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ABSTRACT

Background: The association of TEE with all-cause mortality is uncertain, as is the dependence of this association on age.

Objectives: To examine the association between TEE and all-cause mortality, and its age interaction, in a Women’s Health Initiative (WHI) cohort of
postmenopausal United States women (1992—present).

Methods: A cohort of 1131 WHI participants having DLW TEE assessment of ~10.0 y (median) following WHI enrollment with ~13.7 y (median) of
subsequent follow-up, was used to study the EE associations with all-cause mortality. To enhance the comparability of TEE and total EI, key analyses
excluded participants having >5% weight change between WHI enrollment and DLW assessment. The influence of participant age on mortality asso-
ciations was examined, as was the ability of concurrent and earlier weight and height measurements to explain the results.

Results: There were 308 deaths following the TEE assessment through 2021. TEE was unrelated to overall mortality (P = 0.83) in this cohort of
generally healthy, older (mean 71 y at TEE assessment) United States women. However, this potential association varied with age (P = 0.003). Higher
TEE was associated with a higher mortality rate at the age of 60 y and a lower mortality rate at the age of 80 y. Within the weight-stable subset (532
participants, 129 deaths), TEE was weakly positively related to overall mortality (P = 0.08). This association also varied with age (P = 0.03), with
mortality HRs (95% CIs) for a 20% increment in TEE of 2.33 (1.24, 4.36) at the age of 60 y, 1.49 (1.10, 2.02) at 70 y of age, and 0.96 (0.66, 1.38) at 80 y
of age. This pattern remained, although was somewhat attenuated, following control for baseline weight and weight changes between WHI enrollment and
TEE assessment.

Conclusions: Higher EE is associated with higher all-cause mortality among younger postmenopausal women, only partially explained by weight and
weight change.

This study is registered with clinicaltrials.gov identifier: NCT00000611.

Keywords: all-cause mortality, body weight, doubly labeled water, energy expenditure, energy intake

Introduction mortality. Extensive epidemiologic literature on obesity and chronic
disease shows the importance of energy balance in relation to health and
disease [1]. The determinants of energy balance, namely, EI and EE, are,

There is an immediate need for reliable information on total EI as a } i ) )
however, difficult to measure, and merit continued study as chronic

modifiable component of the diet, and chronic disease incidence and
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disease risk factors. The nutritional epidemiology literature frequently
focuses on dietary composition measures, often defined using ratios of
intake of food groups or nutrients to total energy; however, there has been
little reporting on total energy itself in relation to chronic disease risk.

The DLW procedure provides a precise and accurate measure of
TEE over its (typically) 2-wk protocol period [2]. This DLW measure
provides an objective estimate of total EI under the assumption of
weight stability. Self-reported EI shows only weak correlations with
DLW-measured TEE (hereinafter referred to as TEE) in various pop-
ulations [3]. Also, self-reported EI exhibits important systematic biases
related to BMI, age, and race/ethnicity, as shown in the Women’s
Health Initiative (WHI) cohorts, whether using food frequency ques-
tionnaires (FFQs), 4-d food records (4DFRs), or 24-h dietary recalls
(24HRs) for dietary assessment [4,5].

Our WHI research group has developed calibration equations that
use TEE to adjust FFQ EI estimates for measurement error, and we
have reported strong positive associations of calibrated total energy
with the subsequent incidence of cardiovascular diseases (CVDs),
invasive cancers, and type-2 diabetes (T2D) [6]. However, these as-
sociations tend to diminish, or completely disappear, when BMI is
added to the outcome model. The ability to disentangle the roles of EI
and BMI using DLW-calibrated EI is limited by a strong dependence of
calibrated energy on BMI, with comparatively weaker dependencies on
self-reported energy and other participant characteristics [4,5].

Here, we attempted to circumvent this limitation by considering a
prospective cohort of 1131 WHI participants with TEE measured using
DLW, for the study of EE associations with subsequent health events.
We focused on total mortality (308 deaths), because other clinical
outcomes are comparatively less frequent in this small, elderly cohort.

Methods

WHI cohorts

During 1993-1998, 48,835 participants were randomly assigned in
the WHI Dietary Modification (DM) trial, with 29,294 assigned to the
usual diet comparison group and 19,541 assigned to a low-fat dietary
pattern intervention, and 93,676 participants enrolled in the companion
prospective WHI observational study (OS) [7]. All participants were
postmenopausal women in the age range 50-79 y when enrolled during
1993-1998 at 40 United States clinical centers. The weight and height
of the participants were measured by trained clinic personnel at base-
line and annually thereafter during the DM trial intervention period
(ended 31 March, 2005), and were measured at baseline and year 3 in
the OS. The WHI FFQ [8] assessed dietary intake over the preceding
3-mo period, and was administered at baseline, year 1, and thereafter to
approximately one-third of participants each year in a rotating sample
in the DM trial, and at baseline and year 3 OS. Participants completed
core questionnaires at WHI enrollment and subsequently added med-
ical history, reproductive history, family history, personal habits,
medications, and dietary supplements, and provided a fasting blood
sample [7]. Figure 1 shows participant flow in WHI, and in the nutrition
biomarker substudies described in the following section.

WHI nutrition biomarker studies
TEE assessments were obtained from participants in 3 substudies
within the WHI program, including 2 nutrition biomarker studies
described here, and a feeding study described in the next subsection.
An initial Nutrition Biomarker Study (NBS) [4] was conducted
(2004-2005) among 544 volunteer participants in the DM trial, 268
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from the intervention group and 276 from the comparison group, in part
to study measurement properties of the WHI FFQ in this trial context.
Subsequently, (2007-2009), the Nutrition and Physical Activity
Assessment Study (NPAAS) [5] was carried out among 450 OS par-
ticipants, to examine the measurement properties of FFQs, 4DFRs, and
three 24HRs, among other objectives. Weight stability was an eligi-
bility criterion for these 2 studies as well as the subsequent feeding
study. Potential participants were excluded who reported trying to gain
or lose weight, who gained or lost weight unintentionally, or who
experienced a 6.8 kg or larger change in body weight, over the pre-
ceding 4 wk. Participants having medical conditions that may interfere
with their study participantion were also excluded.

These studies included DLW assessments of TEE over a 2-wk study
period, for each participant. NBS staff recruited participants at a
representative set of 12 of the 40 WHI clinical centers. NPAAS
recruited participants at 9 clinical centers, 8 of which participated in
NBS and did so with an overrepresentation of Black and Hispanic
women and women having relatively high BMI. The study protocols
for both biomarker studies required 2 clinic visits separated by 2 wk
and included various at-home activities. Reliability subsamples (20%)
repeated the protocol ~6 mo after their initial biomarker protocol
participation. The first clinic visit included eligibility confirmation;
measured height and weight; DLW dosing appropriate for each par-
ticipant’s weight for TEE assessment; completion of FFQ, dietary
supplement use, and other questionnaires, and collection of a blood
specimen. Participants also received instructions and a kit for 24-h
urine collection that is separated from the DLW protocol, for use on
the day before the second clinic visit. At the second clinic visit, par-
ticipants brought 24-h urine specimens and provided a fasting blood
specimen as well as an additional spot urine specimen to complete the
DLW protocol. Additional details on the DLW protocol and the MS-
based TEE assessments at the Stable Isotope Laboratory at the Uni-
versity of Wisconsin are given previously [4]. Baseline characteristics
in the NBS and NPAAS cohorts have been presented previously [4,5].

NPAAS feeding study

The NPAAS feeding study (NPAAS-FS) was conducted among 153
WHI participants in the Seattle area during 2011-2013, using essen-
tially the same inclusion/exclusion criteria. Of the 153 participants, 2
had previously participated in NBS, and 14 in NPAAS. The Fred Hutch
Human Nutrition Laboratory provided participants with food and
beverages over a 2-wk feeding period, with individualized diets that
were intended to approximate their usual diets [9], so that blood and
urine concentrations would stabilize quickly. The usual diet for a
participant was assessed by starting with a 4DFR, then making ad-
justments based on participant interviews by a study nutritionist and
known total EI biases. Specifically, total EI during the feeding period
used 4DFR EI together with standard energy estimating equations [10]
and estimates from previous WHI calibration equations [4,5] that
include a participant’s BMI, race/ethnicity, and age. For the 73% of
participants whose 4DFR energy was less than the resulting corrected
value, a proportionate increase in provided foods was implemented to
yield the corrected intake with a mean (SD) of 335 (220) kcal/d of
added energy. For participants having 4DFR energy higher than the
corrected value, no change from 4DFR energy was made, to ensure
sufficient food intake and to discourage hunger that may lead to sup-
plementation by nonstudy foods [9]. The individualized diet was
formulated to retain the variability in dietary habits among participants,
using foods similar to the participant’s usual choices with priority given
to foods having well-characterized nutrient content. No advice on



R.L. Prentice et al.

physical activity was given to these participants. TEE over the 2-wk
feeding periods was assessed using the same DLW protocol as for
the other 2 nutrition biomarker studies.

DLW procedure

TEE was estimated using a standard DLW protocol for each
participant [2,4]. DLW is considered the best validation standard for
assessing short-term energy turnover [2]. NBS and NPAAS participants
were asked to retain their usual dietary and activity patterns during the
biomarker study protocol periods. For the DLW procedure, there was a
6.8% quality control failure rate for the 3 studies combined, approxi-
mately half of which were due to low tracer enrichments or lack of
equilibration, whereas the others were due to ’H compared with o)
dilution space or other internal reproducibility issues.

DLW cohort

The number of distinct participants with TEE measured in the 3
biomarker studies was 1131. These participants have measures of
weight and height (and hence BMI, kg/mz), both at the time of TEE
assessment and at preceding WHI enrollment ~10 y (median) earlier.
Waist circumference was also measured at WHI enrollment. Because
weight stability is required for the TEE assessment to be regarded as
estimating EI, we also considered the associations of TEE with mor-
tality among participants having <5% weight change between the WHI
baseline and DLW assessment as key analyses for results interpretation.

Outcome ascertainment and follow-up

Clinical outcomes were reported biannually in the DM trial and
annually in the OS by self-administered questionnaire [11] throughout
the time from enrollment in 1993-1998 to the end of the WHI inter-
vention period, and annually thereafter in both these cohorts. All deaths
were centrally reviewed by expert physician investigator committees,
and these data were supplemented by periodic National Death Index
[12] matching.

Following the WHI intervention period, WHI participants had the
opportunity to enroll in additional follow-up until 30 September, 2010,
and subsequently for an additional open-ended annual follow-up that
continues, with 99% and 90% of the DLW cohort doing so on these two
occasions. All-cause mortality outcomes through 31 December, 2021
were essentially complete, and are included here. Nearly all of the
follow-up considered here was after the clinical trial intervention
period had ended. Accordingly, the TEE measures in NBS were ob-
tained essentially at the end of the DM trial intervention period. Also,
these TEE values did not differ significantly between the DM
randomization groups [4]. Self-reported recreational physical activity
was assessed using a WHI Personal Habits Questionnaire [13] as a part
of each of the nutritional biomarker study protocols.

Statistical methods

In preliminary analyses, log-TEE was studied for association with
log-weight, log-height, and age at the time of the TEE assessment,
using linear regression.

Mortality data were analyzed using Cox regression HR methods
[14], stratified on age at DLW assessment in 5-y categories, and on
study cohort (NBS, NPAAS, NPAAS-FS). The log-HR was modeled as
a linear function of log-TEE so that the HR for a percentage increment
in TEE does not depend on the TEE value. A 20% increment in TEE
was used for HR displays. Additionally, the modeled regression vari-
ables included indicator variables for self-reported race and ethnicity
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(Black, Hispanic, all other, and mixed compared with White), indicator
variables for education (high school/general equivalency qualification
or less, post-high school, compared with college degree or higher),
current cigarette smoking indicator, and age in years (linear) at DLW
assessment.

To allow TEE-related HRs to vary with age at DLW assessment, we
added a product term between age at DLW assessment centered at 70 y
and log-TEE, with a corresponding 1 degree of freedom test for
interaction. This product term allows the mortality HR for the TEE to
depend on age in a smooth fashion. HRs with corresponding 95% Cls
are displayed at 60, 70, and 80 y of age.

To examine the influence of body anthropometrics on TEE HRs, the
analyses described in the previous paragraphs were augmented by
including log-transformed weight and height, both at DLW assessment
and at earlier WHI enrollment in the regression model. The covariates
spanned by these log-transformed variables encompass log-BMI as a
special case at each time point. To control more fully for these weight
and height measures, a quadratic term in log-weight at DLW assess-
ment was added also to the HR model. Additional analyses that
included measured waist circumference at WHI enrollment were also
carried out, as were additional analyses that control for an additional
aspect of body composition by including a % body fat assessment
defined as 1 — (weight of total body water/total body weight)/0.73,
with total body water assessed by isotope dilution as a part of the DLW
procedure [15].

Participants having missing data on variables needed for regression
modeling were excluded from primary analyses. In further analyses,
multiple imputations were used to allow a contribution from these
excluded participants. Additional sensitivity analyses excluded the first
2 y of follow-up after the TEE assessment and excluded current or
former cigarette smokers.

We defined disease occurrence time for a “case” developing a study
outcome as days from DLW assessment to outcome occurrence. We
defined censoring time for “non-cases” as days from DLW assessment
to the earliest date of last contact, or 31 December, 2021. The median
(IQR) follow-up duration (y) of post-TEE measurement was 13.7
(11.3, 16.6).

Statistical analyses were conducted using SAS, version 9.4 (SAS
Institute).

Ethics

The WHI is funded primarily by the National Heart, Lung, and
Blood Institute. Participants provided written informed consent for
their overall WHI, NPAAS, and NPAAS-FS activities. Related pro-
tocols were approved by the Institutional Review Boards at the Fred
Hutchinson Cancer Research Center and at each participating clinical
center (clinicaltrials.gov identifier: NCT00000611).

Results

Figure 1 shows participant flow in WHI leading to the DLW cohort
and related number of deaths in this cohort.

Table 1 shows participant characteristics, at enrollment and the time
of (initial) DLW measurement, for the DLW cohort (z = 1131), strat-
ified by tertiles of measured TEE. Participants mostly reported good
health and a high level of physical functioning. Most of them were
White (80%), highly educated, and nonsmokers. The median (IQR) for
the TEE in the combined biomarker studies was 2032 (1815, 2240)
kcal/d. Compared with the bottom TEE tertile, participants in the top
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Timeline

Intervention phase
1993-1998 to 2005

Extension phase 1
2005 to 2010

Extension phase 2
2010 to 2021
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161,808 Participants
enrolled in the WHI

v

v

93,676 participants
enrolled in
observational study

68,132 participants
enrolled in clinical
trials

v

v

v

19,297 participants
enrolled in only
hormone therapy
trial

450 participants
enrolled in
NPAAS
(2007-2009)

v

48,835 participants
enrolled in low fat
dietary trial

v

v

v

29,294
participants
randomized to the
comparison group

19,541
participants
randomized to the
intervention group

v

276 participants
enrolled in
NBS (2004-2005)

v

268 participants
enrolled in
NBS (2004-2005)

153 participants
enrolled in
NPAAS-FS

(2011-2013)

'

v A4 \ 4
450 1371 276 268
participants participants participants participants
included in included in included in included in
disease disease disease disease
association study, association study, association study, association study,
90 mortalities 15 mortalities 106 mortalities 97 mortalities

FIGURE 1. Participant flow from the Women’s Health Initiative (WHI) cohorts of postmenopausal women aged 50-79 y at enrollment during 1993-1998 at 40
United States clinical centers into the DLW cohort (n = 1131). NBS and NPAAS participants (blue) were recruited from geographically dispersed clinical
centers, whereas FS participants were exclusively recruited from WA State (gray). 'Does not include overlapping participants (7 = 16) who were previously
enrolled in NBS (n = 2) or NPAAS (n = 14). NBS, nutritional biomarker study; NPAAS, Nutrition and Physical Activity Assessment Study; FS, feeding study;
WA, Washington.



R.L. Prentice et al.

TABLE 1
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Participant characteristics' at WHI enrollment and DLW assessment, overall and stratified by tertiles of TEE (n = 11317)

Participant characteristics at WHI enrollment

Tertiles of TEE, kcal/d’

Total (n = 1131)

<1895 (n = 351) 1895 to <2167 (n = 352)  >2167 (n = 351)

Age, mean (SD), y 59.8 (6.2)
Hispanic/Latina® 95 8.4
Race®
American Indian/Alaska Native 3 0.3
Asian/Pacific Islander 13 1.1
Black/African-American 142 12.6
White 911 80.5
Multiracial/other/unknown or not reported 62 55
Education
High school/GED or less 176 15.6
Post-high school 416 37.0
College degree or higher 533 47.4
Smoking status
Never 602 53.8
Past 455 40.6
Current 63 5.6
Had hysterectomy 448 39.6
Self-rated health
Excellent 222 19.7
Very good 519 46.1
Good 337 29.9
Fair/poor 48 43
Height, mean (SD), cm 1622 (6.3)
Weight, median [Q1, Q3], kg 70.9 [62.3, 81.2]
Waist, mean (SD), cm 84.5 12.6
BMI, median [Q1, Q3], kg/m’ 26.8 [23.7,31.1]
Physical functioning score®, median [Q1, Q3] 90 [80, 100]
Participant characteristic at DLW collection
Years from enrollment to DLW Collection, median [Q1, Q3]  10.0 [8.2, 11.8]
Age, mean (SD), y 71.0 6.1)
Current smoker 32 2.9
Self-rated health’
Excellent 177 16.0
Very good 499 45.0
Good 369 333
Fair/poor 63 5.7
Height, mean (SD), cm 1609  (6.4)
Weight, median [Q1, Q3], kg 70.5 [61.9, 81.4]
BMI, median [Q1, Q3], kg/m? 27.1 [23.9, 31.7]
Physical functioning score™’, median [Q1, Q3] 85 [70, 95]
Leisure physical activity, median [Q1, Q3], MET-h/wk 11.7 [4.2,21.8]
Estimated body fat from DLW, % 42.6 (6.6)
Estimated energy from DLW, median [Q1, Q3], kcal/d 2032 [1815, 2240]

61.6 (6.5 60.1 (6.0) 576 (54)

35 10.0 24 6.8 26 74

1 0.3 1 0.3 1 0.3

10 2.8 2 0.6 0 0.0

32 9.1 46 13.1 57 16.2

289 823 288 81.8 273 77.8

19 54 15 43 20 57

59 17.0 45 12.8 56 16.0

130 375 120 342 142 405

158 455 186 53.0 153 436

197 566 190 54.8 187 53.7

132 379 138 39.8 141 40.5

19 55 19 5.5 20 57

141 40.2 131 372 150  42.7

69 19.7 83 237 55 15.8

167 477 161 46.0 152 436

101 289 90 257 126 361

13 37 16 4.6 16 4.6

160.1  (6.1) 162.1 6.3) 1644  (6.0)

643 [572,720]  70.1 [62.7, 79.0] 796  [70.9,91.6]
794 106 84.4 12.2 903 128

251 [22.5,281]  26.6 [23.9, 30.6] 298 [26.0, 34.0]
90 [80, 95] 92.5 [80, 100] 90 (80, 95]
104 [89, 124] 10.0 [8.1, 11.8] 9.7 [8.1, 11.3]
736 (6.1) 71.3 (5.9) 683 (5.1

10 29 10 29 9 2.6

53 15.3 62 18.0 47 13.7

148 428 162 47.0 161 47.1

126 364 101 29.3 115 336

19 55 20 5.8 19 5.6

1587  (6.3) 1610 (63) 1632 (6.1)

63.1  [558,703]  70.1 [62.9, 77.9] 820  [723,93.7]
248 [224,279] 270 [24.2, 30.5] 309 [26.6,35.5]
90 [70, 95] 85 [70, 95] 85 [70, 95]
1.8 [3.8,21.0] 11.5 [4.3, 22.0] 118 [5.0,21.8]
414 65 42.1 6.1 443 67

1723 [1620, 1815] 2032 [1961,2094] 2334  [2240, 2477]

GED, general equivalency qualification; MET, metabolic equivalent unit; WHI, Women’s Health Initiative.
! Categorical characteristics summarized by 1 (%). Continuous variables summarized by mean (SD), unless data were skewed (jskew| > 1), then median [Q1,

Q3] was used.
2 TTE was missing on n = 77 (6.8%) participants.

* Ethnic group and race were self-reported by participants. Multiracial participants self-identified with >1 race. Participants of other race or unknown race self-

identified with those categories.

4 Physical function was assessed using RAND36, scored 0—100, with higher scores reflecting better functional status.
> Self-rated health and physical functioning were not exactly concurrently collected with DLW. Instead, NBS utilized data from study close-out, collected
median [Q1, Q3] = 0.4 [0.3, 0.5] years after DLW. NPAAS, and NPAAS-FS utilized the most proximal annual report preceding DLW, assessed 0.5 [0.3, 0.8]

years before DLW.

tertile tended to be younger (mean age 68.3 compared with73.6 y) and
more overweight (median BMI 30.9 compared with 24.8 kg/mz) but
had similar self-reported leisure physical activity (median 11.8
compared with 11.8 metabolic equivalent unit-h/wk). Participant
characteristics summarized separately for the 3 biomarker studies are
given in Supplemental Table 1. Because of the planned participant
recruitment procedures, NPAAS participants were more racially and
ethnically diverse than the other 2 groups.

Log-TEE was approximately linearly related to log-weight and
age at the time of DLW assessment. From the fitted lines in Figure 2,
one can, for example, calculate that a 20% higher weight corre-
sponds to an estimated 7.9% higher TEE (A), and a 10-y younger
age corresponds to an estimated 5.2% higher TEE (B). The TEE
association with weight did not depend significantly on age (P =
0.14), but older women tended to weigh less and have lower TEE
(Supplemental Figure 1).
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FIGURE 2. Multivariable mean (95% CI) associations between TEE with concurrent weight and age [# = 1131 (n = 92 participants excluded due to missing
TEE and covariate data, leaving 1039 participants in each graph)]. Mean (95% CI) from a multivariable regression model that included baseline variables race/
ethnicity and education, and variables collected concurrently with DLW assessment: study, log-transformed weight, log-transformed height, age, and smoking.
Adjusted R-squared = 0.42; 20% higher concurrent weight was associated with mean (95% CI) =7.9 (7.1, 8.7) % higher total daily EE (A). Ten years younger
age was associated with mean (95% CI) = 5.2 (3.8, 6.6) % higher total daily EE (B). Fitted means (95% CI) for concurrent measures were computed at the

average value for the remaining covariates.

Table 2 shows HRs for 20% increments (95% Cls) and P values
(model 1) for the association of TEE with all-cause mortality. Overall,
TEE was not significantly associated with mortality. However, a sig-
nificant interaction was observed between log-TEE and age at DLW
assessment (P = 0.003), with 55% higher mortality rates for a 20%
TEE increment at the age of 60 y, compared with ~20% reduction at the
age of 80 y. For context on the number of deaths across the age dis-
tribution at DLW assessment, the left side of Table 2 also shows the
number of deaths and annualized death rates for <65, 65 to <75, and
>75 y of age.

A similar age-dependent pattern of mortality with TEE remained
evident but was somewhat attenuated (P = 0.04) following the inclu-
sion of log-weight and log-height at TEE assessment and at earlier
WHI enrollment, as well as the square of log-weight at TEE assess-
ment, in the HR model (model 2). In these analyses, there was a strong
dependence of mortality on weight at WHI enrollment with HR (95%
CI) = 1.54 (1.20, 1.98) for a 20% higher weight, in conjunction with an
inverse dependence on weight at DLW assessment in the presence of
the enrollment weight. Height at either time point was not significantly
related to mortality. As expected, annualized mortality rates increased
with the age group with 86, 153, and 411 deaths per 10,000 person-
years for women <65, 65 to <75, and >75 y of age, respectively.
Table 2 mortality patterns were similar, but somewhat attenuated,
following the exclusion of the first 2 y of mortality data post-TEE
assessment.

960

Table 2 analyses were repeated while using multiple imputations to
include the 8.5% of the DLW cohort having missing data for 1 or more
data items. The missing data rates were 6.8% for the TEE, 1.0% for
smoking status, 0.5% for education, and 0.2% for baseline weight and
height. As shown in Supplemental Table 2, this inclusion had little
impact on HRs or 95% Cls.

Table 3 presents a similar summary following the exclusion of
participants having a 5% or greater weight change between the WHI
baseline and DLW assessment. A total of 312 (27.6%) of DLW cohort
participants had a weight loss of >5%, whereas 285 (25.2%) had a
weight gain of 5% or more, leaving 532 participants in a “weight-
stable” cohort. These exclusions were somewhat age-dependent with a
37.4% weight loss exclusion rate among women 75 y or older
compared with 12.2% among those younger than 65 y, and with only an
18.5% weight gain exclusion rate for 75 y or older compared with
36.7% for those younger than 65 y.

Following these weight change exclusions, there is a stronger
justification for regarding TEE values as estimating EI, and there is a
suggestion of higher total mortality rates overall with higher TEE (P =
0.08), as well as corresponding evidence (P = 0.03) of a dependence of
the TEE and mortality HR on age at DLW assessment. The estimated
HRs for a 20% increase in TEE are 2.33 at age of 60 y and 1.49 at age
of 70 y, and 0.96 at age of 80 y.

The further inclusion of baseline log-waist circumference in the
model 2 analyses of Tables 2 and 3 had minimal impact on the
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TABLE 2
All-cause mortality HRs for a 20% increment in TEE (n = 1131)
Subgroup Number of events Model 1 P Model 2* P
. 0 _— —_—
(annualized rate, %) HR (95% CI)’ HR (95% CI)’
Overall 308 (2.06) 0.98 (0.85, 1.14) 0.83 0.91 (0.76, 1.09) 0.28
Age at DLW, y 0.003 0.04
<65 24 (0.86) 1.55 (1.11, 2.17) 1.25 (0.87, 1.80)
65 to <75 128 (1.53) 1.12 (0.94, 1.33) 0.99 (0.81, 1.22)
>75 156 (4.11) 0.80 (0.66, 0.98) 0.79 (0.63, 0.99)

! Summary statistics from Cox regression: For model 1, baseline hazard functions were stratified by 5-y age groups at DLW assessment and study cohort (NBS,
NPAAS, and NPAAS-FS), with baseline covariates self-reported race/ethnicity, education, smoking status, and age (linear) at DLW assessment; n = 92 par-
ticipants excluded for missing TEE and covariate data.

2 Summary statistics from Cox regression: For model 2, the model 1 covariate list was expanded to included height and weight at DLW assessment and height
and weight at WHI enrollment; these covariates were log-transformed (linear) with an additional quadratic term for log-weight at DLW assessment; n = 96
participants excluded for missing TEE and covariate data.

3 Risk estimates correspond to a 20% increment in TEE. Age-specific HR were estimated by including a product (interaction) term between log-TEE X age
(linear) in models 1 and 2, and evaluating the corresponding estimate at ages 60, 70, and 80 y.

4 P values correspond to a score-test for the main effect for log-TEE or interaction term between log-TEE x age (linear).

TABLE 3
All-cause mortality HRs for a 20% increment in TEE among participants who were weight stable' (n = 532)

Subgroup Number of events Model 17 P’ Model 23 P

(annualized rate, %)

HR (95% CIy* HR (95% CI)*

Overall 129 (1.79) 1.26 (0.97, 1.63) 0.08 1.15 (0.84, 1.58) 0.38
Age at DLW, y 0.03 0.06
<65 12 (0.85) 2.33 (1.24, 4.36) 2.02 (1.03, 3.94)
65 to <75 55 (1.37) 1.49 (1.10, 2.02) 1.35 (0.94, 1.94)
>75 62 (3.49) 0.96 (0.66, 1.38) 0.90 (0.60, 1.36)

! Participants whose weight changed <5% from WHI enrollment to DLW assessment.

2 Summary statistics from Cox regression: For model 1 baseline hazard functions were stratified by 5-y age groups at DLW assessment and study cohort (NBS,
NPAAS, NPAAS-FS), with baseline covariates self-reported race/ethnicity and education, and smoking status and age (linear) at DLW assessment; n = 45
participants excluded for missing TEE and covariate data.

3 Summary statistics from Cox regression: For model 2 the model 1 list of covariates was expanded to included height and weight at DLW assessment, and
height and weight at WHI enrollment; these covariates were log-transformed (linear) with an additional quadratic term for log-weight at DLW assessment; n = 47
participants excluded for missing TEE and covariate data.

4 Risk estimates correspond to a 20% increment in TEE. Age-specific HR were estimated by including a product (interaction) term between log-TEE x age

(linear) in models 1 and 2, and evaluating the corresponding estimate at 60, 70, and 80 y of age.
5 P values correspond to a score-test for the main effect for log-TEE, or interaction term between log-TEE x age (linear).

estimated HRs (Supplemental Table 3). Similarly, the inclusion of
percentage of body fat from the DLW procedure had little impact on
these same analyses (Supplemental Table 4). The exclusion of the first
2 y of post-DLW follow-up likewise had little influence on the TEE
mortality patterns, among these weight-stable (Table 3) participants.

Because of the substantial association of cigarette smoking with
mortality, analyses similar to those reported in Table 3 were carried out
among never-smokers, of which there were 289 in the weight-stable
group, of whom 65 died during follow-up. Despite of the small num-
ber of deaths, there was a nominally significant (P = 0.05) positive
TEE association with mortality in this subgroup with HR (95% CI) of
1.43 (1.00, 2.05) for a 20% increment in TEE. There was also a
nominally significant (P = 0.04) dependence of this HR on age at DLW
assessment with HRs (95% ClIs) for a 20% TEE increment of 3.40
(1.34, 8.62) at 60 y of age, 1.92 (1.21, 3.06) at 70 y of age, and 1.09
(0.68, 1.74) at 80 y of age.

Sensitivity analyses that censored the follow-up at the time of death
due to accidents, homicide, suicide, or other injuries led to a minimal
change in the results shown in Table 2 (n = 8 such deaths) or Table 3 (n
= 3 such deaths).

Discussion

There is a wealth of evidence that energy restriction can reduce
chronic disease incidence and mortality in animals; review and dis-
cussion of mechanisms were described previously [16]. However, there
are a few data on the effects of energy restriction, and EI variation
within the range of typical intake, on human health. As an exception,
the CALERIE randomized trial among 218 healthy, nonobese young
and middle-aged healthy United States men and women were able to
achieve modestly lower (~13%) EI in their intervention group and
demonstrated substantial weight loss, especially fat mass reduction, as
well as improvement in multiple CVD risk factors, over a 2-y study
period [17]. However, the Look AHEAD trial of a composite inter-
vention of dietary change and physical activity increase among adults
with obesity and T2D also observed weight loss and improvement in
CVD risk factors but was stopped based on a lack of evidence in
support of actual CVD outcome rate reduction [18]. Also, the Health,
Aging, and Body Composition Study among 298 older adults used
DLW energy in conjunction with REE measured by indirect calorim-
etry, to define an objective measure of activity-related EE, and reported
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clinical outcome benefits at higher activity levels [19] and among those
with a “good appetite” [20], but results concerning mortality in relation
to TEE do not appear to have been reported.

Consequently, our findings concerning TEE, measured using the
DLW procedure, and subsequent mortality risk are novel. The cohort of
postmenopausal women available for this purpose had a mean age of
71 y at the time of DLW assessment, with generally good health and
physical function and had sufficient follow-up to reveal a pattern of
mortality dependence on TEE that varied with age. There is a wealth of
epidemiologic data indicating increased mortality and morbidity
among women or men having relatively high weight except possibly
among very old persons [21-24], as well as data indicating unfavorable
mortality implications among persons having unintended weight loss
[25,26]. Accordingly, despite the smaller cohort size and a smaller
number of outcomes, we view our Table 3 findings among
weight-stable participants as more useful for information on EE in
relation to clinical outcomes among healthy participants, than are those
for all participants in the larger DLW cohort (Table 2). Although not
examined further here, participants experiencing >5% weight gain
between WHI baseline and DLW assessment may have been somewhat
out of energy balance, although meeting biomarker study inclusion
criteria, or they may have reduced activity levels, perhaps due to health
conditions, without compensatory reduction in EI. Similarly, partici-
pants with >5% weight loss during the 10-y (median) preceding time
period may have experienced chronic disease-induced weight loss,
perhaps with appetite reduction related to such disease.

With our weight-stability restriction, one may be able to regard the
TEE as estimating EI. If so, for the interpretation of Table 3 results, one
sees quite a major estimated adverse influence of higher EI among
postmenopausal women at 60 and 70 y of age with little or no asso-
ciation at 80 y of age when issues related to nutritional adequacy may
be important. An approximate doubling of the estimated mortality risk
at the age of 60 y, based on a limited number of deaths, and ~50%
mortality risk elevation at 70 y of age, for a 20% increment in energy
consumption, suggests considerable public health importance to the
avoidance of high energy consumption in this population of post-
menopausal United States women. These mortality rate increases may
be partially explained by (log-transformed) weight and height at TEE
assessment and especially at WHI enrollment a decade (median)
earlier, and alternatively by weight and BMI values and their changes
over the preceding decade, much of the mortality association remains.
It then follows that the estimated higher energy consumption among
younger postmenopausal United States women relates positively to
higher mortality, even after making an allowance for mediating effects
through related body composition changes. The mechanisms for such
elevation deserve a high priority in the future nutritional epidemiology
research agenda. For example, these mortality rate elevations could
simply reflect the need to metabolize and process a large intake volume
regardless of dietary composition or could relate to dietary composition
if, for example, participants having a relatively high-energy diet do so
with intake of saturated fats that are more than proportionately higher,
or with fiber intake that is less than proportionately lower.

The need to rely on expensive DLW measurements for the esti-
mation of EI is a limitation for epidemiologic purposes. Other ap-
proaches, such as the interesting use of frequent body weight
measurements [27], or the possibility of combining objective measures
of REE and activity-related EE, merit further development. Because of
our weight-stability constraints here, we were able to avoid the explicit
use of activity measures. The leisure physical activity was measured by
self-report in the WHI cohorts. REE, as measured using indirect
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calorimetry, is available only in the NPAAS component of the DLW
cohort studied here.

Strengths of this study include the use of an established objective
measure of TEE, and the potential to regard the TEE as also estimating
EI among weight-stable participants, in the context of nutrition
biomarker studies embedded in WHI cohorts of United States post-
menopausal women. WHI cohorts are well characterized, with careful
outcome ascertainment over >2 decades.

Limitations include a cohort of only 1131, reduced to 532 following
the exclusion of those having weight instability over a 10-y (median)
period before biomarker study enrollment, with modest number of
deaths during post-DLW follow-up. Also, the TEE assessment pertains
to only 2 wk at the time of biomarker study conduct, so only short-term
EE is assessed. Our analyses included only relatively healthy post-
menopausal United States women, with a mean age of 71 y. The results
obtained may not apply to other populations in the United States or
elsewhere. For example, recent reports [28,29] indicate that men have
considerably greater variation in DLW-measured TEE than women.

In summary, upon acknowledging an interaction with age, DLW-
measured TEE is positively and substantially related to total mortal-
ity among weight-stable, midlife-to-older (age < 75 y) postmenopausal
women, with little indication of association at >75 y of age. Body
weight and height over time can help to explain some, but not all, of the
higher mortality rates. Further research on EE and intake as well as on
energy reduction and energy balance, in relation to disease incidence
and mortality across the lifespan, deserves a high priority in the future
nutrition and public health research agendas.
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