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Abstract The complementary roles fulfilled by observational studies and ran-
domized controlled trials in the population science research agenda is illus-
trated using results from the Women’s Health Initiative (WHI). Comparative
and joint analyses of clinical trial and observational study data can enhance
observational study design and analysis choices, and can augment randomized
trial implications. These concepts are described in the context of findings from
the WHI randomized trials of postmenopausal hormone therapy and of a low-
fat dietary pattern, especially in relation to coronary heart disease, stroke, and
breast cancer. The role of biomarkers of exposure and outcome, including high-
dimensional genomic and proteomic biomarkers, in the elucidation of disease
associations, will also be discussed in these same contexts.
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1 Introduction

It is a great pleasure to provide a contribution to this issue in honor of my
esteemed colleague, Dr. Norman Breslow. Norm was one of the few Seattle-
ites I knew before my family moved to Seattle in 1974. He was already a key
member of the Biostatistics Department at the University of Washington at that
time, a department formed in 1970 and capably led by Drs. Ed Perrin, Dono-
van Thompson, Norm Breslow, Tom Fleming, and Bruce Weir over the years
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since its inception. I moved to Seattle to be an initial on-site biostatistician at
the then-fledgling Fred Hutchinson Cancer Research Center, having developed
an interest in biomedical applications while visiting Drs. Marvin Zelen and
Jack Kalbfleich, then at the State University of New York at Buffalo. I asked
Norm about the potential of the start-up Hutchinson Center. He responded
that the research groups headed by Drs. E. Donnall Thomas, Karl Erik, and
Ingegard Hellstrom, and Robert Nowinski that were to be based at the Hutch-
inson Center were ‘absolutely tops.’ I interviewed for the position and soon was
en route to Seattle. Though based at the Hutchinson Center, the University of
Washington was my principal academic home during my initial years in Seattle.
Norm and I had common interests in observational study methods and clinical
trials. We wrote a few papers together, and I learned a lot by observing Norm’s
thorough approach to research and his ability to explain technically difficult
concepts clearly to diverse audiences. Such overlapping interests continue to
this day, and it has always been important to me to know that Norm and other
valued colleagues have both appreciation for, and many valuable contributions
to, observational study and clinical trial methodology and application.

Norm’s two-volume series with Dr. Nick Day on case-control and cohort
study methods are classics among epidemiologists and biostatisticians (Breslow
and Day 1980, 1987). Norm’s several decades of involvement and leadership in
the National Wilms Tumor Study, in collaboration with Drs. Giulio D’Angio,
Audrey Evans, and others, serves as a prime example of randomized controlled
trial and observational study integration, and of impressive progress in the
management of this important childhood tumor.

2 Scope of this contribution

The Women’s Health Initiative (WHI), in which I have been engaged since
its inception in 1992, also integrates an observational study (OS) and a multi-
faceted randomized controlled trial (CT). The WHI is conducted among post-
menopausal women, in the age range 50–79 at the time of enrollment during
1993–1998, seen at one of 40 clinical centers throughout the United States.
The CT involved four distinct randomized controlled intervention evaluations
in a partial factorial design (WHI Study Group 1998). Two of these involved
postmenopausal hormone therapy (HT) versus placebo comparisons, either
conjugated equine estrogen alone among women who were post-hysterectomy,
or this same estrogen preparation plus medroxyprogesterone acetate among
women with a uterus. These trials projected a major reduction in coronary
heart disease risk, with a breast cancer risk elevation also anticipated. To enroll
in the CT women could enroll in one of the HT trials or the dietary modification
(DM) trial, or both. The DM trial studied a low-fat dietary pattern for the pre-
vention of cancer, with breast and colorectal cancer separately as the designated
primary outcomes. At the one-year anniversary from initial randomization, eli-
gible women in the CT were invited to be further randomized into a calcium
and vitamin D versus placebo supplementation trial, primarily aimed to reduce
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the risk of fracture, with hip fracture the designated primary outcome. A total
of 68,132 women enrolled in the CT. This total is 60.6% of the total sample sizes
for the four CT components, providing a cost and logistics justification for the
use of a partial factorial design with overlapping components.

The WHI also includes a cohort study among 93,676 postmenopausal women
in the age range 50–79 at enrollment. This OS enrolled women from the same
populations, over essentially the same time period, with major elements of clin-
ical outcome ascertainment and much risk factor and exposure data collection
common to the two cohorts. The common data collection included an in-person
interview to assess the use and timing of exogenous hormones prior to WHI
enrollment.

This contribution reviews our attempts to date to explain apparent discrep-
ancies between randomized controlled trial results from the CT, with observa-
tional associations from WHI cohorts, both for the HT trials (Sect. 3), and the
DM trial (Sect. 4). Data collection, including that for high-dimensional genomic
and proteomic data, to help understand health effects observed in the CT are
also briefly described (Sect. 5). The presentation ends with some brief com-
ments on the future preventive intervention research agenda, and on related
methodology needs (Sect. 6).

3 Women’s health initiative studies of postmenopausal hormone therapy

3.1 Estrogen plus progestin trial and cardiovascular disease

As mentioned above, two of the CT components evaluated postmenopausal
hormone therapy, a continuous regimen of 0.625 mg per day of conjugated
equine estrogens (CEE) among 10,739 women who were post-hysterectomy at
enrollment (E-alone trial), and a continuous regimen of the same estrogen plus
2.5 mg per day of medroxyprogesterone acetate (MPA) among 16,608 women
who were with uterus at enrollment (E+P trial). These preparations were used
by about 8 million and 6 million women, respectively in the United States, and
many more millions of women worldwide until the E+P trial was stopped early
in 2002 (Writing Group for the WHI Investigators 2002), when it was judged
that risks exceeded benefits over an average 5.6-year intervention period. The
left side of Table 1 shows hazard ratio estimates (HRs) and nominal 95% con-
fidence intervals at the time of early stopping. These HRs were based on Cox
(1972) regression analysis, with baseline hazard ratio stratified on age (5-year
age group), prior history of the disease under evaluation, and randomization in
the dietary modification (DM) trial component, to be described below. The fact
that there was a moderate increase in the designated primary outcome, coro-
nary heart disease (CHD), while a major reduction had been hypothesized was
a cause for much reaction by gynecologists, cardiovascular epidemiologists, and
other clinical groups. E+P trial results also led to discussion of the details of the
WHI study (e.g., characteristics of enrollees; medication adherence; monitoring
and reporting methods), and of the reliability of a very extensive observational
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Table 1 Clinical outcomes in the WHI postmenopausal hormone therapy trialsa

E+P trial E-alone trial
Outcomes Hazard ratio 95% CI Hazard ratio 95% CI

Coronary heart disease 1.29 1.02–1.63 0.91 0.75–1.12
Stroke 1.41 1.07–1.85 1.39 1.10–1.77
Venous thromboembolism 2.11 1.58–2.82 1.33 0.99–1.79
Invasive breast cancer 1.26 1.00–1.59 0.77 0.59–1.01
Colorectal cancer 0.63 0.43–0.92 1.08 0.75–1.55
Endometrial cancer 0.83 0.47–1.47
Hip fracture 0.66 0.45–0.98 0.61 0.41–0.91
Death due to other causes 0.92 0.74–1.14 1.08 0.88–1.32
Global index 1.15 1.03–1.28 1.01 0.91–1.12
Number of women 8,506 8,102 5,310 5,429
Follow-up time, mean (SD), mo 62.2 (16.1) 61.2 (15.0) 81.6 (19.3) 81.9 (19.7)

aWriting Group for the WHI Investigators (2002), WHI Steering Committee (2004)

literature (e.g., Stampfer and Colditz 1981; Barrett-Connor and Grady 1998)
that mostly suggested a CHD risk that is 40–50% lower among E-alone or E+P
users compared to non-users.

In an attempt to understand the basis for results that appeared to be discrep-
ant between the WHI E+P trial and related observational research, a group
of WHI investigators (Prentice et al. 2005b) contrasted results from the CT
and OS. For this purpose a subset of 53,054 women from the OS were selected
who were with uterus and not using unopposed estrogens (i.e., estrogen with-
out progestin) at the time of WHI enrollment. The ratio of age-adjusted CHD
incidence rates for (baseline) E+P users compared to non-users of hormone
therapy was less than one in the OS, and only about 50–60% of the corre-
sponding HR from the E+P trial. Similarly, the E+P HRs for stroke and venous
thromboembolism in the OS were only 50–60% of those from the E+P trial.
After control for an extensive set of potential confounding factors, the HRs in
the OS remained about 30–40% lower (p < 0.05) than those in the E+P trial for
each of the three diseases. However, upon control for time from E+P initiation,
defined as time from enrollment in the CT and in the non-user group in the
OS, and as time from enrollment plus the duration of the baseline E+P episode
at enrollment for the E+P user group in the OS, the hazard ratios from the
two cohorts were in considerably better agreement, with differences that could
be explained readily by chance. For example, upon control for time from E+P
initiation as a time-dependent variable, and for potential confounding factors
in stratified Cox models, the ratio of E+P HR in the OS to E+P HR in the CT
(95% confidence interval (CI)) as a multiplicative HR factor was estimated as
0.93 (0.64, 1.36). Hence, the residual 7% lower estimated HR in the OS com-
pared to the CT is readily explained by chance. The corresponding OS to CT
ratio of HRs (95% CI) was 0.76 (0.49, 1.18) for stroke, and 0.84 (0.54, 1.28),
leaving the possibility of some small residual bias, especially for stroke.

The principal source of discrepancy between the WHI CT and OS in regard
to E+P and cardiovascular disease appeared to derive from HRs that were
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elevated early and declined after the first few years of use. For CHD, the esti-
mated HRs from combined CT and OS data analysis were 1.56, 1.16, and 0.81
in the first 2 years, 2–5 years, and more than 5 years from E+P initiation catego-
ries, respectively. The WHI OS, like many other cohort studies, enrolled women
who may have already used E+P for some years, so that most HR information
pertained to the more than 5 year from E+P initiation category. The CT, on the
other hand, provides an assessment of HRs from the time of E+P initiation,
and with an average follow-up of 5.6 years most HR information pertains to
the first few years of use. The CT and OS hence each provide valuable, substan-
tially complementary, information. Contrasting CT and OS findings identified
an important potential source of bias in observational studies, and has impli-
cations for study design and analysis. Specifically, an observational study of an
exposure such as E+P needs to be sure to include a sufficient number of recent
E+P initiators to be in a position to assess risks and benefits from the begin-
ning of exposure. Similarly, a proportional hazards analysis assumption, while
unlikely to give seriously misleading results in the randomized trial setting,
can have a major impact in observational studies if there is substantial non-
proportionality and ‘late entry’ into the cohort, as in the WHI OS. Proportional
hazards or related assumptions should be tested to the extent possible using
available data, and relaxed as necessary. Also, joint analyses of clinical trial and
observational study findings may be able to add precision and augment clinical
trial findings, if the two sources can be brought into agreement. For example,
the time-varying HRs for E+P and CHD listed above can be used to give an
estimated average HR over a 10-year period from E+P initiation (95% CI) of
1.07 (0.92, 1.24), suggesting the absence of important benefit even over a fairly
lengthy usage period. See Prentice et al. (2005a) for additional related discus-
sion, and for comments by several leading biostatisticians and epidemiologists.

3.2 Estrogen-alone trial and cardiovascular disease

The WHI E-alone trial also stopped early in 2004 (WHI Steering Committee
2004), primarily based on a stroke elevation of a similar magnitude to that for
E+P. As shown on the right side of Table 1, the risks and benefits of this CEE
regimen were fairly well-balanced over an average 7.1-year follow-up period,
with a ‘global index’ defined as time to the earliest of the outcomes listed above
it, having a HR (95% CI) of 1.01 (0.91, 1.12). The HR (95% CI) for the primary
CHD outcome was 0.91 (0.75, 1.12) at the time of stopping, so that the antic-
ipated major benefit did not arise, not was it likely to do so by the planned
termination about 1 year later.

WHI investigators (Prentice et al. 2006) undertook similar HR comparisons
between the E-alone trial and the subset of 38,313 women from the OS who
were post-hysterectomy and not taking E+P preparations at the time of WHI
enrollment. Once again, age-adjusted HRs from the OS were only 50–60% of
those for the CT, but agreed fairly closely after controlling for confounding
factors and, especially, for time from E-alone initiation. A novel aspect of these
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analyses used the comparative HRs for E+P in the CT and OS to formulate a
residual bias estimator in analysis of E-alone in the OS. The resulting E-alone
HRs from these three cohorts (E-alone OS, E+P OS, E+P CT) agreed fairly
well with E-alone HRs from the CT, as was also the case when the roles of
E-alone and E+P were reversed.

3.3 Hormone therapy trials and breast cancer

The trigger for the early stoppage of the E+P trial was an elevation in the
‘primary safety’ outcome of invasive breast cancer. WHI investigators have
carried out similar contrasts of HRs from the CT and OS for invasive breast
cancer for both E+P and E-alone. The breast cancer HRs shown in Table 1
are considerably lower than those from an extensive observational literature.
For example, the UK Million Women’s Study estimated HRs (95% CIs) of
2.00 (1.88, 2.12) for E+P regimens and 1.30 (1.20, 1.40) for E-alone regimens,
though HRs are somewhat lower than these in other observational studies. The
WHI CT and OS breast cancer analyses have yet to be published, and so won’t
be discussed in any detail here. These, however, yield larger HRs in the OS
versus the CT for both E+P and E-alone, differences that are not explained
by available confounding factors, or time from hormone therapy initiation.
Efforts to understand the important residual bias led to the identification of an
important effect modifying factor that is helping to clarify both methodologic
aspects and clinical implications for these preparations, thereby providing an
additional example of the valuable interplay between trials and observational
studies.

4 Women’s health initiative studies of a low-fat dietary pattern

4.1 Trial design and breast cancer findings

Another important component of the WHI CT tests the hypothesis that a low-
fat dietary pattern can reduce cancer incidence, with invasive breast cancer,
and invasive colorectal cancer as designated primary outcomes. The Dietary
Modification (DM) trial randomized 48,835 postmenopausal women either to
a low-fat eating pattern (40%), or to usual diet (60%). The intervention group
women were taught by nutritionists, in small groups of size 8–15, how to make
and maintain a change to a low-fat dietary pattern having goals of not more
than 20% of energy (calories) from fat, five or more servings of fruit and
vegetables per day, and six or more grain servings per day. The intervention
included nutritional strategies to identify the fat content in food, to limit fat in
food preparation, and to budget fat consumption, as well as behavioral strat-
egies related to self-management and self-efficacy, social support, and relapse
prevention.

The low-fat diet and breast cancer hypothesis dates back to animal feed-
ing experiments in the 1940s, which were followed by supportive international
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correlative and national time trend studies (e.g., Prentice and Sheppard 1990).
The hypothesis was also supported by a combined analysis of 12 case–con-
trol studies (e.g., Howe et al. 1990), that used a variety of dietary assessment
methods in diverse populations, but not by an analysis of seven cohort studies
(Hunter et al. 1996), that took place in Western populations and each used a
food frequency questionnaire (FFQ). The hypothesis became rather contro-
versial during the 1980s as these cohort data began to emerge, with some
arguing that an expensive randomized trial, as in the WHI, was not justi-
fied. At the heart of this argument is the issue of the measurement prop-
erties of dietary assessment methodologies, and the corresponding reliability
of observational studies in nutritional epidemiology. Similar issues are perti-
nent also to physical activity epidemiology and to energy balance and obesity
studies.

It is clear from repeat application of available dietary assessment tools, such
as FFQs, food records or dietary recalls, that there is a substantial random
measurement error in the assessment of nutritional factors, such as total fat
consumption or percent of energy from fat. What is less clear, and has not been
acknowledged in nutritional epidemiology studies to date, is the importance
of a systematic component to consumption measurement errors. For example,
Heitmann and Lissner (1995) show that obese women and men substantially
underestimate total energy consumption on self-report, whereas such underes-
timation is minimal among slim persons. Moreover, the systematic bias associ-
ated with body mass was greater for total energy than for protein energy. These
studies reflect the availability of good biomarkers of total energy expenditure
(a doubly labeled water measure) and protein expenditure (urinary nitrogen-
based measure). Such biomarkers have not yet been established for other
macronutrients, or for most micronutrients. A systematic component to mea-
surement error could relate to many study subject characteristics and behav-
iors, and could substantially distort dose-response relationships in observational
studies. Hence, the lack of acknowledgement of systematic measurement error
casts a major shadow over the reliability of the existing body of nutritional epi-
demiology literature, and provides incentive for randomized controlled trials
of nutritional hypotheses having substantial public health potential.

Based primarily on international correlation and migrant data, the DM trial
design hypothesized a HR for a 20% versus a 40% energy from fat diet that
reduced linearly from one at randomization to a minimum of 0.5 at 10 years
following randomization. An effect of this magnitude would have great public
health potential as it would imply, for example, a 37.5% reduction in breast
cancer risk after a decade of a population change from a 35% energy from
fat diet to a 20% energy from fat diet. However, the lengthy period of time
(10 years) required for a full intervention effect under this hypothesis, and the
fact that the intervention and comparison groups were hypothesized to differ
in percent energy from fat by only 13% at 1 year and 11% at 10 years, along
with some provision for loss to follow-up and deaths due to competing risks,
led to a projected breast cancer incidence in the intervention group that is only
14% lower than in the comparison group in the DM trial (WHI Study Group
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1998). This type of calculation illustrates the challenge in assessing intervention
effect when the HR is likely to decrease from unity slowly over an extended
time period, and it illustrates the vulnerability of study power (projected to be
86% for breast cancer) to modest departures from design assumptions in the
time course of the intervention effect, or in the realized adherence to dietary
assumptions in intervention and comparison groups. To enhance the dietary
difference between the intervention and comparison (usual diet) groups the
DM trial used a FFQ to screen out approximately one-half of otherwise eligible
women based on an estimated % energy from fat less than 32. This was expected
to achieve a baseline % energy from fat in the vicinity of 38, as in preceding
feasibility studies. As it turned out, however, this baseline % energy from fat,
as assessed by the comparison group FFQs at 1 year from randomization, was
only about 35%, and as a result, the % energy from fat difference between
the randomization groups was only an estimated 10.7%, rather than projected
13%, at 1 year from randomization, decreasing to 8.1% at 6 years. The resulting
projected breast cancer difference between the intervention and comparison
groups under other design assumptions was only about 8–9%, as a result of a
% energy from fat difference that was overall only about 70% of that projected
and an 8.1-year rather than a 9-year average follow-up period. The principal
DM trials results were published in 2006. For breast cancer (Prentice et al. 2006)
the intervention group showed a breast cancer incidence that was 9% lower in
the intervention group versus the comparison group with a HR (95% CI) of 0.91
(0.83, 1.01), which was suggestive of benefit, but not significant at conventional
levels. Table 2 shows this and other key findings from the trial. The biological
plausibility for a breast cancer risk reduction was enhanced by reductions in
plasma estradiol concentrations that were about 15% larger in the interven-
tion versus the comparison group. Intervention group women also reported a
vegetable and fruit consumption that exceeded that in the comparison group
by a little over one serving per day, and this was supported by corresponding
plasma micronutrient differences. The strongest evidence for a breast cancer
reduction in the intervention group arose from a significant (P = 0.04) interac-
tion between baseline % energy from fat, as measured by 4-day food records,
and the breast cancer hazard ratio, with women in the upper quartile of %
energy from fat making larger % energy from fat reductions in the intervention
group and having a HR (95% CI) of 0.78 (0.64, 0.95). A lower incidence in the
intervention group was evident for difficult-to-manage progesterone receptor
negative tumors, and particularly for estrogen receptor positive/progesterone
receptor negative tumors.

The results just described were widely reported in the media as showing no
effect of a low-fat diet on breast cancer. However, these findings are entirely
consistent with the hypothesized intervention effect with its important public
health potential, even though not precise enough to be certain of an interven-
tion effect. WHI investigators and other colleagues are engaged in a number of
additional studies in an attempt to further clarify the health-related potential of
a low-fat diet, and to advance the nutritional and physical activity epidemiology
research areas more generally.
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Table 2 Risk of breast cancer and other major clinical outcomes by randomization assignment in
the dietary modification trial

Intervention Comparison Hazard ratio Unweighted Weighted
group # of cases group # of cases (95% CI) P-value P-value
(Annualized (Annualized
%) %)

Breast cancer 655 (0.42%) 1,072 (0.45%) 0.91 (0.83, 1.01) 0.07 0.09
incidence

Breast cancer 27 (0.02%) 53 (0.02%) 0.77 (0.48, 1.22) 0.26 0.27
mortality

Total cancer 1,946 (1.23%) 3,040 (1.28%) 0.96 (0.91, 1.02) 0.15 0.10
incidence

Total cancer 436 (0.28%) 690 (0.29%) 0.95 (0.84, 1.07) 0.41 0.22
mortality

Total mortality 950 (0.60%) 1,454 (0.61%) 0.98 (0.91, 1.07) 0.70 0.29
Global index 2,051 (1.30%) 3,207 (1.35%) 0.96 (0.91, 1.02) 0.16 0.16

Prentice et al. (2006)

4.2 Dietary and Physical Activity Epidemiology Methods

For example, Freedman et al. (2006) compared the results of observational
analyses of the fat and breast cancer association using FFQs and food records
among the 29,294 women randomized to the DM comparison group. As in an
earlier study in a UK cohort (Bingham et al. 2003) a positive association was
observed between energy-adjusted fat consumption and breast cancer risk when
diet was assessed using food records, but not when using FFQs. This reinforces
the likelihood that the measurement properties of dietary assessment tools may
have a crucial influence in nutritional epidemiology findings.

Biomarkers of nutrient consumption provide an important pathway to
enhancing the reliability of observational studies in the nutritional epidemi-
ology areas. For certain nutritional factors, including total energy, protein and
sodium, the expenditure of the ‘nutrient’ over a short time period can be esti-
mated from urinary recovery. Among weight stable persons these urinary mea-
sures provide intake assessments that are objective and plausibly adhere to a
classical measurement model

X = Z + e

where X is the biomarker, Z is the targeted consumption, and e is random noise
that is independent of Z and of other study subject characteristics (e.g., body
mass, age, . . .). The corresponding self-report W from the same study subject
can be allowed to have a more flexible measurement model (e.g., Prentice 1996;
Carroll et al. 1998; Prentice et al. 2002)

W = a0 + a1Z + a2V + a3Z ⊗ V + r + ε
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where V is a vector of study subject characteristics that may relate to the sys-
tematic bias of W, r is a random effect that allows the measurement errors for
replicates of W to be correlated, ε is an independent noise component, and {ai}
are coefficients to be estimated. Observations {X, W} on a subset of a study
cohort including some replicates, leads via simple estimating equations to a
calibration equation that allows each self-report value W to be replaced by an
estimate Ẑ of the underlying nutritional factor that has been corrected for mea-
surement error. These ‘calibrated’ estimates can then be used in logistic or Cox
regression to estimate odds ratios (Sugar et al. 2007) or hazard ratios (Shaw
2006) for the nutritional factor using regression calibration or other statistical
procedures.

Biomarkers, including the doubly labeled water assessment of total energy
consumption, urinary assessment of protein consumption, and various blood
nutrient concentrations, have recently been collected for 544 women in the DM
trial (50% intervention, 50% comparison), along with corresponding FFQs.
Analyses of these data have yet to be published, but show strong evidence of
systematic bias for total energy, with much more modest systematic bias for pro-
tein. These data are currently being used in analyses to examine the association
between total energy and protein, and % energy from protein with the risk of
various cancers, vascular diseases, and diabetes in the WHI cohorts. A second
biomarker study has recently been initiated among 450 women in the WHI OS.
This study has somewhat broader goals of calibrating frequencies, records and
recalls of both diet and physical activity and applying the calibrated estimate in
corresponding association studies.

5 Ongoing biomarker studies to explain intervention effects in the CT

Various types of biomarker studies have been, or are being, carried out toward
elucidating the biological mechanisms underlying the postmenopausal hormone
therapy and low-fat diet intervention effects noted above, as well as the effects
of an additional CT intervention that involved calcium and vitamin D supple-
mentation for fracture and colorectal cancer prevention (Jackson et al. 2006;
Wactawski-Wende et al. 2006). These are mostly in the form of nested case-con-
trol studies that examine baseline biomarkers that may relate to the magnitude
of intervention effects, or that examine biomarker changes following the initia-
tion of intervention that may provide an explanation for some or all of observed
intervention effects. For example, a cardiovascular disease case–control study
has been completed within the E+P and E-alone trials. This study focused on
markers of inflammation, coagulation, thrombosis and lipids, and included a
number of genetic polymorphisms related to these processes.

Although these markers tend to relate to disease incidence in the anticipated
fashion in this study, analyses reported to date of biomarker changes have not
revealed much insight into such key intervention effects as the observed stroke
and venous thromboembolism elevation with E+P and E-alone, or the early
elevation in CHD with E+P.
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A genome-wide association study of CHD, stroke, and breast cancer has
been carried out in the OS and E+P trial cohorts with goals of identifying novel
aspects of genotype as risk factors for these diseases, as well as of identify-
ing interactions of genotype with E+P effects. This three-stage study (Prentice
and Qi 2006) was conducted in collaboration with Drs. David Cox and Dennis
Ballinger of Perlegen Sciences, using Perlegen’s 360,000 tag-SNP set. The first
two stages were conducted in the OS, the first involving 1,000 cases and 1,000
controls for each disease with matched case-control pools of size 125, and the
second individual genotyping of about 10,000 SNPs meeting first stage statisti-
cal criteria (9,000) or included from candidate gene considerations (1,000) for
each disease. The second stage involved 650–800 cases and controls, while the
third stage involved individual genotyping of about 300 SNPs for each disease
meeting earlier stage criteria among cases and matched controls in the E+P
trial. The data from this study have only recently been assembled, and related
publications yet to be prepared.

Toward assessing a fairly comprehensive set of proteomic changes in relation
to hormone therapy WHI investigators are currently comparing the plasma pro-
teomes between baseline and one year from randomization among 50 women
adherent to E+P and 50 women adherent to E-alone in collaboration with
Dr. Sam Hanash (Fred Hutchinson Cancer Research Center). Dr. Hanash’s
Intact Protein Analysis System (Wang et al. 2005) is capable of a quantitative
contrast of plasma concentrations for about 1,000 individual proteins. Compar-
isons of baseline to 1-year plasma pools formed from 10 E+P or E-alone users
are nearing completion at the time of this writing. Complementary proteomic
analyses of plasma specimens from CHD, stroke, and breast cancer cases and
matched controls are also underway. The concept is to choose a small number
of novel candidate proteins from these two sources for specialized test develop-
ment and application to cases and controls in the hormone therapy trials in an
attempt to more fully understand hormone therapy effects on these diseases.

The central issues relative to the DM trial are more closely related to assess-
ing, rather than explaining, intervention effects. Nevertheless, the nutritional
biomarker studies previously mentioned are already contributing to the under-
standing of intervention effects in relation to dietary data reported on the FFQ.
For example, these data help to align the measured weight change data with
intervention versus comparison group differences in FFQ energy consumption
estimates. Also, the completed, and especially the ongoing, biomarker stud-
ies include indirect calorimetry to assess resting energy expenditure which, in
conjunction with doubly labeled water assessments of total energy expendi-
ture, lead to an objective assessment of activity-related energy expenditure for
use in calibrating self-reported physical activity data. As a byproduct, indirect
calorimetry also yields a respiratory quotient which reflects the fat, carbohy-
drate, and protein composition of recent diet. These data, in conjunction with
total energy and protein energy biomarkers, will be used to develop biomar-
ker estimates of fat and carbohydrate consumption for use in calibrating fat
and carbohydrate self-reports in nutrient association studies, and in analyses
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to examine the extent to which changes in the fat composition of the diet can
explain breast cancer or other effects of the DM intervention.

6 The future research agenda, and concluding remarks

Chronic disease population research is a vast and important research arena
with many outstanding methodologic topics. Primary prevention trials provide
a crucial research tool in this agenda but, unlike therapeutic research, the cost
and logistical complexities are such that only a few full-scale primary prevention
trials can be conducted at any point in time. This implies a continuing important
role for observational studies, and the need to develop the methods to rigor-
ously assess the reliability of cohort and case–control studies, and to enhance
study design, conduct, and analysis, as necessary. Settings, such as the WHI
where both types of studies are available, illustrate the potential for important
bias in observational studies as currently conducted, and provide insights as to
improvements to strengthen both study types.

In diet and physical activity epidemiology there is mounting evidence that
measurement error in exposure assessment may greatly influence study findings.
Measurement modeling and accommodation has some strong statistical com-
ponents, and statisticians need to be involved, not just in data analysis, but also
in helping to formulate the measurements that are needed and related study
designs. This is especially the case for nutrients, such as many micronutrients,
where a recovery biomarker that plausibly adheres to a classical measurement
model has not yet been developed, and only plasma nutrient concentrations are
available. Data external to the study cohort, such as data from pertinent human
feeding studies are evidently required, under these circumstances, to allow such
biomarkers to be used to calibrate corresponding self-report nutrient consump-
tion estimates, but necessary methods have yet to be developed.

The rather large research area of biomarkers to explain intervention effects
or exposure-disease associations is likewise in need of focused methodologic
development. Methodologic needs include issues of using high-dimensional bi-
omarkers and related study designs, which are receiving considerable statistical
attention, and also fundamental issues of assessing when and if a biomarker,
or group of biomarkers, provides an adequate explanation for an important
observed intervention effect. For example, an assessment is needed of the reli-
ability of methods that examine the impact of the addition of a biomarker
change in a regression model, on the magnitude to an intervention effect, with
emphasis on such factors as the nature of the intervention effect on the biomar-
ker, and biomarker measurement error properties.

Finally, there is much need for an enhanced preventive intervention devel-
opment enterprise. While good intervention concepts may arise from observa-
tional epidemiology and from therapeutic trials, these sources leave a very large
gap and there is a need for specialized and vigorous intervention developments
using biomarker outcomes. For example, desirable dietary and physical activity
patterns may be studied in small-scale human feeding and exercise trials in
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relation to proteomic and other biomarker changes. As the knowledge base
develops to relate such biomarker changes to the risk of a spectrum of chronic
diseases, one may be in a position to identify practical interventions having a
favorable benefit versus risk profile, for consideration as interventions for study
in full-scale prevention trials. This type of infrastructure may also serve to avoid
the late discovery of adverse effects when products having preventive potential
are eventually tested in full-scale trials.

While these types of methodologic challenges may seem daunting, it is
instructive to consider the extent of epidemiologic and clinical trial methods
developments over the roughly four decades of Norm Breslow’s career. While
Mantel–Haenszel methods and Kaplan–Meier curves were available in the late
1960s, Cox regression methods, case-control and within-cohort sampling tech-
niques and related regression methods, covariate measurement error methods,
and genetic epidemiology methods, were mostly yet to be conceived. We look
forward to comparable developments and progress in upcoming years by Norm
and other valued colleagues worldwide, to advance the public health and pop-
ulation science research agenda.
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