accompanied by short courses to educate the
public health community about statistical methods (43). In addition, CDC began giving awards for
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outstanding statistical work that had public health impact (Figure 4).

Despite considerable achievements in reducing smoking prevalence as the 20th century closed,
tobacco use remained responsible for one of every five U.S. deaths. In 1999, CDC's Office on Smoking
and Health created the National Tobacco Control Program to encourage coordinated efforts to reduce
tobacco-related diseases and deaths (44). The National Youth Tobacco Survey measured the tobacco-
related beliefs, attitudes, and behaviors of youth and was the first to gather data from both high
school and middle school students. Findings were used to design strategies for youth-focused
antitobacco campaigns (45). In 1994, economic methods were used to measure smoking-attributable
costs (46).

In 1992, Anderson and May published Infectious Disease of Humans (47), documenting their work in
mathematical modeling transmission of infectious diseases, which was critically important to
understanding the ongoing work in fighting the global HIV epidemic, as well as malaria and
tuberculosis. Subsequent work on modeling diseases has been used to monitor and model the impact
of influenza outbreaks. During the 1990s, laboratory techniques improved enough so that strains of
viruses could be mapped and links made to the epidemiologic investigation.

The 2000s
Although today the consequences of unhealthy dietary choices, sedentary lifestyles, and "supersized"
food portions are familiar, during the late 1990s, their potential for harm was underestimated.
Research published in 1999 documented the nation's rapidly increasing obesity rates in all U.S. states,
regions, and demographic groups (48). In 2001, Congress appropriated $125 million for CDC to
develop a national media campaign to change children's health behaviors. CDC responded through
VERB, an innovative and expansive campaign based on behavioral science theory and contemporary
principles of marketing, which produced measurable positive results (49). Once again, CDC
epidemiologists were using statistical analytic methods that had previously been used in other
disciplines. For example, Bayesian methods used by businesses and marketers to model personal and
community decision making preferences (50) or cluster analysis and marketing segmentation
methods were being used to inform health intervention and evaluation of health programs (51).
Statistical methods in longitudinal analysis and mixed models used commonly in social research also
contributed to the evaluation of results (52). Likewise, a method developed in 1896 for studies in
biological sciences, capture-recapture analysis, was adapted for evaluating surveillance systems
(53,54). This method facilitated the estimation of total number of cases from two surveillance sources,
each of which might not be complete.

In response to the terrorism events of 2001, statisticians began to develop methods for use in defense
and national security (55). The rise of spatial statistics and geographic information systems meant
that epidemiologists could better map prevalence data to suggest gaps in response or impact of
disease or injury (56). Economic data could be mapped for use in cost-effectiveness studies, and
overlaying data types (prevalence, economic costs, demographics) could be used for better decision
making and for evaluation of programs. Mapping the cholera outbreak in John Snow's time seemed to
have come full circle.

Many of the techniques of spatial analysis depend on statistical measures and methods, including
univariate statistical measures and directional analysis (57). Additionally, statistical methods have
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been developed to address the specific needs of spatial datasets. The nature of these extensions differs
from the ways in which multivariate statistics are derived from their univariate counterparts because
of concepts of distance, direction, contiguity, and scale. For example, classical hypothesis testing and
inferential procedures might not be appropriate for spatial problems because the datasets do not
satisfy classical independence or distributional requirements or because the sampling frame may be
unknown or poorly specified.

The Future of Statistics
In the future, epidemiologists will continue to pursue new statistical techniques that can increase the
impact of their analyses on public health. For example, the coming decades might bring innovations
in new data collection modalities (e.g., hand-held data collection methods, cellular phones) and
methods needed to evaluate new public health and medical interventions, and they will all be packed
into a shrinking global village. A large body of methods (e.g., canonical correlations, factor analyses,
exposure assessment, nonparametric statistics, infectious disease modeling) can be brought to bear
on new public health problems. However, the use of these new technologies also comes with
challenges.

For example, the introduction of parallel sequencing technologies (58) has led to an exponential
increase in the amount of available DNA sequence information for epidemiologic investigations.
Because sequence data are now produced faster than they can be meaningfully analyzed, new
approaches to the analysis of this information is one of the most important recent challenges for
epidemiologists, bioinformaticians, and statisticians. Beyond methods to carefully sample and
organize the massive amount of data, challenges include development of quantitative methods and
models to estimate errors for the various sequencing platforms; algorithms and mathematical
estimates of the reliability of genomes assembled from short-gapped reads; approaches to distinguish
sequence-determination errors from biological polymorphism and mutation; and means to
distinguish among multiple genomes within a single dataset, particularly when the relative sizes of
those different genomes vastly differ.

Challenges especially relevant to the area of biodetection include development of models for rapid
identification of the differences between the genomes of individuals of a species and for
distinguishing between naturally occurring biological heterogeneity and newly emerged or artificially
produced pathogenic sequences in complex samples. Mathematical models and methods to estimate
the significance of genomic variability currently exist, and the use of these models and methods will
increase as they become easier to use. Nanotechnology, the understanding and control of matter at
dimensions of roughly 1--100 nanometers (10--9 meter), where unique phenomena enable novel
applications, presents specific challenges to statistical methods: in understanding high variation in
experimental results, in developing sampling plans to model the nanofabrication process efficiently,
and in helping to improve low-quality and unpredictable product reliability. As they have during the
past 50 years, in the coming decades statistical methods will play a major role in strengthening the
evidence base for decisions affecting the well-being of communities.
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FIGURE 1. Statistician at CDC using MonroMatic desktop calculator, Model 8N-213.
circa 1958

Photo: CDC

http://www.spatialanalysisonline.com/
http://www.cdc.gov/Other/disclaimer.html
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Alternate Text: The figure is a photo of a CDC statistician using a MonroMatic desktop calculator in
1958.

FIGURE 2. Computer workstation at CDC, 1980s

Photo: CDC

Alternate Text: The figure is a photo of a CDC employee at a computer workstation in the 1980s.

TABLE. Examples of software systems developed by CDC in the 1980s and 1990s

Sofware system
name Primary use Reference

IDEAS (Interactive
Data Entry and
Analysis System)

Support hospitals'
participation in CDC's
nosocomial infection
surveillance activities

Horan TC, White JW, Jarvis WR, et al. Nosocomial
infection surveillance, 1984. MMWR 1986;35(No.
SS-1).

SAMEC (Smoking-
Attributable
Mortality and
Economic Costs)

Allow states and local areas
to estimate the impact of
smoking-attributable illness
and mortality

CDC. State-specific estimates of smoking-
attributable mortality and years of potential life
lost---United States, 1985. MMWR 1988;37:689-
-93.
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Software for
Congenital Syphilis
Surveillance

Assist states in reporting
cases of congenital syphilis

Dunn RA, Webster LA, Nakashima AK, Sylvester
GC, Surveillance for geographic and secular trends
in congenital syphilis---United States, 1983--1991,
MMWR 1993;42(No. SS-6).

ARDI (Alcohol-
Related Disease
Impact)

Estimate the impact of
alcohol consumption

CDC. Deaths and hospitalizations from chronic
liver disease and cirrhosis---United States, 1980-
-1989. MMWR 1993;41:969--73.

CDC. Alcohol-Related Disease Impact (ARDI).
Available at
http://apps.nccd.cdc.gov/ardi/homepage.aspx.

SURVTB
Support state health
departments in TB case
surveillance and prevention

CDC. Expanded tuberculosis surveillance and
tuberculosis morbidity---United States, 1993.
MMWR 1994;43:361--6.

STELLAR
(Systematic
Tracking of
Elevated Lead
Levels &
Remediation)

Support state activities in
prevention of elevated blood
lead levels

CDC. State activities for prevention of lead.
MMWR 1993;42:165,171--2.

PHLIS (Public
Health Laboratory
Surveillance
System)

Support reporting from
state public health
laboratories

Bean NH, Martin SM, Bradford H, Jr. PHLIS: an
electronic system for reporting public health data
from remote sites. Am J Public Health
1992;82:1273--6.

Epi Info

Support data collection and
analysis from field
investigations; to support
state surveillance activities

Dean AG, Dean JA, Burton AH, Dicker RC. Epi
Info: a general-purpose microcomputer program
for public health information systems. Am J Prev
Med 1991;7:178--82.

FIGURE 3. "Luggable" Osborne computer, circa 1981
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Photo: CDC

Alternate Text: The figure is a photo of a "Luggable" Osborne computer in 1982.

FIGURE 4. CDC's Statistical Achievement Ceremony 1993: Award for statistical
methods to Investigation of 2,3,7,8-tetrachorodibeno-p-dioxin half-life heterogeneity in
Veterans of Operation Ranch Hand. Claire V. Broome (presenter), James Pirkle,
Samuel Caudill, and Mitchell Gail (National Institutes of Health)
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Photo: CDC

Alternate Text: The figure is a photo at CDC's Statistical Achievement Ceremony in 1993. Pictured
are winners of the Award for Statistical Methods to Investigation: Clair V. Broome (presenter), James
Pirkle, Samuel Caudill, and Mitchell Gail.
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