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ABSTRACT

Background: Longer-term feeding studies suggest that a low-carbohydrate diet increases energy expenditure,
consistent with the carbohydrate-insulin model of obesity. However, the validity of methodology utilized in these studies,
involving doubly labeled water (DLW), has been questioned.

Objective: The aim of this study was to determine whether dietary energy requirement for weight-loss maintenance
is higher on a low- compared with high-carbohydrate diet.

Methods: The study reports secondary outcomes from a feeding study in which the primary outcome was total energy
expenditure (TEE). After attaining a mean Run-in weight loss of 10.5%, 164 adults (BMI >25 kg/m?2; 70.1% women)
were randomly assigned to Low-Carbohydrate (percentage of total energy from carbohydrate, fat, protein: 20/60/20),
Moderate-Carbohydrate (40/40/20), or High-Carbohydrate (60/20/20) Test diets for 20 wk. Calorie content was adjusted
to maintain individual body weight within & 2 kg of the postweight-loss value. In analyses by intention-to-treat (ITT,
completers, n = 148) and per protocol (PR completers also achieving weight-loss maintenance, n = 110), we compared
the estimated energy requirement (EER) from 10 to 20 wk of the Test diets using ANCOVA.

Results: Mean EER was higher in the Low- versus High-Carbohydrate group in models of varying covariate structure
involving ITT [ranging from 181 (95% CI: 8-353) to 246 (64-427) kcal/d; P <0.04] and PP [ranging from 245 (43-446)
to 323 (122-525) kcal/d; P <0.02]. This difference remained significant in sensitivity analyses accounting for change in
adiposity and possible nonadherence.

Conclusions: Energy requirement was higher on a low- versus high-carbohydrate diet during weight-loss maintenance
in adults, commensurate with TEE. These data are consistent with the carbohydrate-insulin model and lend qualified
support for the validity of the DLW method with diets varying in macronutrient composition. This trial was registered at
clinicaltrials.gov as NCT02068885. J Nutr2020;150:2009-2015.

Keywords: obesity, dietary carbohydrate, dietary fat, carbohydrate-insulin model, energy requirement, energy
expenditure, feeding study, metabolism

Introduction diet. Because reduced energy expenditure following weight loss
may predispose to weight regain (3-5), research into the dietary
determinants of metabolic rate holds both scientific and clinical
significance.

A recent meta-analysis reported little effect of dietary
carbohydrate-to-fat ratio on energy expenditure (6), but the
included studies had a median duration of < 1 wk. As
previously reviewed (2, 7), the adaptation to a low-carbohydrate
diet takes > 2 to 3 wk, limiting inferences about chronic
macronutrient effects that can be drawn from these very short

The independent effect of dietary composition on energy
expenditure remains a topic of controversy. According to the
carbohydrate-insulin model of obesity, the high ratio of blood
insulin-to-glucagon concentration in the postprandial period
with consumption of a high-glycemic load diet partitions
metabolic fuels toward fat storage (1, 2). As a result, hunger may
increase and (under some conditions, such as postweight loss)
energy expenditure may decrease relative to a low-glycemic load
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trials. A few prior studies of > 2.5 wk duration suggest a
numerical advantage favoring the low-carbohydrate diet (2),
but each of these had important methodological limitations,
such as low statistical power, lack of randomization, and phys-
ical confinement (e.g., in respiratory chambers) confounding
activity-related energy expenditure.

In the longest feeding study addressing this question
(8, 9), we reported that total energy expenditure (TEE) was
about 250 kcal/d higher on a low- versus high-carbohydrate
test diet throughout 20 wk of weight-loss maintenance, as
determined using doubly labeled water (DLW) methodology.
However, the validity of DLW methodology with diets varying
in macronutrient composition has recently been called into
question (10).

The aim of the present study was to assess the estimated
energy requirement (EER) to maintain a mean 10.5% weight
loss on diets containing 60%, 40%, and 20% of total
energy as carbohydrate, controlled for protein (20%). If TEE
increases with reduction in dietary carbohydrate and DLW
methodology is valid for measuring TEE when comparing
different macronutrient diets, we would expect to see dietary
effects on energy requirement that correspond to effects on TEE.

Methods

Overview of parent study design and original findings

This study presents secondary and exploratory analyses from the
Framingham State Food Study, a feeding trial for which the methods,
participant flow, adverse events, and primary outcome were previously
reported (8, 11, 12). Figure 1 depicts key design features, including
outcome measurement time points. Briefly, 164 participants (in 3
cohorts over successive academic years) with overweight or obesity,
who lost > 10% of their body weight during the Run-in phase
on a hypocaloric diet (45% of energy from carbohydrate, 35% fat,
and 25% protein), were randomly assigned to Low-Carb (propor-
tion of total energy: 20% carbohydrate, 60% fat), Moderate-Carb
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FIGURE 1 Study design of the Framingham State Food Study. Carb,
carbohydrate; END, end of Test phase; MID, midpoint of Test phase;
PRE, preweight loss; START, start of randomized trial (postweight loss,
prerandomization).

(40%, 40%), or High-Carb (60%, 20%) Test diets controlled for
protein (20%). During the 20-wk Test phase, dietary energy provided
to participants in prepared meals was adjusted with the aim of keeping
weight within £+ 2 kg of postweight loss, prerandomization baseline
values. TEE was measured using DLW methodology at 4 time points: 1)
preweight loss (PRE), 2) start of trial (START, weeks —2 to 0, postweight
loss), 3) midpoint of Test phase (MID, weeks 8 to 10) and 4) end of Test
phase (END, weeks 18 to 20). The primary finding of the trial was that
TEE was significantly greater on Low-Carb compared with High-Carb
in an intention-to-treat model (ITT: 209 kcal/d, » = 162, P = 0.002
for overall group effect) and a per protocol model (PP) that excluded
participants who did not achieve weight stability at 10 or 20 wk (PP:
278 kcal/d, n = 120, overall P <0.001).

We previously conducted a preliminary analysis in the PP group,
comparing change in estimated energy intake from START to the
average of MID (10 wk) and END (20 wk) using dietary data from
the days when we assessed TEE (8). Change in energy intake increased
in a pattern consistent with the dietary effect on TEE, though without
significant group differences. However, as discussed in our initial report,
these preliminary analyses were imprecise and inaccurate, with probable
bias against those with higher energy requirement, thereby limiting
scientific inference. (See Supplemental Methods for additional details
on the conceptual approach to the current analyses.)

Assessment of Test diet energy
Details regarding the dietary interventions were published previously
(11, 12). Standardized menus were calculated for 2000-kcal Run-in and
Test diets using Food Processor Nutrition Analysis Software (ESHA
Research Inc.) with energy distributed across breakfast (450 keal), lunch
(650 kcal), dinner (650 kcal), and an evening snack (250 kcal). Data for
each menu item were exported from the ESHA Food Processor to Excel
(Microsoft), and gram weights were imported from Excel into SAS (SAS
Institute Inc.). In SAS, 2000-kcal menus were scaled to coincide with
individualized energy levels, and food production sheets (1 sheet per
participant per meal or snack) were generated to specify gram portions
of each menu item. Details about supervising meals, estimating and
adjusting dietary energy, quantifying unconsumed energy, and ensuring
quality control are available in the Supplemental Methods.

The EER calculation included energy provided in weighed meals
and snacks (as specified on food production sheets), with correction for
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unconsumed energy, and in ad libitum snacks (estimated at 200 kcal/d)
and unit bars (based on the number provided, 100 kcal/bar). The
first 10 wk of the Test phase was considered adequate time for
physiological adaptations to the Test diets, that could affect energy
metabolism and fluctuations in body weight (2), and fine-tuning initially
imprecise estimates of energy levels for weight-loss maintenance. We
also calculated EER for the first day of the Test phase (EER at START),
to obtain insight regarding the level of imprecision and inaccuracy in
the initial estimates of energy requirement, and for use as a baseline
covariate in a statistical model.

Assessment of body composition

We assessed body composition by DXA (Discovery A, Hologic Inc.)
and isotope dilution. Data from DXA, the more precise method, were
available for PRE, START, and END. Data from isotope dilution were
available for the same time points and also MID, allowing assessment
of change in adiposity from weeks 10 through 20 of the Test phase
which was the exact time frame of interest for determining EER (after
the initial 10-wk period of physiological adaptation). Total body water
was estimated using the isotope dilution space for 30 (calculated
as previously described) (11), divided by 1.01 (to correct for binding
to nonexchangeable sites) (13). Total body water was divided by
0.73 to estimate fat-free mass (FFM). Fat mass (FM) was calculated
by subtracting FFM from total body weight. Percent body fat was
calculated as: FM/body weight x 100.

Statistical analyses

The study was originally powered for TEE assessed using DLW
methodology (8). For all summary and inferential computations for the
present study, we used SAS 9.4 (SAS Institute).

Descriptive data.

We inspected raw distributions of EER during the Test phase for the
ITT and PP groups and compared raw distributions and descriptive data
(mean and median) with those of TEE.

Variability in EER at START.

We used partial correlation analysis to determine whether excessive
variability in EER might have obscured the effect of diet on change
in EER in our preliminary analyses (8). Controlling for diet group, we
evaluated partial correlation of the residuals from models comparing
EER at START with EER during the Test phase (MID through END),
and TEE at START with TEE during the Test phase (average of MID
and END).

Diet effect on EER.

The analytic framework for statistical inference on EER was the general
linear model (GLM) including ANCOVA. We evaluated EER at START
(with body weight at START included as a covariate) and EER during
the Test phase (with and without EER at START as a covariate). To be
consistent with the approach in our prior study (8), the reported models
include diet group assignment and a design variable [a polytomous
covariate labeled cohort, which captured all combinations of study site
(feeding location), cohort (denoting year of participation), and wave
(denoting time frame of participation within a cohort), including 11
categories]. Because inclusion of this variable utilizes 10 degrees of
freedom, and we have no reason to hypothesize confounding by cohort,
a model without this adjustment was evaluated. Other variables in the
primary model included sex, START age, weight loss during the Run-in
phase (expressed as a percentage of PRE body weight), START weight,
and START TEE. One participant who developed a medical condition
(hypothyroidism) that affects energy expenditure was not included in
the final analysis plan, consistent with the a priori plan for analyzing
primary outcome data presented previously (8, 11). Here, we present
analyses with (models 1 and 2) and without (models 3 and 4) inclusion
of this individual. The outcome was the Test phase average of EER from
10 to 20 wk, modified from our original change analyses [Av(MID,
END) — START] (8), using the conceptual approach presented in the
Supplemental Methods.

From parameters of the fitted models, taking account of all data, we
tested 2 null hypotheses: first, that the outcome was uniform across all
diet groups, using an F test with 2 df; second, that the outcome did not
differ between Low-Carb and High-Carb, using a 2-sided Student’s t-
test. The Low-Carb — High-Carb comparison was equivalent to a test
for linear trend by carbohydrate, expressed as a percentage of total
energy, given the equal increments of carbohydrate content (60%,40%,
20%) across Test diets. The threshold for significance was P <0.05 when
testing both of these hypotheses.

We conducted 4 sensitivity analyses using GLM (ANCOVA) to
explore the potential effects of changes in body composition and
nonadherence on EER during weight-loss maintenance. These analyses
were based on our most conservative estimate of EER in the PP group
that achieved weight-loss maintenance. For every kg increase or decrease
in FM from START to END, assessed by DXA, we subtracted or
added 55 kcal/d (7700 kcal/lkg +— 140 d, the relevant time period).
Similarly, for change in FM from MID to END, assessed by isotope
dilution, we subtracted or added 110 kcal/d (7700 kcal/kg + 70 d, the
relevant time period). As a proxy measure of nonadherence, we defined
energy discrepancy as EER-to-TEE ratio and excluded participants
with energy discrepancy in the top quintile (those most likely to have
underconsumed provided foods) and bottom quintile (those most likely
to have consumed foods off protocol). In a final model, we excluded
individuals in cohort 1 for whom unconsumed energy was not recorded
in the online study portal, as noted in the Supplemental Methods.

Ethics

The study protocol was approved by the Institutional Review Board
at Boston Children’s Hospital and registered at clinicaltrials.gov
NCT02068885.

Results

Descriptive data

Of the 164 randomly assigned participants, 148 completed
the trial and were included in the ITT analyses for this
report. Noncompleters comprised 3 (18.8%) in Low-Carb, 5
(31.3%) in Moderate-Carb, and 8 (50%) in High-Carb, with
no significant difference in rate of drop-out by diet group
(P = 0.26). Among the completers, 110 achieved weight-
loss maintenance and were included in PP analyses. Table 1
summarizes baseline data describing all enrolled participants,
those who completed the weight-loss Run-in phase (and were
included in the ITT analyses), and those who achieved weight-
loss maintenance (and were included in the PP analyses) for the
trial outcomes. About two-thirds of the cohort were women,
mean age was ~39 y, and mean BMI at PRE was ~32 kg/m?.
Supplemental Figure 1 illustrates frequency distributions of EER
for the ITT and PP analyses. The median and mean values of
EER were 89.2% and 87.7% of TEE, respectively, for the ITT
and 88.2% and 89.7% for the PP.

Variability in EER at START

We compared EER at START with EER measured from weeks
10 through 20 of the Test phase. As shown in Supplemental
Figure 2, the partial correlation after adjusting for diet group
(R>= 0.54) was much weaker than that involving TEE
(R = 0.85). These findings suggest that analytic models of
change have adequate power for evaluating TEE but not EER
(14, 15), providing rationale for using ANCOVA, as discussed
in the Supplemental Methods.

Diet effect on EER
Table 2 shows EER by diet group in the ITT and PP analyses.
At START, EER did not differ by diet. From weeks 10 through
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TABLE 1 Characteristics of participants in the Framingham State Food Study’

Characteristic All enrolled ? Intention-to-treat 3 Per protocol *
Categorical variables
Sex
Men 49(29.9) 45(30.4) 33(30.0)
Women 115(70.1) 103 (69.6) 77(70.0)
Hispanic ethnicity 25(15.2) 21(14.2) 18(16.4)
Race
White 128(78.1) 116 (78.4) 84(76.4)
Black 17(10.4) 16(10.8) 11(10.0)
Asian 5(3.0) 5(3.4) 4(3.6)
Unknown/Qther 14(8.5) 11(7.4) 11(10.0)
Continuous variables
Weight at PRE, kg 915 + 182 91.2 + 182 89.5 + 16.6
Height at PRE, cm 167.7 + 10.0 167.9 &+ 10.0 167.3 + 10.3
BMI at PRE, kg/m? 324 £ 438 322 £ 48 318 £ 42
Age at START, y 38.0 + 144 386 + 14.4 39.8 + 140
Weight loss at START, % of PRE body weight 105 £ 1.7 105 £+ 1.6 105 £ 15
Total energy expenditure at START, kcal/d 2661 + 547 2651 + 557 2663 + 559

"For categorical variables, values are frequency (%). For continuous variables, values are mean + SD. PRE, preweight loss; START,

start of randomized trial (postweight loss, prerandomization).

2N = 164. Two participants who were randomly assigned to a diet group had unusable START TEE data.
3N = 148. Participants who completed the study were included in the ITT analyses. One participant (ITT only) had unusable START

TEE data.

4N = 110. Participants who completed the study and achieved weight-loss maintenance were included in the PP analyses.
ITT, intention-to-treat; PR, per protocol; TEE, total energy expenditure.

20 of the Test phase, EER was significantly higher in Low-
Carb compared with High-Carb, ranging from means of 181
to 323 kcal/d in models with varying covariate structure.
Supplemental Figure 3 displays individual data by diet group
in model 4 of the PP analysis.

In sensitivity analyses (Table 3), this diet effect remained
robust after accounting for concurrent change in body compo-
sition, excluding individuals for whom the EER-to-TEE ratio
raised the possibility of nonadherence, and additional exclusion
of individuals in cohort 1 lacking nonadherence data from
the online portal. The nominal order of effect by group, with
Moderate-Carb intermediate between Low-Carb and High-
Carb, showed a pattern similar to that of TEE. The EER-to-
TEE ratio did not differ by diet group (Supplemental Figure
4), indicating no selective nonadherence or bias in group
comparisons.

Body composition

As shown in Supplemental Table 1, there were no significant
diet group differences in adiposity by DXA or isotope dilution
during the Test (weight maintenance) phase of the study.

Discussion

In this analysis of a large feeding study, we observed higher
estimated energy requirement on a low- compared with
high-carbohydrate diet during weight-loss maintenance. The
magnitude of this effect (about 200 to 300 kcal/d, or ~50 kcal/d
for every 10% decrease in carbohydrate as a proportion of
total energy) and the numerical order across groups (Low-
Carb > Moderate-Carb > High-Carb) are commensurate
with previously reported changes in TEE (8), supporting the
carbohydrate-insulin model.

If reproducible and generalizable, this finding may inform
the scientific understanding of how dietary composition affects
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metabolism and the design of more efficacious long-term
obesity treatment. Pharmaceutical agents to increase energy
expenditure, or to prevent the fall in energy expenditure
following weight loss, for obesity treatments have been sought
for decades (16). Our study suggests that a low-carbohydrate
diet may produce this metabolic effect, without the risks of
chronic drug treatment.

The components of energy expenditure accounting for
the higher observed energy requirement remain speculative
and warrant further research but may include resting energy
expenditure (17), spontaneous physical activity (18) (both
of which were marginally higher on the low-carbohydrate
diet in our study as previously reported [8]), sleeping energy
expenditure (19), nutrient cycling (20), and better access to
metabolic fuels in the late postprandial state (21). Hormonal
changes accompanying a low-carbohydrate diet may mediate,
to some degree, several of these components. Reduced insulin
and ghrelin concentrations may increase energy expenditure in
part through activation of brown-adipose tissue activity (22,
23), whereas high glucagon may increase energy expenditure
through other mechanisms (24,25). The lower leptin concentra-
tion on the low-carbohydrate diet (8) —a predictor of good long-
term weight-loss maintenance (26-28) — may indicate improved
hormone sensitivity (29). As such, the enhanced leptin signaling
may not only lower hunger and food intake, but also confer
metabolic benefits (30).

Results of the present study also have relevance to methods
used to evaluate metabolism in outpatient settings. In a recent
analysis of a nonrandomized pilot study, Hall et al. (10)
questioned the validity of DLW methodology to compare
diets differing in carbohydrate-to-fat ratio, in part due to the
“theoretical possibility that ... [differential] fluxes through
biosynthetic pathways” could inflate measured energy expendi-
ture on diets with lower carbohydrate content. However, their
estimates of isotopic trapping through de novo lipogenesis,
the pathway of greatest potential concern, appear overstated,



TABLE 2 Effects of Test diets varying in carbohydrate content on estimated energy requirement during weight-loss maintenance in
the Framingham State Food Study’

EER by diet group, kcal/d Linear trend, kcal/d

Analysis Low-Carb Moderate-Carb High-Carb P? (Low-Carb) — (High-Carb) P3
Baseline (START) *

ITT 2284 (2214, 2354) 2276 (2202, 2350) 2229 (2152, 2305) 0.54 56 (—50, 161) 0.30

PP 2330(2247, 2413) 2309 (2219, 2398) 2277 (2175, 2378) 0.73 53(—80,187) 0.43
Diet effect, model 14

ITT 2517 (2396, 2639) 2437 (2308, 2565) 2303 (2170, 2435) 0.07 215(32, 398) 0.02

PP 2565 (2432, 2698) 2447 (2304, 2591) 2289 (2127, 2452) 0.04 276 (61, 490) 0.01
Diet effect, model 2 (model 1 additionally adjusted for START EER) ®

ITT 2505 (2391, 2620) 2429 (2308, 2550) 2324 (2199, 2450) 012 181(8, 353) 0.04

PP 2552 (2427, 2677) 2447 (2312, 2581) 2308 (2155, 2460) 0.06 245 (43, 448) 0.02
Diet effect, model 3 (model 2 excluding participant with hypothyroidism) ®

ITT 2528 (2414, 2642) 2432 (2312, 2551) 2323 (2200, 2447) 0.07 204 (33, 376) 0.02

PP 2582 (2458, 2706) 2448 (2316, 2579) 2309 (2160, 2458) 0.03 272 (74, 471) 0.008
Diet effect, model 4 (model 3 without adjustment for the polytomous cohort variable) ’

ITT 2533 (2411, 2656) 2460 (2333, 2587) 2288 (2156, 2419) 0.03 246 (64, 427) 0.009

PP 2594 (2465, 2723) 2467 (2331, 2602) 2271 (2120, 2422) 0.008 323 (122, 525) 0.002

"Values are means (95% Cl). Data were calculated per kg and normalized to average weight of 82 kg at START. EER, estimated energy requirement; ITT, intention-to-treat
analysis; PP, per protocol analysis; PRE, preweight loss; START, start of randomized trial (postweight loss, prerandomization); TEE, total energy expenditure measured using
DLW methodology.

2P value is for the overall diet group effect.

3P value for (Low-Carb) — (High-Carb) contrast is equivalent to a test for linear trend across diet groups (with equal, 20% increments in the contribution of carbohydrate to total
energy intake from Low-Carb to Moderate-Carb and from Moderate-Carb to High-Carb.)

4N =147 (ITT), N = 110 (PP). Covariates included cohort, sex, age, Run-in weight loss (% PRE body weight), START TEE, and START body weight. One participant (ITT only) had
unusable START TEE data.

5N =147 (ITT), N = 110 (PP). Covariates included cohort, sex, age, Run-in weight loss (% PRE body weight), START TEE, START body weight, and START EER. One participant

(ITT only) had unusable START TEE data.

SN =146 (ITT), N = 109 (PP). One participant (ITT and PP) developed hypothyroidism and was an a priori exclusion from analyses of the primary outcome (8, 11). Covariates
included cohort, sex, age, Run-in weight loss (% PRE body weight), START TEE, START body weight, and START EER. One participant had unusable START TEE data (ITT only).
7N =146 (ITT), N = 109 (PP). One participant (ITT and PP) developed hypothyroidism and was an a priori exclusion from analyses of the primary outcome (8, 11). Covariates
included sex, age, Run-in weight loss (% PRE body weight), START TEE, START body weight, and START EER. One participant (ITT only) had unusable START TEE data.
Elimination of the polytomous cohort variable decreased predictor Df by 10 in ITT, and 9 in PP (because there were no participants in the PP analysis for 1 of the 11 categories of

this variable).
DLW, doubly labeled water.

and DLW methodology has worked well in animals with
diets varying widely in macronutrient ratio, including obligate
carnivores (8, 31). The congruence in dietary effect on EER and
TEE from our trial provides qualified validation for the use of
DLW methodology in human diet studies, though the possibility
of other, unrecognized biases cannot be excluded. In contrast
to the theoretical concerns involving use of DLW to measure
TEE, whole room calorimetry — the other gold standard method
— has been shown to underestimate adaptive thermogenesis
(32) because of inherent constraints on physical activity energy
expenditure [a confounding issue in the analyses of Hall et al.
(10)]. Recognizing that reduction in dietary carbohydrate has
been hypothesized to attenuate adaptive thermogenesis with
weight loss (2, 8), macronutrient studies utilizing whole room
calorimetry may yield results biased against low-carbohydrate
diets. Indeed, the prior validation study (32) found a better
correspondence between dietary calorie titration and TEE -
the approach we used here — for DLW methodology compared
with whole room calorimetry under several physiological
conditions.

Strengths of this study include the relatively large sample size
and long duration for a feeding trial, demonstration of weight
stability during the Test phase, concurrent measurement of
body composition, and sufficient power to conduct informative
sensitivity analyses. The main limitation is the possibility of
nonadherence to Test diets and, more generally, inaccuracy in
the assessment of energy requirement, a methodological issue
common to all long-term outpatient feeding studies.

Median and mean dietary energy were ~10% to 12% lower
than energy expenditure by DLW methodology, suggesting
that our present analyses may have underestimated actual
requirements modestly, although overestimation by DLW
methodology is also possible. However, this relatively small
discrepancy, irrespective of origin, would not threaten the
validity of our findings unless there were selective bias in
the preparation or consumption of Test diets between groups.
Specifically, an overestimation of the diet effect on energy
requirement might occur if individuals on the Low- versus
High-Carb diet consumed less of the provided food than
reported when not under direct observation; or if those on
the High- compared with Low-Carb diet consumed more food
off protocol. Either of these scenarios could arise if the Low-
Carb diet were less palatable or more satiating. Conversely,
because the High-Carb diet was substantially lower in energy
density, the diet effect could be underestimated if participants
in that group had difficulty consuming the larger volume of
food. However, we designed the diets to be as similar as possible
(types of foods included, cooking methods, and palatability) and
employed state-of-the-art methods to monitor quality control
(12). Moreover, we saw no discrepancy in the EER-to-TEE ratio
across diet groups. Nor did we find evidence of overall bias
in a sensitivity analysis excluding individuals with the EER-
to-TEE ratio in the highest quintile (for whom energy intake
might have been overestimated) and in the lowest quintile
(for whom energy intake might have been underestimated).
Furthermore, the findings strengthened in the PP analyses,
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TABLE 3 Sensitivity analyses for effects of Test diets varying in carbohydrate content on estimated energy requirement during

weight-loss maintenance in the Framingham State Food Study’

EER by diet group, kcal/d

Linear trend, kcal/d

Analysis Low-Carb Moderate-Carb High-Carb P? (Low-Carb) — (High-Carb) P3
Adjusted for change in body composition by DXA *

2572 (2442, 2702) 2452 (2313, 2592) 2304 (2145, 2462) 0.04 268 (58, 478) 0.01
Adjusted for change in body composition by isotope dilution *

2481 (2330, 2631) 2394 (2234, 2553) 2208 (2027, 2388) 0.08 273 (32,513) 0.03
Accounting for possible dietary nonadherence ®

2631 (2488, 2775) 2369 (2208, 2531) 2347 (2198, 2495) 0.02 285 (76, 493) 0.008
As above, with additional elimination of participants lacking nonadherence data ©

2637 (2501, 2773) 2456 (2278, 2634) 2345(2190, 2499) 0.02 292 (84, 501) 0.007

"Values are means (95% Cl). Data were calculated per kg and normalized to average weight of 82 kg at START, using model 2 (Table 2, PP) to examine how changes in body
composition and potential nonadherence could influence the diet effect on EER. EER, estimated energy requirement; PR per protocol analysis; START, start of randomized trial
(postweight loss, prerandomization); TEE, total energy expenditure measured using DLW methodology.

2P value is for the overall diet group effect.

3 Pvalue for (Low-Carb) — (High-Carb) contrast is equivalent to a test for linear trend across diet groups (with equal, 20% increments in the contribution of carbohydrate to total

energy intake from Low-Carb to Moderate-Carb and from Moderate-Carb to High-Carb).

4N = 110 (DXA), N = 109 (isotope dilution). Analyses were adjusted for change in body composition between weeks 10 and 20 of the Test phase. One participant had unusable

isotope dilution data at MID and END.

5N = 65. Participants (N = 45) were excluded if the EER-to-TEE ratio was in the top quintile (i.e., individuals most likely to have underconsumed provided foods) or bottom

quintile (i.e., individuals most likely to have consumed foods off protocol).

8N = 56. Additional participants (N = 9) from cohort 1 were excluded because data were missing for unconsumed energy.

DLW, doubly labeled water.

involving participants who demonstrated successful weight-
loss maintenance as an objective proxy measure of adherence
(the opposite would be expected if nonadherence contributed
importantly to the observed effect).

Other study limitations include the inherent imprecision of
methods for measuring small changes in body composition
during weight-loss maintenance, and possible inaccuracy arising
from changes in body water on diets differing in macronutrient
content. On the latter issue, any changes in body water resulting
from reduction in dietary carbohydrate would stabilize after
a few weeks, allowing for an unconfounded measurement of
body composition between 10 and 20 wk of the Test phase,
the relevant period for our calculations of energy requirement.
Our estimates of energy requirement vary based on covariate
structure of the analytic models and other assumptions.
However, the comparison between the Low- and High-Carb
diets was consistently significant as hypothesized in multiple
models and sensitivity analyses. In light of the foregoing,
our estimates of the magnitude of the diet effect on energy
requirement should be interpreted cautiously.

Because of the inherent limitations of outpatient feeding
studies discussed here, some suggest that the only informative
diet studies are those conducted on metabolic wards (33), but
these too have major limitations. For logistical and financial
reasons, ward studies rarely exceed a few weeks in duration
- too short to distinguish transient adaptive processes from
the chronic metabolic effects of macronutrients (2, 34). Ward
studies also entail an artificial environment, constraint on
spontaneous physical activities, and the psychobiological effects
of social isolation and other stresses. Even with presumably
maximum control, substantial “unaccounted energy” — the basis
of criticisms of our trial by Hall et al. (35) — may occur, as
was seen in a recent trial by Hall et al. (9, 36). Discrepancies
in energy balance are unsurprising, considering the cumulative
error that would arise in comparisons encompassing 3 imprecise
measures (energy intake, energy expenditure, and body energy
stores), even with optimal conditions.

To elucidate underlying mechanisms involving diet and
chronic disease, we will need a variety of complementary study
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designs, novel methods for ensuring high levels of dietary
control for longer periods, multiple methods for measuring
energy expenditure and substrate metabolism, and attention
to effect modification by biological predisposition (2, 37,
38). Although research into more powerful behavioral and
environmental interventions is also warranted, these approaches
will be most effective when informed by accurate knowledge of
the metabolic effects of dietary composition.
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