B METHODOLOGICAL NOTES

General concepts in biostatistics and clinical epidemiology:

observational studies with cohort design

Gabriel Lazcano?, Cristian Papuzinski*®, Eva Madrid*®, Marcelo Arancibia®>*

* Cdtedra de Metodologia de la Investigacién Cientifica, Escuela de Medicina, Universidad de Valparaiso, Vifia del Mar, Chile
b Centro Interdisciplinario de Estudios en Salud (CIESAL), Universidad de Valparaiso, Valparaiso, Chile

*Corresponding author marcelo.arancibiame@uv.cl

Citation Lazcano G, Papuzinski C, Madrid E,
Arancibia M. General concepts in biostatistics and
clinical epidemiology: observational studies with
cohort design. Medwave 2019;19(11):¢7748

Doi 10.5867/medwave.2019.11.7748

Submission date 19/10/2019
Acceptance date 29/11/2019
Publication date 16/12/2019

Origin: This article is one of several “Methodological
notes” prepared by the course on Research
Methodology of the School of Medicine of the
University of Valparaiso

Type of review: reviewed by three external peer
reviewers, double-blind

Key Words observational study, cohort studies,
relative risk, incidence, bias, epidemiology,
biostatistics

Abstract

Cohort studies evaluate the relationship between exposure to a specific event
or phenomenon and the occurrence of an associated outcome of interest (or
lack thereof). This methodological design has been widely used in certain
areas of medicine, such as the study of cardiovascular risk factors and the
effects of ionizing radiation in humans. It is a useful study design, especially
for research involving low-occurrence exposures, because it can be easily
adapted to various contexts. This article, which provides an overview of ob-
servational cohort studies, is part of a methodology series on general concepts
in biostatistics and clinical epidemiology developed by the Chair of Scientific
Research Methodology at the University of Valparaiso’s School of Medicine
in Chile. It describes historical, practical, and theoretical concepts related to
cohort studies; essential elements in cohort study design, and variations and
derivations of it; potential types and sources of bias in these types of observa-
tional/longitudinal studies, and various methods researchers can use to ad-
dress/minimize them.

Key ideas

e Cobhort studies analyze the relationship between exposure to a specific event or phenomenon and resulting outcomes and can, there-

fore, be used to estimate risk and establish causation.

o This type of study design is especially useful for studying low-occurrence exposures.

e Cohort studies can be expensive to carry out and difficult to reproduce. They are also prone to confounding and selection bias, but

various methods can be used to address/minimize these effects

Introduction

The term “cohort” can be traced to the Roman cohors, an historical
term for subunits of a legion whose origin is usually attributed to
military reforms promoted by Roman general/statesman Gaius Mar-
ius in the 2nd century BC, which accelerated the transition from
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militias to professional armies’. In the epidemiological realm, we can
find a primordial antecedent for cohort studies in life tables—in-
struments developed in the 17th century to document causes of
death and estimate mortality; using the extensive documentation of
recurrent epidemics, in 1662, English statistician John Graunt pub-
lished the first life table, a format that would be refined by Edmond
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Halley in 1693 At the end of the 19th century, the emergence of
the modern insurance industry and the need to calculate projected
risk of insured parties led to the creation of research formats de-
signed to describe the natural history and effects of various interven-
tions in American patients with tuberculosis in the early 20th cen-
tury, and these studies resembled current prospective cohorts™>. Af-
ter the Second World War, flagship studies renowned for vast, rich
data shaped both the contemporary cohort study and basic under-
standing of the concept of “risk”®; this included the Framingham
Study on cardiovascular risk®, which is still being implemented; the
British Doctor’s Study, which generated important data on the risk
of developing lung cancer from tobacco use’; and the study of Japa-
nese survivors of both atomic bombs®, which, along with the cohort
study of mortality in uranium miners in the Colorado Plateau’, pro-
vided much of the current knowledge about the effects of radiation
on humans®.

Both its military origin—analysis of the experiences and functions
of various groups in Roman legions—and its current, epidemiolog-
ical meaning—grouping data by exposure to specific events or phe-
nomena, such as risk factors or medical interventions—illustrate the
prototypical concept of cohorts: classifying individuals with a com-
mon outcome by certain characteristics, a concept that is described
in more detail below.

This is the fourth article of a six-part methodology series on general
topics in biostatistics and clinical epidemiology, based on data from
published articles available in the top medical/scientific databases
and specialized reference texts. The series is designed for undergrad-
uate and graduate students and is developed by the Chair of Scien-
tific Research Methodology at the University of Valparaiso’s School
of Medicine in Chile. The objective of this article is to provide an
overview of the main theoretical and practical concepts of cohort
studies.

Preliminary concepts

The cohort study has an observational, longitudinal, and analytical
design: it analyzes the effects of exposure to a certain event or phe-
nomenon that occurs “naturally” (without the intervention of the
researchers), over time, and allows us to observe the resulting

changes (or lack of them), using statistical hypothesis tests'"'%.

Unlike case-control studies, which, as addressed in a previous article
in this series, analyze the effects of exposure to different events or
phenomena on an outcome of interest, cohort studies separate study
population groups based on expected differences in outcomes fol-
lowing exposure to a common event or phenomenon. Based on the
particular features of these two types of studies, another fundamen-
tal difference between them can be inferred—directionality—with
case-control studies analyzing data from effect to cause, and cohort
studies analyzing data prospectively (from cause to effect)".

Data collection for a cohort study can be prospective, retrospective,
or ambidirectional/ambispective. Regardless of which of these three
data collection methods is used, the analytical directionality in a co-
hort study will remain prospective (cause to effect). Using the first
type of data, the study population’s baseline is exposure to a specific
event or phenomenon, and the analysis identifies the occurrence of
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various expected outcomes (or lack thereof). With retrospective data
collection, from the perspective of the researcher, both the exposure
and the outcome have already occurred. In the case of ambidirec-
tional or ambispective data collection, as described in Example 1,
the exposure has already occurred, before the study, but an outcome
has yet to materialize; this type of analysis is useful in assessing
events/phenomena that take time to transpire and exposures that
could trigger multiple outcomes of interest'*">.

Example 1. A study with an ambidirectional/ambispective co-
hort design, conducted in China'®, analyzed the adverse effects of
therapy used in multi-drug-resistant tuberculosis. A retrospective
study was carried out using the medical records of 751 patients
who received treatment between May and July 2009, and a fol-
low-up, a prospective evaluation, was conducted in December

2016.

Cohort studies analyze an element of causality or temporal relation-
ship of cause and effect that is not present in cross-sectional or case-
control studies'*"”. Therefore, no study participant—exposed or un-
exposed to the specified event or phenomenon—can have the out-
come of interest at baseline. For example, in a cohort study of a spe-
cific pathology, every included study participant would, at baseline,
be “healthy” for that condition.

This temporality (emergence of a specified outcome only after a cer-
tain lapse of time) is one of the nine criteria for cohort studies pro-
posed by English epidemiologist and statistician Sir Austin Bradford
Hill: 1) strength of association, 2) consistency, 3) specificity, 4) tem-
porality, 5) biological gradient, 6) plausibility, 7) coherence, 8) ex-
perimental evidence, and 9) analogy'®. Although this checklist is not
meant to be a rigid one, it provides a valid framework for conducting
cohort studies in epidemiological research and can be easily adapted
to the current highly technical world in which molecular biology
and genomics offer mechanistic explanations that complement and
strengthen the findings found at the epidemiological level'. Of
these nine criteria, temporality is the only one considered essential

for describing causality between an exposure and an outcome.

For the reasons cited above, just as case-control studies have the best
design for studying outcomes with very low occurrence, cohort stud-
ies have the best design for studying exposures of low occurrence,
such as environmental disasters.

Designing a cohort study

There are five critical questions to answer when designing a cohort
study'>22%: 1) “Who is at risk?”; 2) “Who should be considered ex-
posed?”; 3) “Who constitutes an appropriate (unexposed) control?”;
4) “How will the occurrence of an event be objectively estimated?”;
and 5) “How will the participants be monitored?”

The first question refers to the study participants’ susceptibility to
developing the outcome of interest. Although both exposed and un-
exposed individuals can be included in the cohort, none of them
should have experienced the outcome of interest at baseline, and
everyone should theoretically be able to develop it. This goes hand
in hand with the third question, which addresses the fact that unex-
posed individuals must have characteristics (age, sex, ethnicity, and
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socioeconomic status, among others) similar to those in the exposed
group, to reduce potential biases. To be comparable, members of
the unexposed group can have either an “internal” origin (e.g., ad-
mission at the same hospital, during the same period), relative to the
exposed group, or an “external” origin (e.g., admission at a different
hospital or records from a different set of national statistics); gener-

ally, the study of comparable groups with internal origin is more
desirable!'?,

The second and fourth questions refer to the essential characteristic
of any robust study protocol regardless of its design: precise defini-
tions of what is being studied. This implies, in the practical sense,
the use of updated and clearly established clinical criteria, and clear
explanations/descriptions of any instrument, scale, score, or discrim-
inatory values used in the study. In addition, researchers should al-
ways consider the characteristics of the population being monitored
in case they could affect the measurement of the outcome of inter-

est1 1»13,23.

The use of robust, standard methods for selecting the study popula-
tion is also extremely important in cohort studies because losses to
follow-up can unbalance cohort groups and affect the occurrence of
the outcome(s) of interest, creating potential bias. As illustrated in
Example 2, the choice of study design features can have unexpected
outcomes and should be selected carefully?*?>?. Various aspects of
cohort study design that should be considered are listed below:

e Survey method: face-to-face, telephone calls, or remote, such as elec-
tronic or paper surveys

e Survey scope and frequency: using very long surveys or requiring nu-
merous visits to health facilities can result in loss of interest or fatigue
among study subjects

o Logistics/availability of participating health facilities (if there is a need
for population sampling or measurements)

e  Redundancy mechanisms: alternative ways of communicating with the
patients in case they become unavailable or any changes in the usual
means of contact arise.

e Cost: ensure the sustainability of the study for the entire planned re-
search period.

Example 2. The UK COSMOS study”, conducted in the
United Kingdom, seeks to assess the effects of mobile telephony
on the health of its users. The authors, faced with a low response
rate in the early stages of recruitment, decided to make more use
of digital media, such as web questionnaires and text message re-
minders. Although they were able to improve recruitment levels
using digital media, this change in the study design resulted in
new challenges inherent to those chosen technologies, such as
having to develop, and design attractive websites optimized for

display on mobile phones and tablets.
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Different types of cohort study designs: ad-
vantages, disadvantages, and potential uses

Given the very specific elements that are essential for carrying out a
cohort study, it seems worthwhile to ask the following question be-
fore developing/designing one: “Is a cohort study the correct design
for evaluating my research hypothesis?” Alternatively, more broadly:
“What is the most appropriate design for answering my research
question?” As long as the abovementioned criteria can be met, co-
hort studies are a good choice for analyzing a hypothesis, given the
adaptability of the classic modalities of this type of study and their
variations/derivations to different contexts and scenarios, according
to the temporality of the data collection.

To summarize, the advantages of cohort studies include the direc-
tionality of their analyses (from exposure to outcome) and the tem-
porality of their data collection, which allows for inference, with
proper design, of a cause-effect relationship between the exposure
and the outcome, when a significant statistical association is found.
Therefore, adequately designed cohort studies allow for direct esti-
mation of incidence and absolute and relative risks!>>%,

Prospective cohort study

A prospective cohort study design has innumerable advantages.
First, once the required sample size for exposed and unexposed sub-
jects has been attained, prospective assessments of an upcoming out-
come can be carried out (the outcome must be a future event, how-
ever; it cannot have occurred prior to the study baseline). Another
strength of this design is that it allows for direct assessment of the
exposure, which enables the establishment of clear temporality re-
garding the occurrence of the outcome and the evolution of a con-
dition, and ensures the quality of data collection, which is not regis-
try-dependent. In addition, knowledge of the outcome will not af-
fect the registration of exposures. Despite their relatively high cost,
cohort studies are the best means of assessing exposure to events or
phenomena of rare occurrence, especially those that cause damage
(e.g., environmental disasters), given that the only other types of
studies that can provide causality data are clinical trials, which, for
ethical reasons, cannot be carried out to assess these types of events.
For the same reasons, prospective cohort studies are also a good
choice for describing and analyzing the natural history of a disease.

One of the main disadvantages of the cohort design is its relatively
high economic cost, which makes it inefficient for studying events
of rare occurrence and challenging to reproduce in future studies.
Furthermore, cohort studies have the same weakness as all observa-
tional designs, compared to their experimental peers—the potential

for confounding variables that can distort resules'7%.

Retrospective cohort study

In retrospective cohort studies, both the exposure and outcome oc-
curred before the analysis, and existing records are used to recon-
struct the sequence of events (i.e., exposure and outcome are past
events at the study baseline). In addition to having the abovemen-
tioned strengths of all cohort designs, retrospective cohort studies
have a lower cost and higher performance versatility than prospec-
tive versions. However, these latter features are only advantageous if
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the required data are available and accurately recorded. In addition,
researchers have limited control over the construction of the sample
and the quality of the monitoring. Still, retrospective cohort studies
are seen as the modality of choice for studying rare events and are an
attractive alternative in hospital or institutional settings, where it is
feasible to find good-quality records®.

Ambispective or ambidirectional cohort study

The third variant of cohort studies, ambispective or ambidirectional
studies, use preexisting data, document events, and phenomena that
have already occurred, and allow for prospective/future monitoring.
As a hybrid model, this type of cohort study has advantages and dis-
advantages compared to prospective and retrospective designs'.
This type of cohort study is useful for analyzing exposures that may
have both short- and long-term outcomes, or more than one out-
come'?. Another scenario in which this type of study can be useful
is the analysis of health crises such as outbreaks, epidemics, or any
other events that imply an unexpected exposure for which data must
be collected retrospectively. Also, strictly speaking, lifestyle habit
studies can be categorized as ambispective cohort studies since the
exposure—which would in most cases, continue to develop over
time—has already occurred before the study baseline®.

Group cohort study

For group cohort studies, the essential elements are exposure-based
sampling, follow-up, and calculation of absolute risk, and the exist-
ence of an unexposed control group is not a sine qua non condition®.
Based on classical definitions, group cohort studies would be used
for a case series”. However, this type of cohort design uses outcome-
based sampling, and although it may consider a specific exposure,
there is no follow-up or absolute risk calculation?>; moreover, these
types of case series can be “timeless”—that is, they can analyze cases
that occurred at different times. The group cohort can also be useful
for studying new interventions in small samples. The absence of an
unexposed group prevents both hypothesis testing and the calcula-
tion of relative risks, but these types of studies can be used to record
the incidence of outcomes of interest, such as adverse effects (Exam-

ple 3).

Example 3. A group cohort study®®, conducted in Italy, docu-
mented the success rates and complications that occurred when
using a flapless technique for installing immediate-loading im-
plants in patients with edentulous jaw. In the study, 33 patients
were recruited. The patients were monitored at the time of instal-
lation, and after 12 months of follow-up, to assess the stability of

the implants.

Multiple-cohort study

Multiple-cohort studies can be used when different samples are sub-
jected to different exposures or to different levels of the same expo-
sure (when studying an unexposed group)**”*. When monitoring
more than one group, relative risk calculation and statistical associ-
ation tests are possible (Example 4).
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Example 4. A double cohort study® assessed the appropriate
technique for minimally invasive surgical management of pa-
tients with rectal prolapse. Two cohorts were proposed, each with
a different technique: laparoscopic ventral rectopexy, carried out
in a health facility in the Netherlands, and rectopexy through lap-
aroscopic resection, performed in the United States. The study
designed according to the preferred technique in the respective

countries of the two facilities participating in the study.

Use of external cohorts

External cohorts can be considered a particular type of multiple-co-
hort study in which preexisting external sources of information (e.g.,
censuses, population registries) are used. In this type of study, sam-
ples of individuals with similar characteristics but from another cen-
ter or institution can also be included. One disadvantage of this
study design is that basic characteristics differ across individuals
from different groups. External cohorts can also be used when stud-
ying rare exposures or when it is impossible to recruit a control
group12,23.

Case-control study nested in a cohort

A case-control study nested in a cohort study or nested case-control
study is a case-control study of the individuals in the cohort who
present the outcome. This research method was addressed in a pre-
vious article in this series (General concepts in biostatistics and clin-
ical epidemiology: observational studies with case-control design,
Doi 10.5867/medwave.2019.10.7716).

Case-cohort study

A case-cohort study design is derived from case-control study design
but carried out using a cohort divided into two groups: a case group,
which includes all those who developed the outcome of interest until
a specific point in time, and a sub-cohort comprising randomly sam-
pled individuals from the general cohort, regardless of whether they
developed the outcome of interest®'. This design is particularly use-
ful for studies of large cohorts with multiple outcomes of interest
where collecting data for each event would be inefficient. The ad-
vantage of this design compared to a nested case-control study is the
ability to reuse the sub-cohort in the assessment of each different
outcome (whereas a nested case-control study would require build-
ing a new control group for each different event). Because controls
are representative of the general cohort, they provide a basis for es-
timating incidence and prevalence in the source population®** (Ex-

ample 5).
Example 5. The MORGAM (MONICA, Risk, Genetics, Ar-

chiving, and Monograph) Project“ is an international collabora-

tive study that analyzes the association between certain pheno-
types and genotypes with the occurrence of cardiovascular events.
The study compared cases identified from a randomly con-
structed sub-cohort. The efficiency of this type of cohort design
is illustrated in this project: it was not cost-effective to perform
genotyping for the entire cohort, so it was very useful to the re-
searchers to have a sub-cohort that could be reused for several

outcomes.

4/9



Frequency and association measures

Association measures can be expressed as probabilities (risks) or rates
(incidence). The risk calculation determines the proportion of all
individuals presenting the outcome of interest over the study period.
The incidence calculation includes the unit of time, expressing the

“speed” at which an outcome occurs®.

The risk calculated for each group that makes up a cohort is called
the absolute risk; it is possible to determine associations between
various levels of absolute risk by calculating ratios (risk ratio or rela-
tive risk) or differences (reduction of absolute risk, risk difference,
or attributable risk)®:

Individuals presenting the event

Absolute risk (R) =

Relative risk (RR) =

Individuals in follow — up in that group

R(exposed)
R(unexposed)

Attributable risk (AR) = R(exposed) — R(unexposed)

The calculation of incidence is mathematically similar, but it includes, in the denominator, the period when there is a risk of the outcome:

Individuals presenting the event

Individuals presenting the event

Incidence =

If the period in which there is a risk of occurrence of the outcome
of interest is equal for all members of the cohort, the value obtained
corresponds to the incidence rate; if the period of risk is different for
different members of the cohort, the calculation includes the indi-
vidualized period of risk for each member of the cohort, which is
called, in that case, incidence density. In some cases, cumulative in-
cidence, which is, mathematically, the same as absolute risk, and

does not strictly correspond to a rate, is also included®¢.

In the literature, the operational definitions of these measures are
often inconsistent, and/or confusing; researchers should be sure to
provide clear/accurate descriptions of any measures they use®*%. Be-
cause it is a unique and static value, the incidence rate may not be
accurate or useful for reporting phenomena whose occurrence is var-
iable over time. In these cases, survival analysis techniques can be
used to analyze the outcome of interest in one or more populations.
The use of life tables (actuarial analysis) or Kaplan-Meier curves will
enrich the data that is generated®. Survival studies also allow for
comparison of survival curves, which in turn allows for inferential
analysis, to estimate differences between them, using parametric and
non-parametric methods. Cohort studies are the most appropriate
methodological design for survival analyses®.

Biases and control strategies

Given their nature as observational and longitudinal studies, cohort
studies can have multiple types and sources of bias. Among the dif-
ferent types of potential bias, selection bias resulting from loss to
follow-up stands out. The first steps to address this type of bias
should be taken in the design stage, as explained in the section above
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Individuals in follow —up X time at risk or

Y time at risk

called “Designing a cohort study.” When losses to follow-up are un-
avoidable, artificial censoring to correct selection bias can be carried
out using inverse probability-of-censoring weights; by estimating the
probability of loss to follow-up, a correction coefficient is con-
structed that seeks to model the behavior of the sample without
losses, allowing for correction of the risk estimate®. Using these sim-
ulations, it has been determined that losses to follow-up of 20% or
more result in significant risk of bias, so significant effort should be
made, including during the design stage, to avoid them*'. So-called
“healthy worker bias” can also occur when the risk of presenting a
specific condition is compared between a cohort of workers that are
exposed to a specific event or phenomenon and a cohort obtained
from the general population that is unexposed to the event/phenom-
enon. In this case, the cohort of workers may appear to be a protec-
tive factor (relative risk less than 1), and their risk may even be less
than the estimated risk for the general population, meaning that
their specific type of work protects them from presenting the out-
come of interest. However, this phenomenon could also be ex-
plained by optimal health conditions (young age, lack of chronic
pathologies, i.c., "healthy" status) that these workers may have had
before employment and/or that has been intensified through the la-
bor selection process. This type of bias can be avoided by comparing
different strata of the worker cohort, selected according to the num-
ber of weekly work hours, for example, or the type of work per-
formed, among other factors*>.

The potential biases that require attention by researchers, especially
during the design process, vary according to the type of cohort study
that is used. In a retrospective cohort study or the retrospective part
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of an ambispective study, the quality and readability of the records
used for data collection, and the participants themselves, are poten-
tial sources of bias, if questionnaires or interviews are used to gather
data complementary to the exposure. In the first case (bias from
medical records, for example), any missing data must be rigorously
reported, but when the analysis is carried out, three different strate-
gies are recommended®: 1) ignore the missing specific data and only
include each individual in the analyses of data that he/she has; 2)
censor/omit the entire record of any individual with missing data
(regardless of what type of data is missing, omit the individual from
all analyses); and 3) assign an average or baseline value. All three
strategies skew the sample in unpredictable ways, so whichever one
is used must be clearly described in the study protocol. In addition,
any instruments used for questionnaires or in interviews must be
clearly described, prior to their use, in language understandable to
patients; in addition, whoever applies the instrument or conducts
the interview should not know the exposure status of the partici-

22,43
pant*>®,

In prospective studies or the prospective part of an ambispective de-
sign, errors in measurement can lead to erroneous classifications of
both the exposure status of the participant and the occurrence of the
outcome of interest. This should be handled in the design stage, with
all criteria clearly defined from both clinical and operational per-
spectives (e.g., threshold values, scales to be used, and laboratory

methods, among others)!#2644,

The confusion phenomenon, addressed in previous articles in this

series*4¢

, can also occur in cohort design. Therefore, the use of strat-
ified analysis and multivariate statistical regression techniques could
be useful in cohort studies to, through mathematical modeling, ex-
amine and control the effect of each of the recorded variables, iden-

tifying potential confounding variables®.

Final considerations

While cohort studies have a strong historical background in the de-
velopment of modern and contemporary medicine'’, they are far
from being an outdated method, given the many tools available now
for refining their results, and the new developments in biostatistics,
and growing computer power, that allows for more agile implemen-
tation and application of them. Therefore, as some authors have
pointed out, although the potential fit of cohort designs should be
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analyzed on a case-by-case basis, and these types of studies should
not be applied randomly, or for mere novelty, the fact that they are
not used as often as they could be is usually due to researcher habits
(better familiarity with other study designs), or ignorance, rather
(324047

than lack of feasibility or technological suppor
This methodological design has allowed for the study of associations
of great relevance for public health and medicine, especially in rela-
tion to exposures to harm. Cohort studies are the design of choice
for studying incidence, survival of a condition, and protective and
risk factors. Unlike other types of observational studies, cohort stud-
ies allow for the establishment of a causal relationship, because the
type of data analysis they use meets the criterion of temporality—
the one element essential for determining causal hypotheses—that
is, moving from cause to effect (Figure 1).
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Figure 1. Infographic of cohort studies. Source: designed by the authors.
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