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Much room for optimism on measuring diet, preventing cancer and
cardiovascular disease, and correcting for measurement error - discussion of

the paper by R. L. Prentice and Y. Huang

Donna Spiegelman

Harvard T.H. Chan School of Public Health, Boston, MA, USA

I commend Drs. Prentice and Huang (PH) for their
continued and longstanding commitment to the gen-
eration of knowledge concerning the nutritional causes
of chronic diseases, and in their dedication to applying
their extensive, and in the case of Dr. Prentice, virtu-
ally unparalleled, expertise towards the development of
statistical methods in this regard, to which this paper is
one of a long line of such contributions.

I begin this piece by pointing out that this article
(PH) and my response continue a debate about the
quality of data in nutritional epidemiology and about
the interpretation of findings in nutritional epidemi-
ology in the face of possible limitations of these data
that goes back 20 years or more. On one side, has been
Dr. Prentice and colleagues, particularly from Fred
Hutchinson Cancer Research Institute and the National
Cancer Institute, and on the other, have been myself, Dr.
Walter Willett, and our colleagues based mostly at, or
trained at, Harvard.

There is great interest among people everywhere
and among funders of research as well, in particu-
lar the U.S. National Institutes of Health, about the
relationship between diet and the leading causes of
mortality and morbidity around the world (not just in
high-income countries as PH write): cancer and car-
diovascular disease (Network GBoDC, 2017). Nearly 30
years ago, Dr. Prentice and others successfully lobbied
the U.S. Congress to earmark $625,000,000 for the 15-
year Women’s Health Initiative (WHI) (Howard et al.,
2006; Prentice et al., 2006), whose primary goal was
to establish through a randomised clinical trial once
and for all whether or not dietary fat was a risk fac-
tor for breast cancer, as the ecological data discussed
by PH (Prentice & Sheppard, 1990) might suggest. The
answer: a resounding no, as consistent with a large body
of prior epidemiologic data using imperfect measures
to assess long-term dietary intake (Hunter et al., 1996;
Willett, 2013). Despite the failure of WHI to confirm
the hypothesis Dr. Prentice was so deeply committed to
testing, and despite similar results from another well-
conducted randomised trial of this issue (Martin et al.,

2011), which found a non-significant protective effect
of increased fat intake, it appears from this article that
Dr. Prentice still believes this hypothesis. It is possible
that the failure of WHI and the other trial could have
been due to non-adherence, because lipid biomarkers
that are sensitive to changes in dietary fat intake, which
can be used as a measure, albeit imperfect, of adher-
ence, did not differ between the intervention group and
the control group in WHI at the study’s end (Howard
et al,, 2010), demonstrating that the substitution of the
challenge of measuring sustained exposures across the
life course in long-term observational epidemiologic
research, for another, perhaps equally vexing one, the
challenge of maintaining adherence to a dietary inter-
vention in a long-term individually randomised clinical
trial, is not clearly advantageous.

In what follows, I will further discuss aspects of PH’s
paper concerning the epidemiology, followed by expo-
sure measurement issues and then, the statistics. I will
conclude with some summary remarks about each.

1. On the epidemiology

PH assert ‘The specific drivers for observed risk eleva-
tions for specific chronic diseases are not well under-
stood’. We agree that this is the case for some cancers,
but not for most others, e.g., lung cancer and cervi-
cal cancer, which are leading sites of cancer in most
countries around the world among men and women
(Jacques et al., 2015), the former caused primarily by
cigarette smoking, and the latter by infection with the
human papilloma virus, for which we now have a vac-
cine. Secondary prevention has been shown to work
magnificently for yet a third leading cause of cancer
- colorectal — with screening for this disease having
been shown to reduce mortality by approximately half
(Elmunzer et al., 2012; Mandel et al., 1993). Breast can-
cer, the leading cause of cancer in women in most
countries worldwide, is caused by alcohol consumption
(Smith-Warner et al., 1998), with a 10% increase in risk
per each increased serving/day, a rather high amount of
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consumption for most women around the world, and
prolonged use of hormone replacement therapy (HRT)
(Million Women Study Collaborators, 2003), and it has
been estimated that approximately 35% of breast cancer
can be prevented by reduction of exposure to known
modifiable risk factors (Tamimi et al., 2016). A possi-
bly unintended benefit of Dr. Prentice’s WHI was the
finding that the short-term use of combined oestro-
gen plus progestin HRT causes an increase in risk of
breast cancer, confirming earlier findings from obser-
vational studies. As a result of this, U.S. women dra-
matically decreased their use of HRT, and breast cancer
rates dropped and have remained at this lower level
since (Ravdin et al., 2007). These are just a few exam-
ples demonstrating large population attributable risks
of known causes for the most common cancers.

PH discuss the evidence for sodium intake in rela-
tion to cardiovascular disease risk, and assert that the
evidence for this association is inconclusive. I returned
to the source document they cited (Medicine, 2013),
a detailed review commissioned and published by the
National Academy of Science. In fact, I discovered
that PH have misinterpreted the conclusions from this
report: the report clearly affirmed the strength of the
evidence for an adverse effect of salt intake greater than
2300 mg/day on the risks of CVD and all-cause mortal-
ity (Medicine, 2013, p. 90]. To put this into perspective,
2300 mg is equivalent to one teaspoon of salt per day,
while the average intake of salt in the US is around
3400 mg/day, most of it coming from processed foods
(Harnack et al.,, 2017). What remains in question is
whether further reductions of daily salt intake below
1tsp/day will be beneficial, harmful, or neutral, but
given current levels of salt intake, the current guidelines
are fully adequate to move on to preventive interven-
tions and policy initiatives to reduce intake and lower
CVD risk.

I am surprised that PH considers the evidence
concerning the dietary and physical activity causes of
cardiovascular disease to be inconclusive. In fact, the
evidence is quite strong and it is widely accepted that
physical activity and healthy diets decrease the risk of
this disease and that obesity greatly increases its risk
(Eckel et al., 2014a, 2014b; Sacks et al., 2017; Willett,
2013, chapter 19). In fact, the very same WHO docu-
ment summarising the evidence for diet and chronic
disease that PH cite affirms convincing evidence for
many dietary factors along with physical activity, where
in this document ‘convincing’ is the highest possible
level of evidence ranking (WHO, 2003). Table 10 below
excerpts the key table from this document on the evi-
dence for lifestyle factors in relation to cardiovascular
disease incidence.

In addition, cigarette smoking is a clearly established
and major cause of lung and other cancers, cardiovas-
cular disease, and several other major chronic diseases
(Courtney, 2015).
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2. On the quality of measurement of
nutritional exposures

Dr. Prentice has been emphasising the limitations of
self-reported measurements of dietary intake for more
than 20 years; in fact, this concern was a major justifi-
cation for the (failed) WHI. These concerns have been
answered in prior numerous publications (Hebert et al.,
2014; Satija, Yu, Willett, & Hu, 2015a; Satija, Yu, Wil-
lett, & Hu, 2015b). In brief, the remarkable concordance
between epidemiologic evidence concerning diet and
health, and that obtained from randomised trials clearly
demonstrates the validity of self-reported dietary mea-
sures (Table 1; excerpted from Satija, Stampfer, Rimm,
Willett, & Hu, in press). A second stream of evidence
derives from the validation studies themselves, with the
first wave validating self-reported questionnaire-based
measures with detailed real-time recording of intake,
(Chasan-Taber et al., 1996; Willett et al., 1985), and a
more recent wave validating these same self-reported
dietary measures with recovery biomarkers (Freedman
et al., 2014, 2015; Yuan et al., 2017). It should be
noted that there was no evidence for differential report-
ing by body mass index (BMI) or other pre-specified
characteristics in these recent papers, co-authored by
Dr. Prentice himself, and BMI has been routinely
accounted for in epidemiologic analyses (Yuan et al.,
2017). Correlated errors have thus far appeared empiri-
cally to be weak and thus possible over-estimation of the
validity of self-reported measures in previous studies
comparing different dietary assessment methods does
not appear to be a credible claim. For example, total
fat intake (percent of energy) from the food frequency
questionnaire (FFQ) predicted blood triglyceride levels
at least as strongly as expected from controlled feeding
studies (Willett et al., 2001). In addition, the correla-
tion between the FFQ energy-adjusted protein intake
with the recovery biomarker, urinary nitrogen divided
by energy measured by doubly labelled water, was very
similar to the correlation using diet records as the gold
standard (Yuan et al., 2018), suggesting a lack of corre-
lated errors in the latter comparison. Given this weight
of evidence, I must express my respectful but emphatic
disagreement with PH that although it is theoretically
possible that extreme versions of errors could ‘thor-
oughly distort or even reverse observed associations’,
in the face of the large body of data available, this is
unlikely, in fact, to be the case.

As for the promise of metabolomics and micro-
biomic measures of dietary intake, the jury is still out.
Objective but biased measures of intake can be quite
useful in validation and measurement error adjustment
(Spiegelman, Zhao, & Kim, 2005). Although present
metabolomic measures seem to be most appropriate for
recent intake, the possibility of new markers that bet-
ter reflect sustained intake over long periods of time
in the past cannot be ruled out. I am quite a bit more
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Table 1. Examples of effect estimates from prospective cohort studies and RCTs that examine similar diet-disease associations (Satija

etal., in press).

Dietary exposure

Health outcome

Prospective cohort
effect estimate

RCT effect estimate

Total fat (Cao, Hou, & Wang, 2016;
Prentice et al., 2006)

Total fat (Harcombe, Baker, & Davies,
2017; Howard et al., 2006)

Saturated fat (mostly in place of
carbohydrate intake) (Hooper,
Martin, Abdelhamid, & Davey Smith,
2015; Siri-Tarino, Sun, Hu, & Krauss,
2010)

Replacing saturated fat with
polyunsaturated fat (Jakobsen et al.,
2009; Mozaffarian, Micha, & Wallace,
2010)

Mediterranean diet (Fung et al., 2009;
Martinez-Gonzalez & Bes-Rastrollo,
2014)

Mediterranean diet (Esposito et al.,
2014; Salas-Salvado et al., 2014)

Potassium (Filippini, Violi, D'’Amico, &
Vinceti, 2017; Kieneker et al., 2014)

Dietary fiber (Ascherio et al., 1992,
1996; Streppel, Arends, van 't Veer,
Grobbee, & Geleijnse, 2005)

Sugar-sweetened beverages (Malik,
Pan, Willett, & Hu, 2013)

DASH (Bai et al., 2017; Saneei,
Salehi-Abargouei, Esmaillzadeh, &
Azadbakht, 2014)

Breast cancer
Coronary heart disease

Coronary heart disease

Coronary heart disease

Cardiovascular disease

Type 2 diabetes
Hypertension
SBP (mmHg)
DBP (mmHg)

Hypertension

SBP (mmHg)

DBP (mmHg)

Weight (kg), adults
BMI (kg/m?), children
Hypertension

SBP (mmHg)
DBP (mmHg)

0.97 (0.92, 1.03)*¢(bottom vs top
categories)

0.96 (0.91, 1.02)*¢(bottom vs top
categories)

0.93 (0.84, 1.04)>¢(bottom vs top
categories)

0.87 (0.77, 0.97)(per 5% of energy
replacement)

0.61 (0.49, 0.76)°(top vs bottom
categories)

0.80 (0.68, 0.93)%(top vs bottom
categories)

0.83 (0.73, 0.95)P<(top vs bottom
categories of urinary K excretion)

0.68 (0.51, 0.92)°<(top vs. bottom
categories)

—1.09 (-1.66, —0.52)°( > 25 g/day vs
< 10 g/day)

—1.11(=1.50, —0.72)°( > 25 g/day
vs < 10 g/day)

0.22 (0.09, 0.34)2(per serving/day
increase)

0.06 (0.02, 0.10)%(per serving/day
increase)

0.85 (0.73-0.98)P(top vs bottom
categories)

0.91(0.83, 1.01)P(low fat vs control
diet)

0.97 (0.90, 1.06) (low fat vs control
diet)

0.87 (0.74, 1.03)?(low fat vs control
diet)

0.81 (0.70, 0.95)3(PUFA replacing
SFA vs control diet)

0.64 (0.53, 0.79) (Mediterranean
vs. control diet)

0.70 (0.54, 0.92)° (Mediterranean
vs. control diet)

-6.22 (-8.82, -3.93)3(potassium vs
control)

—3.47 (—5.22, —1.73)*(potassium
vs control)

—1.13 (—2.49, 0.23)%(fiber
supplementation vs control)

—1.26 (—2.04, —0.48)%(fiber
supplementation vs control)

0.85 (0.50, 1.20)3(increasing SSB vs
control)

—0.17 (—0.39, 0.05)3(reducing SSB
vs control)

—6.74 (—8.25, —5.23)2
—3.54(—4.29, —2.79)*

DASH: dietary approaches to stop hypertension; SBP: systolic blood pressure; DBP: diastolic blood pressure.

3Meta-analysis.
bSingle study.
‘RR inverted for ease of interpretation.

optimistic than PH about the future utility of such
developments, and further statistical research on how
to best use them could clearly be of interest as well.

3. On the statistics

In 1982, Dr. Prentice published the seminal paper on
covariate measurement error in survival data analysis

(1982). Since then, a substantial body of literature
has developed on this topic, with much of it con-
tributed by Prentice and his colleagues. PH mention
that the approximation given by the second unnum-
bered equation on p. 4 is accurate only when the disease
is rare. Further work from Prentice’s group extended
this initial methodology to allow for valid estimation

Table 10

Summary of strength of evidence on lifestyle factors and risk of developing
cardiovascular diseases

Evidence

Decreased risk

No relationship

Increased risk

Convincing

Regular physical activity

Linoleic acid

Fish and fish oils (EHA and DHA)

Vegetables and fruits (including
berries)

Potassium

Low to moderate alcohol intake
(for coronary heart disease)

Vitamin E
supplements

Overweight

Myristic and palmitic acids
Trans fatty acids
High sodium intake

High alcohol intake (for stroke)




even when the disease is not rare using a ‘risk set
regression calibration approach’ (Xie, Wang, & Pren-
tice, 2001). This initial extension was further devel-
oped in additional work published by my own group,
where the methodology was subsequently generalised
to allow not only simple measurement error models
(PH Equation (1)) but also models including time-
varying covariates as in PH Equations (4) and (5) (Liao,
Zucker, Li, & Spiegelman, 2011) where the necessary
functional form of the exposure data is validated in
an external or internal sample. Most importantly, our
recent work developed the methodology for applica-
tions where the exposure of interest in the outcome
model is a function of the exposure history, e.g., the
cumulative average (Hu et al., 1999) or cumulative total,
but only the point exposure is validated, as is almost
always the case (Xiaomei et al., 2018). It should be
noted that all of these methods have been implemented
in a single user-friendly publicly available SAS macro
that is freely and publicly available (Spiegelman, 2013).
Asymptotic variances were derived for all cases of inter-
est, obviating the computationally intensive bootstrap,
in contrast to what PH assert. We agree with PH that
more work is needed to further extend these meth-
ods to handle non-linear exposure-response relation-
ships. Although these occur infrequently they can be
important, such as in the case of the J-shaped relation-
ship between alcohol intake and cardiovascular disease
(Corrao, Bagnardi, Zambon, & Arico, 1999), or in situ-
ations, perhaps more common, where there is a window
of susceptibility of exposure after and before which
points the exposure has little or no effect (Wang, Liao,
Laden, & Spiegelman, 2016).

Next, PH raised the issue of survival data analysis
with exposure variable misclassification. It is unfortu-
nate that the authors seemed to have been unaware of a
series of papers addressing this topic (Zucker & Spiegel-
man, 2004, 2008), as it would have been of interest to
have understood their views on what further needs to
be done in this area, beyond what has already been
accomplished. We have some ideas about this, however.
We have found that with the typical amounts of mis-
classification occurring in dietary data, with the com-
plexities of correlations of both underlying variables
and the errors themselves, and with the relatively small
sizes of most existing validation studies, further work
is needed to strengthen the robustness of the existing
methods. The regression calibration option may be one
such approach (Spiegelman, Rosner, & Logan, 2000). In
our own extensive simulation studies of a likelihood-
based logistic regression model with multivariable mis-
classification and measurement error published in 2000
(Spiegelman et al., 2000), we found that despite its
approximations, regression calibration outperformed
maximum likelihood estimation for the misclassified
variables, similar to what is reported for survival
data analysis here. However, it is surprising that PH’s
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simulations found that performance of the regression
calibration approximation was excellent even when the
rare disease assumption was violated, as this was not
the case in their previous paper (Xie et al., 2001) or in
several of ours.

It was shown by Carroll, Ruppert, Stefanski, and
Crainiceanu (2006) and others that regression cali-
bration applies to general measurement error mod-
els, ie, E(Z|W) = u(W; «) as long as Var (Z|W)
is constant. We found, however, that a second-order
extension of regression calibration which theoretically
should largely address the heteroscedasticity issue did
not perform better than standard regression calibration
in finite samples (Spiegelman, Logan, & Grove, 2011).
Although this issue has not specifically been studied
in survival data analysis, all results found for regres-
sion calibration in generalised linear models have been
found to also apply to Cox regression, at least under
the rare disease assumption, and it is unlikely that there
would be any difference here.

4. Conclusion

Standard methods for the assessment of long- and
short-term dietary intake in nutritional epidemiol-
ogy have led to the discovery of many actionable
and reproducible associations, and when compara-
ble randomised trial data are available, most of these
have been consistent with findings from these designs.
Metabolomics holds much promise for further dietary
exposure validation, most feasibly through the use as
main study/validation study designs (Spiegelman &
Gray, 1991) and two-stage designs (Breslow & Cain,
1988; Cain & Breslow, 1988). Well-developed methods
exist for survival data analysis with covariate measure-
ment error of a great deal of complexity and flexibility.
Further work may be needed to extend these meth-
ods to allow for non-linear outcome model structures,
especially those that empirically estimate the impact of
timing of prolonged exposures.

Rather than developing new statistical methods, the
greatest need is to foster widespread application of the
existing methods in nutritional epidemiology, so that
valid estimation and inference can proceed no longer
biased by measurement error and misclassification.
Validation studies large enough to provide adequate
power to apply these methods are now available, and
presently under-utilised for measurement error correc-
tion in scientific publications (Yuan et al., 2017; Park
et al., 2018). We encourage investigators to make regu-
lar use of the rich set of existing methods to address and
largely remove bias in estimation and inference due to
exposure measurement error.
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