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ABSTRACT

Understanding the health effects of protein intake is bedeviled by a number of factors, including protein quality and source. In addition, different
units, including grams, grams per kilogram body weight (g/kg BW), and percent energy, may contribute to confusion about protein’s effects on
health, especially BW-based units in increasingly obese populations. We aimed to review the literature and to conduct a modeling demonstration
of various units of protein intake in relation to markers of cardiometabolic health. Data from the Framingham Heart Study Offspring (n = 1847;
60.3 y; 62.5% women) and Third Generation (n = 2548; 46.2 y; 55.3% women) cohorts and the NHANES 2003–04 (n = 1625; 46.2 y; 49.7% women)
and 2005–06 (n = 1347; 43.7 y; 49.5% women) cycles were used to model cross-sectional associations between 7 protein units (grams, percent
energy, g/kg ideal BW, g/kg actual BW, BW-adjusted g/kg actual BW, g/kg lean BW, and g/kg fat-free BW) and 9 cardiometabolic outcomes (fasting
glucose, systolic and diastolic blood pressure, total and HDL cholesterol, triglycerides, BMI, waist circumference, and estimated glomerular filtration
rate). The literature review indicated the use of myriad units of protein intake, with differential results on cardiometabolic outcomes. The modeling
demonstration showed units expressed in BW were confounded by BW, irrespective of outcome. Units expressed in grams, percent energy, and
ideal BW showed similar results, with or without adjustment for body size. After adjusting for BW, results of units expressed in BW aligned with results
of grams, percent energy, and ideal BW. In conclusion, protein intake in cardiometabolic health appears to depend on protein’s unit of expression.
Authors should be specific about the use of WHO (g/kg ideal BW) compared with US (g/kg actual BW) units, and ideally use gram or percent
energy in observational studies. In populations where overweight/obesity are prevalent, intake based on actual BW should be reevaluated. Adv
Nutr 2021;12:71–88.
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Introduction
US dietary recommendations for protein intake in adults
have historically been expressed in grams per kilograms
(g/kg) of body weight (BW). The current US RDA is 0.8
g/kg BW, with an acceptable macronutrient distribution
range (AMDR) of 10–35% of energy intake (estimated to
equate to 1.05–3.67 g/kg BW when based on reference
BWs) (1, 2). The FAO of the UN/WHO recommendation
is 0.83 g/kg BW, which was revised upward from 0.75
g/kg BW in 2002 (3, 4). In 2012, the European Food
Safety Authority (EFSA) established its population reference
intake for protein as 0.83 g/kg BW for all adults (5).
Other European recommendations, including those of the
Nordic countries (6), German-speaking (Germany, Austria,
Switzerland) countries (7), and France (8), specify similar
recommendations.

Brief history of WHO and US recommendations
In 1941, the RDA was expressed in grams with a reference
BW of 70 and 56 kg for men and women, respectively (9).
At these BWs, the daily recommended intakes were 70 g
for men and 60 g for women, which translate into 1.00
and 1.07 g/kg BW, respectively (9). Protein requirements
were not initially expressed in terms of BW, but largely
have been since 1941 (Supplemental Table 1). In addition,
they have shifted slightly over the decades, depending on
the recommending body and new evidence, before settling
at 0.8 g/kg BW in the United States some 20 y ago
[rounded up from the FAO/WHO 1985 estimate of 0.75
g/kg BW (4)]. Exceptions to these recommendations have
been indicated for select populations, notably active-duty
military, who face extraordinary climates/environments and
endure substantial physical training (10). There are a few
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other groups with unique requirements, including those
experiencing (childhood) growth, pregnancy, or lactation.
Otherwise, recommended protein requirements in generally
healthy adults do not vary; requirements are assumed to
be largely independent of factors such as age, sex, body
composition, and lifestyle, despite ongoing calls to reconsider
needs, particularly for the preservation of muscle mass in
those aging (2, 11, 12), in very active populations (13, 14),
and in the context of acute or chronic kidney disease (15,
16). When the most recent protein DRIs were developed in
2005, there was insufficient evidence to support the revision
of existing recommendations for protein for healthy adults
(including older adults) (1). However, since then, evidence
has accumulated that the DRIs should be reevaluated,
particularly for aging adults and those with higher metabolic
needs.

Importantly, although the Institute of Medicine (IOM),
the WHO, and other recommendations express intake in
g/kg BW, they differ in their specificity about whether BW
refers to an ideal or actual BW. In several places, the WHO
1985 and 2007 reports discussed protein intake in relation to
body composition as well as ideal weight. Notably, the 1985
report suggests that body composition may be a determining
factor in true requirements (Section 3.3); that the g/kg BW
recommendation is for BWs “within the acceptable range”
(Section 8.2.2); that intake should be modified so as to
achieve a healthy weight; and that “the safe level of protein
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for those who are overweight should be based on the median
acceptable weight for height and not on the actual weight”
(Section 9.1.1) (4). In the WHO 2007 report, the language
similarly points to the “safe” level of intake of 0.83g/kg
BW as applicable to all adults “for all body weights within
the acceptable range” (3). Meanwhile, recommendations
for the German-speaking European countries are explicit
that the recommended intake of protein (0.8 g/kg BW for
adults <65 y old) applies only to those with BMIs <25
kg/m2, and those with BMIs >25 kg/m2 should use their
“normal” BW to estimate requirements (7). Note also that
there are yet other protein recommendations—for example,
for critically ill patients, or those with diabetes (in Japan)—
which outline protein (and energy) needs according to an
ideal BW and, in doing so, distinguish needs of overweight
and obese individuals from normal-weight individuals, while
distinguishing protein from energy requirements in these
populations (17, 18). Together, and including the data shown
in Supplemental Table 1, it appears that protein recommen-
dations from the WHO and select other groups are based
on BWs within ideal ranges for height, which are defined (at
least by the WHO) as BMI ranges of 20.1–25.0 for men and
18.7–23.8 for women [see Annex 2, Table C, in Joint FAO/
WHO/United Nations University Expert Consultation on
Energy and Protein Requirements (4)].

Interestingly, this distinction between ideal and actual BW
by the WHO is not explicit in US protein recommendations.
Although “reference body weights” exist in the IOM DRI
report (1), as well as in the EFSA report (5), these seem to
have been provided solely as a basis for the calculation of
g/d values, rather than to indicate that protein intake should
depend on an ideal weight or weight range.

Contextualizing units within the obesity epidemic
Meanwhile, trends of overweight and obesity continue to
increase, with the recent prevalence estimates (2015–16) of
obesity at 40% of the US adult population (19). Concurrently,
age-adjusted protein intake as a proportion of energy has
barely fluctuated (∼1–2%) over the 1971 to 2010 time period,
with mean adjusted absolute intake also fluctuating only
slightly (81.6–84.4 g/d) (20).

Several fundamental problems arise with the confluence
of protein needs, expressed in various units, and the context
of the obesity epidemic. First, it is unclear the extent to
which the g/kg BW measure is relevant in populations where
70% are overweight/obese; that is, where BW is dominated
not by lean mass but by excess fat mass, if indeed intake
is based on actual BW (as in US recommendations) rather
than ideal BW (as in WHO or German-speaking countries’
recommendations). This leads to a second potential problem:
the use of the ratio measure (g/kg BW) in studies investigat-
ing associations between protein intake and health/disease
outcomes is inherently confounded by BW, and possibly BMI,
a risk factor for most disease outcomes. Third, as pointed out
above, this confusion is evident in the literature. As a result
of this, studies using different units to quantify protein intake
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will likely reach very different conclusions about protein’s
effects on health/disease, making summary statements of
such effects exceedingly challenging. To our knowledge,
this phenomenon has not yet been reviewed or demon-
strated in the literature, representing a considerable gap in
knowledge.

Therefore, our primary goal was to demonstrate that the
association between dietary protein and health outcomes
differs with the use of varying units of protein intake, which
we show via a modeling demonstration of 9 different units
of protein intake and 7 cardiometabolic outcomes across 4
population-based cohorts. Among our primary hypotheses
are: 1) the use of g/kg actual BW is an understudied measure
in terms of its utility in populations that are dominated
by overweight and obesity; and 2) that this measure, as a
ratio including actual BW, renders protein intake inherently
correlated with and confounded by BW. Here, we focus
exclusively on total dietary protein, and do not address other
important factors that may affect associations between pro-
tein and human health, such as protein quality (e.g., amino
acid content, digestibility), food source/origin, or source
sustainability (21–23). Furthermore, our objective was not
to make declarative statements about the effects of protein
intake on human health, not least because the present study
is a cross-sectional analysis; nor did we intend to estimate
protein requirements in the context of excess fat compared
with lean mass. Rather, we aimed to show that 1) evidence
for confusion about protein units is ubiquitous; 2) results
of associations differ by intake unit; and 3) BW confounds
associations when units themselves are based on actual
BW.

Use of units in recent literature
Because ideal weight is implied or even explicit in WHO,
German-speaking, and other recommendations, but not
in IOM recommendations, it is creating confusion in the
application of this standard in epidemiological studies, as
well as trials. This confusion is evident across the literature,
wherein both observational studies and trials of dietary
protein—including very recent ones—use a variety of units
to quantify or prescribe intake, including grams, g/kg actual
or current BW, g/kg ideal BW, percent energy, and so on. For
example, in the introduction to their 2017 paper describing
their trial of protein intake at the US RDA and twice
the US RDA in overweight participants, authors appeared
to suggest that the WHO and IOM recommendations
are the same (24). The authors are not alone in their
confusion.

We nonsystematically scanned the dietary protein litera-
ture of the last 5 y (i.e., late 2019 in reverse chronological or-
der to 2015) in relation to several cardiometabolic outcomes
(obesity, dysglycemia, dyslipidemia, hypertension, kidney
function, and relevant biomarkers), specifically looking for
a variety of protein units and stopping when we had ≥1
example for a given outcome of each protein unit of interest.
As the literature scan was not systematic, we did not
explicitly exclude studies based on study characteristics (e.g.,
quality, sample size, language of publication). All studies

referred to in the following sections are further detailed in
Supplemental Table 2.

Protein units in studies of kidney function
In relation to kidney function, several papers have emerged
on protein intake– and estimated glomerular filtration rate
(eGFR)-based measures, including chronic kidney disease
(CKD), declining eGFR, renal hyperfiltration, and so forth,
with each study using different approaches to modeling
protein intake (15, 16, 25–33). Esmeijer et al. (25) prospec-
tively studied protein as g/kg ideal BW (assuming a BMI
of 22.5 kg/m2), grams, percent energy, and g/kg actual BW
and declining eGFR. The first 3 units were modeled with
adjustments for energy but not BMI, while the last unit was
modeled with an adjustment for BMI but not energy. The
authors noted that in their primary analyses they opted for
ideal BW instead of actual BW, “since normalizing protein
intake to actual body weight would result in erroneously
high protein requirements in overweight and obese patients.”
They found that higher protein intake was related to
declining eGFR, irrespective of unit, given their models. Lee
et al. (16), in 2019, also used g/kg ideal BW (assuming a BMI
of 22.5 kg/m2) to cross-sectionally and prospectively study
biomarker-based protein intake and eGFR and renal survival
in patients with CKD. They found that higher protein intake
was related to higher eGFR cross-sectionally and longer renal
survival before, but not after, adjustments for BMI and other
covariates. Meanwhile, Møller and colleagues (26), in 2018,
studied diet record– and biomarker-based protein intake,
presumably as g/kg actual BW, in relation to eGFR and
other serum- and urine-based measures of kidney function
in 308 overweight/obese individuals with prediabetes who
had lost weight and were in weight maintenance. The authors
reported no association of 1-y changes in diet record–based
protein intake and changes in eGFR, either before or after
adjusting for changes in BW, but found direct associations
between changes in biomarker-based protein intake and
changes in eGFR, an association which was nonsignificant
after an additional adjustment for changes in BW. Enter a
prospective study by Jhee et al. (34), which also presumably
used g/kg actual BW, in 2 large Korean cohorts (the Korean
Genome and Epidemiology Study and the Korean National
Health and Nutrition Examination Survey), observing that
higher protein intake was associated with a eGFR decline
and higher odds of renal hyperfiltration (RHF) in analyses
that were adjusted for both BMI and energy. Note that
in an earlier, 2016 cross-sectional study of the Korean
Genome and Epidemiology Study of protein intake and
RHF (30), the authors did not report the units of protein
intake (although these were presumably grams, and energy-
adjusted) in their findings that total protein intake was not
associated with RHF (no adjustment for body mass). A
handful of other prospective and cross-sectional studies also
recently investigated similar associations: Haring et al. (15)
and Rebholz et al. (33) used grams in relation to incident
CKD, Malhotra et al. (27) used percent energy, Herber-Gast
et al. (32) used grams, Kaji et al. (35) used g/kg ideal BW
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in relation to change in eGFR, and Lew et al. (28) used
grams, percent energy, and g/kg actual BW in relation to
incident end-stage renal disease. Each study adjusted for both
BMI and energy intake. Haring et al. (15), Rebholz et al.
(33), and Lew et al. (28) reported nonsignificant associations
of higher total protein intake and elevated disease risk,
Malhotra et al. (27) reported greater decline in eGFR among
participants with diabetes only, and Herber-Gast et al. (32)
reported no associations of total protein and changes in
eGFR. Berryman et al. (31) used g/kg actual BW, adjusted for
BMI but not energy, and found no cross-sectional association
between total protein and eGFR in healthy US adults. Finally,
Oosterwijk et al. (29) recently studied protein intake, as
grams, and (cross-sectional) prevalence of low eGFR in a
sample of adults with type 2 diabetes (T2D), adjusted for
BMI and energy (residual method only), and found no
association with total protein intake. Other recent protein-
related papers using only biomarker-based measures (e.g.,
urine urea nitrogen) have also variously estimated protein
intake, including as g/kg actual BW (36), g/kg ideal BW
(36, 37), and g/24-hr (38). Notably, differential associations
observed in the above-referenced papers may be due not
only to the protein unit, but also to the different adjustment
models (in observational studies), as well as to the different
outcomes (e.g., eGFR, change in eGFR, incident CKD, etc.)
and populations.

Protein units in studies of diabetes and diabetes-related
traits
The dietary protein-kidney function research is not the only
domain to suffer from a multiplicity of protein units. The
observational and experimental literature on T2D and related
factors [e.g., fasting glucose, insulin, glycated hemoglobin
(HbA1c)] suffers from similar problems. In the last 4 y,
≥4 systematic reviews and meta-analyses (39–42) of ≤21
prospective cohorts in ≤12 papers concluded that higher
total protein intake was related to a higher T2D risk. The
studies included in these meta-analyses expressed protein
intake in either energy-adjusted grams or percent energy.
Additional observational (cross-sectional or prospective
cohorts, or secondary analyses of trials analyzed as cohorts)
papers we scanned relating protein to either diabetes and
glucose metabolism biomarkers (fasting glucose, insulin,
HOMA-IR, HbA1c, etc.) since 2015 used grams (43–47), g/kg
actual BW (31, 48–50), and/or percent energy (39, 49, 51–55),
and all inconsistently adjusted for either a measure of body
size and/or energy. Of particular relevance among these was a
study by Sluik et al. (49), who analyzed protein intake as both
g/kg actual BW and percent energy in relation to incident
diabetes or prediabetes in 4 cohorts. Their g/kg actual BW
final model was adjusted for waist circumference (WC),
while that of percent energy was adjusted for BMI and WC.
Notably, prior to adjusting for anthropometric factors, results
for g/kg and percent energy models were significant, but
opposite of each other (with percent energy showing higher
risk, and g/kg actual BW showing lower risk). Significant
results remained only for WC-adjusted g/kg BW: a lower

incidence ratio of diabetes per 1 SD g/kg BW higher intake
(49).

Of the 6 trials we located investigating protein in relation
to biomarkers of glucose metabolism, 4 used percent energy
(56–59), while 2 used g/kg actual BW (60, 61). In arms
comparing 35% energy from protein with 18% energy from
protein (fat at 30% energy) over 6 mo in overweight/obese
participants with T2D, Marco-Benedi et al. (56) reported
significant, more favorable changes for glucose, HOMA-
IR, and insulin, but not HbA1c, in the context of energy
restriction. Also in the context of energy restriction, Mateo-
Gallego et al. (57) observed no differences between groups
of overweight/obese women (20%, 27%, or 35% energy
from protein; fat held at 30% of energy) in changes in
glucose, HbA1c, or insulin after 6 mo. Campos-Nonato and
colleagues (60) also reported no differences between groups
(0.8 compared with 1.34 g/kg) in participants with metabolic
syndrome in the context of energy restriction, for either
glucose, insulin, or HOMA-IR after 6 mo. Drummen et al.
(58), studying 25 participants in weight maintenance after
weight loss, also observed no differences between those in
15% compared with 25% energy protein arms at 2 y in
glucose, insulin, HbA1c, HOMA-IR, or insulin sensitivity
index. Watson and colleagues (59) studied overweight/obese
adults for 12 wk of energy restriction followed by 12 wk
of weight maintenance, in 22% compared with 32% energy
from protein arms. They reported no differences between
groups in glucose, insulin, or HbA1c after 24 wk. Similarly,
Wright et al. (61), investigating a high-protein diet (1.4
g/kg) with eggs compared with a no-egg standard-protein
diet (0.8 g/kg) in weight-maintaining, older, moderately
overweight/obese participants, observed no differences after
12 wk between groups with respect to glucose, insulin,
or HOMA-IR. However, several of the studies may have
been underpowered to detect differences in these largely
secondary outcomes. In addition, as mentioned above for
kidney function, differential results between studies were
likely not solely due to the protein unit, but also to the
variably defined outcomes, populations, and methods.

Protein units in studies of circulating lipids
Similarly, many studies have assessed dietary protein in rela-
tion to circulating lipids (e.g., total, HDL, or LDL cholesterol
or triglycerides), often in the context of metabolic syndrome
and/or as secondary outcomes of weight-loss trials. Of the
13 papers we scanned on this topic since 2015, none used
grams or g/kg ideal BW, 5 used g/kg actual BW (31, 48, 50,
60, 61), and the remaining 8 studies used percent energy (53,
54, 56–59, 62, 63). Whether experimental or observational,
all inconsistently adjusted for various body mass and energy,
and results were primarily nonsignificant irrespective of the
study design and protein unit. For example, several trials (56,
57, 59, 60), but not all (58, 61), were energy-restricted, with 1
cross-sectional study using g/kg actual BW, adjusted for body
fat percentage and skeletal muscle mass but not energy intake
(50), and the only prospective cohort study using percent
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energy, adjusted for both BMI and WC, as well as energy
intake (63).

Protein units in studies of blood pressure
Several of the above studies relating protein intake with
metabolic syndrome also investigated blood pressure
outcomes, alongside studies with unique protein–blood
pressure hypotheses. Of the 15 studies published since
2015 that we reviewed, none used g/kg ideal BW, 1 used
grams (64), 9 used percent energy (53, 54, 56, 57, 59, 62,
63, 65, 66), 4 used g/kg actual BW (31, 48, 50, 60), and
1 used frequency (times/week) (67). Again, the studies
variably adjusted for body mass and/or total energy, and
results were heterogeneous, irrespective of type of study,
“replacement” nutrient, unit of intake, or specific outcome
[e.g., systolic blood pressure (SBP), diastolic blood pressure
(DBP), or hypertension]. Interestingly, Buendia et al.
(64) employed a unique approach we did not otherwise
observe in the literature, in which protein intake (grams)
was adjusted for BW using the residual method in their
analyses of protein intake in relation to blood pressure
and incident hypertension in the Framingham Heart Study
(FHS) Offspring cohort. Finally, as mentioned previously,
discrepant associations between studies were likely not
solely due to the protein unit, but also to the variably defined
outcomes, populations, and methods (e.g., models).

Protein units in studies of body composition
We found 16 recently published trials of protein intake and
body composition, with or without energy restriction or
exercise components, that compared high with low protein
intakes and defined intake groups in terms of either g/kg
actual BW (24, 60, 61, 68–73) or percent energy (56–59, 68,
74). However, g/kg ideal BW also appears in this literature
(75–77). Several earlier trials (<2015, thus not reviewed
here) investigating protein intake in body composition after
weight loss in older adults were summarized in a 2016 meta-
analysis (78). The meta-analysis concluded that men and
women aged ≥50 y are more likely to retain lean mass
and lose fat mass when they consume energy-restricted,
higher-protein (≥25% energy or ≥1.0 g/kg, presumably
actual BW) rather than normal-protein diets (<25% energy
or <1.0 g/kg), while losses of body mass were similar in
high- and normal-protein groups. Of note, the trials reviewed
here and included in Supplemental Table 2 frequently include
cardiometabolic risk factors as secondary outcomes, of which
results are included in the papers noted in the above sections.
Of trials using g/kg actual BW to differentiate intervention
groups for weight loss, it is not always clear whether
intake recommendations during the intervention period are
adjusted for the concurrent actual BW (i.e., incorporating
current weight in the context of weight loss, for example)
or continue to use the initial BW to define adherence to
intervention groups. That is, intake in absolute units (grams)
is not universally reported both pre- and postintervention
in all studies. In the absence of absolute intake data at both
time points, total protein intake may not have changed, and

any increase in a g/kg actual BW measure (e.g., using a final
or concurrent weight) may simply be a result of weight loss,
rather than higher absolute intake. Of the trials, there were
generally no significant differences reported between low-
and high-protein groups in terms of changes in weight, BMI,
or WC. Only 4 of the 16 trials reported greater fat mass losses
in high- compared with low-protein groups (24, 57, 71, 76);
3 trials reported higher or maintained lean or fat-free masses
in high- v. low-protein groups (24, 61, 76).

The prospective observational literature we examined
included 5 unique studies since 2015: 3 were secondary,
prospective analyses of trial participants (48, 53, 79) and 2
were population-based cohorts (63, 80). Follow-up ranged
from 6 mo (53) to 11 y (63). Of the secondary analyses of
trials, Campbell et al. (48) employed g/kg actual BW; van
Baak et al. (53) employed percent energy in the Diet, Obesity
and Genes (DiOGenes) cohort; and Hernández-Alonso et
al. (79) employed both g/kg actual BW and percent energy
in the Prevención con Dieta Mediterránea (PREDIMED)
cohort. Campbell and colleagues (48) observed lower weight,
BMI, and fat mass (absolute) with higher protein intake,
but no associations with lean mass or WC, after 36 wk
of follow-up. Van Baak et al. (53) observed an inverse
relation between protein intake and weight, but not WC
or fat mass, across 6 mo of follow-up. Hernández-Alonso
et al. (79) observed a higher risk of weight gain, but
not weight loss, across 4.8 y of follow-up in participants
consuming higher protein when modeled as percent energy
and when replacing carbohydrates but not fat, and found no
association with weight gain or loss when using g/kg actual
BW. There were no significant associations of BMI-adjusted
WC for either unit. Baseline BMI was included in all models
(79).

Of the population-based prospective cohort studies,
Ankarfeldt and colleagues (80), studying the Danish MON-
Itoring trends and determinants of Cardiovascular disease
(MONICA) cohort, used both percent energy and biomarker
(urinary nitrogen) data in 6 y of follow-up, observing higher
year-over-year changes in BMI, fat-free mass, fat mass, and
weight with higher intake and biomarker protein. Finally,
Shang et al. (63), in the Melbourne Collaborative Cohort
Study, observed increases in weight and WC with a higher
percent energy of protein intake over 11 y.

Remaining are 6 cross-sectional studies: 3 used g/kg actual
BW (31, 50, 81), finding universal benefits of higher protein
intake in relation to body composition; 1 used percent energy
alone (54), finding lower fat mass with higher protein intake;
and 2 used percent energy and grams (51, 82). Popp et al. (82),
in the Chinese American Cardiovascular Health Assessment,
observed higher BMI and fat mass (both percent and kg)
and lower fat-free mass (percent but not kg) with higher
protein intake, whether in gram or percent energy units,
and differential results by protein unit for weight. Finally, in
China Health and Nutrition Survey participants, Liu et al.
(51) reported higher body fat and WC with higher protein
intake, expressed in both percent energy or grams. Again, as
mentioned above, differential results between studies were
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likely not solely due to the protein unit, but also to the
variably defined outcomes, populations, and models.

In sum, recently published literature on an array of
cardiometabolic risk factors use a variety of ways to express
units of protein intake. Coupled with inconsistent modeling
methods and covariates (i.e., with or without energy intake
or a measure of body mass, such as BMI), differential
results are the norm, even within a single study, rendering
the interpretation of results, not to mention translation to
practice, exceedingly challenging.

In the following section, we describe the methods and
results of a modeling demonstration assessing cross-sectional
analyses of dietary protein, modeled using 7 different
units of protein intake, on cardiometabolic outcomes in 4
population-based cohorts.

Methods used in modeling demonstration
The modeling demonstration includes data from 4 cohorts:
the National Heart, Lung, and Blood Institute’s (NHLBI)
FHS Offspring and Third Generation (Gen3) cohorts and
the CDC/National Center for Health Statistics (NCHS)
NHANES 2003–04 and 2005–06 cycles. These cohorts
were selected because 1) they had publicly available di-
etary, DXA, and cardiometabolic outcome data on well-
characterized populations; 2) they are samples of diverse
ages, races/ethnicities, body compositions, and dietary as-
sessment methods (i.e., FFQ in FHS and dietary recall in
NHANES); and 3) the data would allow for protein intake
to be based on different units, BWs (e.g., current compared
with ideal), and body composition components (e.g., lean
compared with fat-free mass).

The original data collection protocols for FHS were
approved by the Institutional Review Board at Boston
University Medical Center, and written informed consent
was obtained from all participants. In the case of FHS,
data were obtained with permission (controlled access)
and downloaded from the NHLBI Biologic Specimen and
Data Repository Information Coordinating Center (Bi-
oLINCC) under study accession numbers HLB00911219a
and HLB00060019b (83, 84). NHANES data were down-
loaded directly from the CDC’s NHANES web sites (85,
86). The present study protocol was reviewed by the Tufts
University Health Sciences Institutional Review Board.

Study populations
The FHS Offspring and Gen3 cohorts are community-based,
longitudinal studies of cardiovascular disease that began in
1971 (87) and 2002 (88), respectively. We used data from
Offspring exam 6 (1995–1998; n = 3532; mean age, 59 y)
and exam 7 (1998–2001; n = 3539; mean age, 62 y), and
the DXA scans conducted between these exams as part of
the Framingham Osteoporosis Study (1996–2001). The Gen3
cohort originally included 4095 children of the Offspring,
of which we used exam 2 (2008–2011; n = 3411; mean
age, 47 y) data for the present analyses, owing to DXA
scans being conducted at this exam. Extensive supporting
information about the FHS cohorts and the data can be

found on the Framingham Heart Study website (http://www.
framinghamheartstudy.org/) and BioLINCC (http://biolincc.
nhlbi.nih.gov/home/).

Exclusions are provided in Supplemental Figures 1
and 2 for the Offspring and Gen3 samples, respectively.
Briefly, we excluded participants who did not attend the
relevant exam(s), those who were not fasting, and those who
were missing or had invalid dietary, anthropometric, DXA,
laboratory, or covariate data. The final analyzed numbers of
participants were 1847 in the Offspring cohort and 2548 in
the Gen3 cohort.

NHANES is a series of ongoing surveys designed by
the CDC/NCHS to assess the health and nutritional status
of US adults and children in a statistically representative
fashion (89). These surveys combine both interviews and
physical examinations, including dietary assessments and a
host of cardiometabolic, functional, and body composition
assessments. In the 2003–04 cycle, 10,122 total participants
were interviewed, and 9643 were examined. Of those in-
terviewed and examined, 5041 and 4742 were adults ≥20
y, respectively (90). Participants aged ≥8 y were eligible
for whole-body DXA scans. In the 2005–06 cycle, 10,348
total participants were interviewed, and 9950 were examined.
Of those interviewed and examined, 4979 and 4473 were
adults ≥20 y, respectively (90). Participants aged 8–69 y were
eligible for whole-body DXA scans.

Exclusions are provided in Supplemental Figures 3 and
4 for the 2003–04 and 2005–06 cycles, respectively. Briefly,
we excluded participants <20 y, those who did not have a
morning sample fasting weight, and those who were missing
or had invalid dietary, anthropometric, DXA, laboratory, or
covariate data, for final analyzed numbers of participants of
1625 in 2003–04 and 1347 in 2005–06.

Dietary assessments
FHS Offspring and Gen3 data.
Dietary intake was assessed at each exam using a semi-
quantitative Harvard FFQ (91). The FFQ consisted of a list
of ≥126 foods with a standard serving size and a selection
of 9 frequency categories ranging from “never or <1 serv-
ing/month” to “≥6 servings/day.” Participants were asked
to report their frequency of consumption of each food item
during the last year. The FFQ provides estimates of intake
on ≥150 dietary nutritive and nonnutritive components,
including total protein, saturated fat, fiber, and alcohol.
Because the Offspring DXA scans were conducted between
clinical exams 6 and 7, to maximize available data and reduce
variability we calculated the mean of intake from FFQs from
both exams where available, and otherwise selected the FFQ
data from the exam date closest to the DXA scan date.

NHANES data.
Dietary intake was assessed using up to two 24-h recalls.
We included adults who completed at least the first recall.
In each cycle, the first recall was completed in an in-person
interview using measuring guides in the Mobile Examination
Center, concurrent with the rest of the examination. A
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second recall was completed by telephone 3–10 d later using
an automated multi-pass method. The dietary intake data
are used to estimate the types and amounts of foods and
beverages consumed during the 24-h period prior to the
interview (midnight to midnight), and to estimate intakes of
energy, protein, and other nutrients. As protein is a habitually
consumed nutrient, we calculated the mean intake from both
days, where available, for each individual participant (92, 93).

DXA scans and body composition
As mentioned, body composition was assessed by DXA in all
4 samples for estimates of total fat mass, fat-free mass, and
lean mass.

FHS Offspring and Gen3 data.
In the Offspring cohort, participants were invited to the
Framingham Osteoporosis Study, which included whole-
body DXA scans conducted between clinical exams 6
and 7. Scans were performed using a Lunar Dual X-ray
absorptiometer (DPX-L; Lunar Radiation Corporation, now
GE Healthcare, Inc.) in the “Fast” mode to minimize the
participant burden. As the “Fast” mode is not optimal for
larger persons, certain scans were underpenetrated. Whole
scans or scans except for the legs for the heaviest and/or
thickest participants were deleted. In 19 participants who
had 2 scans performed on the same day, after repositioning,
intraclass correlation coefficients were 0.99 for whole body
fat mass (directly measured) and 0.99 for bone-free lean mass
(derived from directly measured variables). The methods are
described in other works on the Framingham Heart Study
(83, 94, 95).

In Gen3, DXA scans were obtained with a GE Lunar
Prodigy fan beam densitometer (GE Healthcare, Inc.). For
participants too large to fit within the dimensions of the scan-
ning field, a hemi-scan was performed (45.6% of participants
had a hemi-scan). For the majority of participants with a
hemi-scan, the right side of the participant was scanned and
the machine imputed the left side measures to create the
whole body. On a subsample of 15 participants measured 3
times after repositioning, coefficients of variation were 1.3%
for total fat mass, 1.4% for total bone mineral density, and
0.9% for total lean mass (84).

NHANES data.
Scans were limited to those participants aged ≥8 y in 2003–
04 and aged 8–69 y in 2005–06. In addition, excluded from
measurements were women who were pregnant or said they
were pregnant, and individuals whose body size exceeded
300 lb (136 kg) or 6’5” (1.96 m). The available data sets
from NHANES include previously imputed data, with ≤5
data points per participant. In analyses described below,
all data points were used and combined using appropriate
imputation methods, as recommended.

Characterizing protein intake
Dietary characteristics were adjusted for energy intake using
the residual method (96, 97). We expressed energy-adjusted

daily protein intake in the following 7 units: grams, percent of
total energy (at 4 kcal/g protein), g/kg actual BW, g/kg ideal
BW, g/kg lean BW (i.e., bone- and fat-free), g/kg fat-free BW,
and BW–adjusted g/kg actual BW (where protein grams were
adjusted for BW using the residual method; BW-g/kg actual
BW). Fat-free mass (kg) was calculated as total BW less fat
mass. Ideal BW (kg) was calculated as the BW for measured
height, corresponding to a BMI of 22 kg/m2 for men and
21 kg/m2 for women, as per WHO guidelines [Annex 2,
Table C, in Joint FAO/WHO/UNU Expert Consultation on
Energy and Protein Requirements (4)]. In NHANES, lean
and fat-free BW and associated intake units were estimated
from the multiply imputed DXA data. Quartile categories of
intake were generated for each protein unit (Supplemental
Table 3).

Cardiometabolic risk factors
We investigated 9 cardiometabolic risk factors to evaluate the
confounding (or lack thereof) generated through the use of
different units of protein intake when examining associations
between protein intake and cardiometabolic health. These
included fasting plasma glucose (mg/dL), SBP and DBP
(mmHg), total and HDL cholesterol (mg/dL), triglycerides
(mg/dL), BMI (kg/m2), waist circumference (cm), and serum
creatinine–based eGFR (mL min−1 1.73 m−2). Lipids were
measured in plasma in FHS and serum in NHANES. The
methods of standardized data collection and analyses of
blood-based measures, blood pressure, and anthropometric
indices differed from cohort to cohort. Details of each are
provided in the procedural manuals for each cohort (83–
86). The eGFR was calculated using the CKD Epidemiology
Collaboration equation (98).

Sociodemographic characteristics and other covariates
Sociodemographic variables and other covariates, all self-
or proxy-reported by questionnaire or interview, included
age, sex, race (in the Offspring cohort: not applicable, as
participants were nearly all non-Hispanic White; in Gen3:
White, Black, other; in NHANES: non-Hispanic White, non-
Hispanic Black, Mexican-American, other Hispanic, other
race/ethnicity), smoking status [current smoker (reported
cigarette smoking within the last year), non-smoker], educa-
tional attainment (high school or less, some college, college
degree or higher), marital status (never married, married,
divorced/separated/widowed), self-reported treatment for or
use of medications for diabetes, hypertension, or dyslipi-
demia (all yes, no), self-reported history of cardiovascular
disease (yes, no), and physical activity (continuous score
based on reported hours of activity). Data collection in-
struments and methodologies are described in detail in the
relevant procedural manuals (83–86).

Statistical approach
All analyses were cross-sectional. Demographic, clinical, and
dietary characteristics [mean ± SD or weighted mean ±
SEM and n (%) or n (weighted %)] of the participants
in each sample are provided. We calculated unweighted,
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partial Pearson correlations between BMI, BW, and protein
intake and between BMI, BW, and cardiometabolic out-
comes, adjusted for age, sex, smoking status, marital status,
education, and physical activity. Multivariate adjusted linear
regression (PROC GLM in the FHS cohorts and PROC
SURVEYREG in the NHANES cohorts, with LSMEANS
statements) was used to estimate least square means ± SEs
of the cardiometabolic outcomes in each quartile category
of protein intake. The median protein intake within each
quartile category of protein intake (for each protein unit) was
assigned as the category value, and was also used to generate
the P-trend across quartile categories. Because NHANES
DXA data (used for analyses of protein intake expressed
as g/kg lean or fat-free BW) consisted of 5 observations
per participant, regressions were repeated 5 times. Resulting
estimates were analyzed to obtain a single estimate using
PROC MIANALYZE. For all NHANES analyses, appropriate
sample weights, stratification, and clustering of the complex
sampling design were included in the SURVEY PROCs. As
mentioned, the weights of the morning fasted sample were
used.

Models.
We generated a total of 10 models for each protein unit–
cardiometabolic outcome combination. The primary models
are as follows: 1) protein, age, sex, and energy intake (basic
model); 2) model 1 plus current smoking, race/ethnicity,
physical activity, marital status, and educational attainment
(social behavioral model); 3) model 2 plus history of
cardiovascular disease (CVD) and treatment for diabetes,
hypertension, or hyperlipidemia (prevalent disease model);
and 4) model 3 plus saturated fat, fiber, and alcohol intake
(dietary model). We did not adjust for total carbohydrates
or total fat, so that these energy-constant models remained
agnostic about the replacement of protein with carbohydrates
or fat. In each of models 1–4, a second model was adjusted for
BMI except when BMI was the outcome, as body mass is a
known risk factor for cardiometabolic disease and generally
included in all diet-disease models. In addition, in models
1 and 4, a third model further adjusted for BW (not BMI),
to demonstrate the potential confounding introduced when
BW is considered in the context of a ratio measure of intake
which includes BW in the denominator. Nutrients, except
energy, were expressed in the same units as the protein unit
being modeled as the exposure.

All data were analyzed using SAS (v. 9.4, SAS Institute
Inc.). Statistical significance was set at a 2-tailed P < 0.05.
We did not adjust the alpha level for multiple testing, given
that 1) the exposures are constructs representing the same
underlying phenomenon, protein intake; and 2) our objective
is not declarative statements about the statistical significance
of the associations, but rather their directionality.

Results of modeling demonstration
Demographic and clinical characteristics of the 4 samples
(weighted characteristics in the NHANES samples) are
provided in Table 1, and dietary characteristics are provided

in Table 2. The samples were broadly similar, although the
Offspring cohort were ∼20 y older (mean, 60.3 y; SD, 9.5 y)
than the other 3 cohorts, and several characteristics (e.g., per-
cent women, percent treated for CVD) correspond with the
cohort’s older mean age. NHANES participants, by design,
were considerably more racially/ethnically diverse than FHS.
FHS participants had higher educational achievement than
NHANES participants, and a lower proportion were current
smokers. Mean BMIs were similar across the cohorts, from
26.3 kg/m2 in the Offspring cohort to 28.3 kg/m2 in the latter
NHANES. Obesity prevalence was lowest in the Offspring
cohort, at 14.2%, and highest in the latter NHANES, at 33.7%.
The underweight prevalences were <2% in each sample.

Mean intake and intake by BMI categories
Mean daily protein intake was comparable across the 4
samples, irrespective of protein unit: 77.7–85.3 g, 17.3–
18.8% energy, 1.05–1.10 g/kg actual BW, and 1.32–1.39
g/kg ideal BW (Table 1). When mean intake was stratified
by BMI (Supplemental Table 4), participants with obesity
reported ∼3 g and 1–2% energy higher intake, and ∼0.4
g/kg actual BW lower intake, while intake based on ideal
BW was, as expected, very similar across BMI categories.
When viewed by the recommended intake cut points of
0.8 g/kg BW and stratified by BMI (Supplemental Table
5), a smaller proportion of those with obesity than those
with normal BMI met the US RDA in each sample (e.g.,
in NHANES 2005–06, 91.1% with normal BMI compared
with 62.2% with obese BMI). When based on the WHO
recommendation (g/kg ideal BW) (3, 4), proportions of those
meeting the recommendation were generally higher and
more comparable across all BMI categories.

Correlations of BMI and BW with intake and
cardiometabolic outcomes
Partial Pearson correlations between BMI, BW, and intake
were generally weak but significant (−0.08 ≤ partial r ≤ 0.14)
between BMI or BW and grams, percent energy, and g/kg
ideal BW (Supplemental Table 6). Correlations were inverse,
larger, and more statistically significant between BMI or
BW and units with actual BW or BW compartments in
the denominator. BMI and BW were modestly correlated
with SBP, DBP, glucose, HDL cholesterol, and triglycerides,
and strongly correlated with WC (Supplemental Table 7).
Neither BMI nor BW were correlated with eGFR [except
partial r =−0.08 (P = 0.006) with BW in NHANES 2005–06]
and total cholesterol [except partial r = 0.12 (P ≤ 0.001) with
BMI and partial r = 0.07 (P = 0.003) with BW in Offspring
cohort].

Associations with cardiometabolic outcomes
Adjusted least square means of 9 cardiometabolic outcomes
and protein units, across all models, are shown in Supple-
mental Tables 8–16. Each table is presented in the following
order of protein units: grams, percent energy, g/kg actual BW,
BW-adjusted g/kg actual BW, g/kg ideal BW, g/kg fat-free BW,
and g/kg lean BW.
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TABLE 1 Demographic and clinical characteristics of FHS and NHANES participants1

Demographic and clinical characteristics FHS Offspring2 FHS Gen32 NHANES 2003–043 NHANES 2005–063

n 1847 2548 1625 1347
Age, y 60.3 ± 9.45 46.6 ± 8.67 46.2 ± 0.61 43.7 ± 0.55
Sex, female 1154 (62.5) 1408 (55.3) 50 (0.8) 49 (1.3)
Current smoker 212 (11.5) 230 (9.0) 27 (1.4) 31 (2.1)
Marital status

Never married 101 (5.5) 351 (13.8) 24 (2.3) 26 (1.4)
Married 1396 (75.6) 1885 (74.0) 60 (2.5) 58 (1.5)
Divorced, separated, widowed 350 (19.0) 312 (12.2) 17 (1.5) 15 (0.8)

Education
High school or less 640 (34.7) 357 (14.0) 44 (1.8) 41 (2.5)
Some college 608 (32.9) 744 (29.2) 33 (1.8) 33 (1.6)
Bachelor’s degree or higher 334 (18.1) 917 (36.0) 24 (2.0) 26 (3.1)
Graduate or professional degree 265 (14.4) 530 (20.8) — —

Race/ethnicity
Non-Hispanic White 1847 (100) 2540 (99.7) 74 (3.7) 71 (2.6)
Non-Hispanic Black — 1 (0.04) 10 (1.88) 11 (1.54)
Mexican-American — — 8 (2.16) 9 (1.20)
Other Hispanic — — 3 (1.03) 4 (1.17)
Other race/ethnicity — 7 (0.3) 4 (0.7) 6 (1.0)

Height, m 1.66 ± 0.09 1.70 ± 0.09 1.70 ± 0.003 1.70 ± 0.003
Weight, kg 72.9 ± 12.6 80.3 ± 18.4 81.1 ± 0.45 81.7 ± 0.61
BMI, kg/m2 26.3 ± 3.63 27.8 ± 5.44 28.0 ± 0.14 28.3 ± 0.21
BMI category, kg/m2

<18.5 12 (0.7) 23 (0.9) 1 (0.3) 2 (0.5)
18.5–24.9 666 (36.1) 842 (33.1) 32 (1.5) 32 (1.7)
25–29.9 908 (49.2) 943 (37.0) 35 (1.8) 32 (1.5)
30–34.9 227 (12.3) 482 (18.9) 20 (1.0) 19 (1.5)
35–39.9 29 (1.6) 171 (6.7) 7 (0.6) 9 (1.0)
≥40 5 (0.3) 87 (3.4) 4 (0.6) 5 (0.7)

Fat mass,4 kg 26.4 ± 8.23 27.1 ± 11.2 28.2 ± 0.31 28.0 ± 0.32
Fat mass,4 % 36.2 ± 9.24 33.1 ± 9.00 34.4 ± 0.25 33.7 ± 0.25
Lean mass,4 kg 43.4 ± 10.3 48.9 ± 11.3 51.1 ± 0.29 51.9 ± 0.40
Lean mass,4 % 59.6 ± 9.28 61.6 ± 9.16 63.3 ± 0.23 64.1 ± 0.24
Fat-free weight,4 kg 46.5 ± 10.9 53.2 ± 12.1 52.9 ± 0.30 53.7 ± 0.41
Ideal weight,5 kg 59.3 ± 7.65 62.0 ± 7.91 62.4 ± 0.25 62.4 ± 0.27
Waist circumference, cm 94.3 ± 10.9 96.1 ± 14.4 97.1 ± 0.37 96.6 ± 0.61
Cholesterol,6 mg/dL 204 ± 35.9 186 ± 33.5 199 ± 1.43 199 ± 1.91
HDL cholesterol,6 mg/dL 55.7 ± 16.9 59.8 ± 17.6 53.8 ± 0.65 55.4 ± 0.40
Triglycerides,6 mg/dL 124 ± 63.5 107 ± 57.7 147 ± 5.59 141 ± 4.31
Plasma glucose, mg/dL 99.1 ± 19.6 95.5 ± 15.7 99.9 ± 1.04 102 ± 1.07
SBP, mmHg 126 ± 18.9 116 ± 13.9 121 ± 0.62 120 ± 0.63
DBP, mmHg 73.8 ± 9.32 74.0 ± 9.30 70.8 ± 0.46 70.5 ± 0.46
eGFR, mL min−1 1.73 m−2 84.0 ± 19.8 96.8 ± 13.9 94.2 ± 1.12 94.0 ± 0.87
Treatment for diabetes 64 (3.5) 64 (2.5) 1 (0.2) 2 (0.3)
Treatment for hypertension 500 (27.1) 423 (16.6) 23 (1.8) 21 (1.5)
Treatment for dyslipidemia 301 (16.3) 418 (16.4) 18 (1.4) 14 (1.5)
Treatment for CVD 623 (33.7) 70 (2.8) 8 (1.0) 7 (1.1)

1Abbreviations: CVD, cardiovascular disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FHS, Framingham Heart Study; Gen3, FHS Third Generation
cohort; SBP, systolic blood pressure.
2In FHS, data are presented as mean ± SD for continuous characteristics and n (%) for categorical characteristics.
3In NHANES, data are presented as weighted mean ± SEM for continuous characteristics and % (standard error of percent [SEP]) for categorical characteristics, using methods
accounting for complex survey design.
4Lean and fat-free body weight compartments were derived from DXA measures. In NHANES, these were additionally derived from multiply imputed DXA estimates.
5Ideal body weight as weight for actual height corresponding to a BMI of 22 kg/m2 in men and 21 kg/m2 in women.
6Lipids were measured in plasma in FHS and in serum in NHANES.

Models of fasting plasma glucose as the outcome readily
illustrate the problem of confounding by BW when using a
protein unit that includes BW in the denominator (models
1, 1 + BMI, and 1 + BW are shown in Figure 1A–G;
Supplemental Table 8). Within each cohort, protein as grams
(Figure 1A) or percent energy (Figure 1B) showed consistent

direct associations with glucose, irrespective of adjustments
for either BMI or BW. Similarly, g/kg ideal BW (Figure 1C)
was also consistent with and without adjustments for BMI
or BW, and also appeared generally consistent direction-
ally with gram and percent energy units. However, units
with actual BW or BW compartments in the denominator
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TABLE 2 Daily dietary intakes of FHS and NHANES participants1

Dietary characteristic FHS Offspring2 FHS Gen32 NHANES 2003–043 NHANES 2005–063

n 1847 2548 1625 1347
Energy, kcal 1828 ± 548 1993 ± 640 2222 ± 29.1 2199 ± 37.1
Protein

g 77.7 ± 12.9 84.2 ± 15.4 81.6 ± 0.77 85.3 ± 0.74
% energy 18.6 ± 6.54 18.8 ± 7.11 17.3 ± 0.21 18.4 ± 0.43
g/kg actual BW 1.10 ± 0.27 1.10 ± 0.32 1.05 ± 0.01 1.10 ± 0.01
BW-adj g/kg actual BW 1.10 ± 0.39 1.10 ± 0.44 1.10 ± 0.02 1.11 ± 0.02
g/kg lean4 BW 1.89 ± 0.54 1.82 ± 0.54 1.67 ± 0.02 1.73 ± 0.02
g/kg fat-free4 BW 1.76 ± 0.51 1.67 ± 0.49 1.62 ± 0.02 1.67 ± 0.02
g/kg ideal5 BW 1.33 ± 0.29 1.39 ± 0.32 1.32 ± 0.01 1.39 ± 0.01

Carbohydrate
g 236 ± 37.6 241 ± 39.4 255 ± 2.94 257 ± 2.42
% energy 56.6 ± 19.9 53.9 ± 20.3 54.4 ± 1.03 55.3 ± 1.02
g/kg actual BW 3.35 ± 0.86 3.18 ± 0.94 3.32 ± 0.04 3.33 ± 0.05
BW-adj g/kg actual BW 3.34 ± 1.31 3.16 ± 1.36 3.46 ± 0.03 3.34 ± 0.07
g/kg lean4 BW 5.74 ± 1.61 5.21 ± 1.50 5.30 ± 0.07 5.26 ± 0.07
g/kg fat-free4 BW 5.36 ± 1.52 4.78 ± 1.36 5.11 ± 0.07 5.08 ± 0.07
g/kg ideal5 BW 4.05 ± 0.84 3.96 ± 0.84 4.16 ± 0.06 4.20 ± 0.04

Fat
g 60.3 ± 13.0 71.7 ± 14.0 80.2 ± 1.25 82.4 ± 0.65
% energy 32.7 ± 12.8 36.1 ± 14.4 38.4 ± 0.73 39.8 ± 0.80
g/kg actual BW 0.85 ± 0.23 0.94 ± 0.28 1.04 ± 0.01 1.06 ± 0.01
BW-adj g/kg actual BW 0.85 ± 0.36 0.94 ± 0.42 1.09 ± 0.02 1.07 ± 0.02
g/kg lean4 BW 1.46 ± 0.45 1.54 ± 0.46 1.66 ± 0.03 1.68 ± 0.01
g/kg fat-free4 BW 1.36 ± 0.42 1.42 ± 0.42 1.61 ± 0.03 1.62 ± 0.01
g/kg ideal5 BW 1.03 ± 0.26 1.18 ± 0.28 1.31 ± 0.02 1.34 ± 0.01

Saturated fat
g 21.0 ± 5.85 23.2 ± 5.75 26.3 ± 0.41 27.4 ± 0.25
% energy 11.4 ± 4.77 11.7 ± 4.92 12.6 ± 0.25 13.2 ± 0.28
g/kg actual BW 0.30 ± 0.10 0.30 ± 0.10 0.34 ± 0.00 0.35 ± 0.00
BW-adj g/kg actual BW 0.30 ± 0.14 0.30 ± 0.14 0.36 ± 0.01 0.36 ± 0.01
g/kg lean4 BW 0.51 ± 0.18 0.50 ± 0.16 0.54 ± 0.01 0.56 ± 0.01
g/kg fat-free4 BW 0.47 ± 0.17 0.46 ± 0.15 0.53 ± 0.01 0.54 ± 0.01
g/kg ideal5 BW 0.36 ± 0.11 0.38 ± 0.10 0.43 ± 0.01 0.45 ± 0.00

Fiber
g 18.9 ± 5.44 22.3 ± 7.23 15.4 ± 0.37 15.6 ± 0.32
% energy 4.53 ± 1.80 4.97 ± 2.18 3.25 ± 0.07 3.36 ± 0.10
g/kg actual BW 0.27 ± 0.10 0.30 ± 0.13 0.20 ± 0.01 0.20 ± 0.01
BW-adj g/kg actual BW 0.27 ± 0.12 0.29 ± 0.15 0.21 ± 0.01 0.20 ± 0.01
g/kg lean4 BW 0.46 ± 0.17 0.49 ± 0.21 0.32 ± 0.01 0.32 ± 0.01
g/kg fat-free4 BW 0.43 ± 0.16 0.45 ± 0.19 0.31 ± 0.01 0.31 ± 0.01
g/kg ideal5 BW 0.33 ± 0.10 0.37 ± 0.14 0.25 ± 0.01 0.26 ± 0.01

Alcohol
g 9.77 ± 13.5 11.7 ± 15.0 9.42 ± 1.35 12.7 ± 1.07
% energy 4.08 ± 5.35 4.58 ± 5.24 3.57 ± 0.32 4.78 ± 0.37
g/kg actual BW 0.13 ± 0.18 0.15 ± 0.19 0.12 ± 0.02 0.17 ± 0.01
BW-adj g/kg actual BW 0.14 ± 0.19 0.15 ± 0.20 0.13 ± 0.02 0.17 ± 0.01
g/kg lean4 BW 0.22 ± 0.30 0.24 ± 0.30 0.19 ± 0.03 0.26 ± 0.02
g/kg fat-free4 BW 0.21 ± 0.28 0.22 ± 0.28 0.18 ± 0.02 0.25 ± 0.02
g/kg ideal5 BW 0.16 ± 0.22 0.19 ± 0.23 0.15 ± 0.02 0.21 ± 0.02

1Abbreviations: BW, body weight; BW-adj, intake adjusted for body weight using the residual method; FHS, Framingham Heart Study; Gen3, FHS Third Generation cohort.
2In FHS, data are presented as mean ± SD.
3In NHANES, data are presented as weighted mean ± SEM, using methods accounting for complex survey design.
4Lean and fat-free BW compartments were derived from DXA measures. In NHANES, these were derived from multiply imputed DXA estimates.
5Ideal BW as weight for actual height corresponding to a BMI of 22 kg/m2 in men and 21 kg/m2 in women.

(Figure 1D–G) appear confounded by BMI and BW. For
example, for g/kg actual BW (Figure 1D), the solid lines,
indicating the trends unadjusted for BMI or BW, suggest
favorable associations of higher protein intake, in contrast
with gram, percent energy, and g/kg ideal BW curves.
However, these trends disappeared or inverted after adjusting

for BMI or BW (dotted and dashed lines, respectively).
Even where protein intake was residually adjusted for BW
to remove the correlation between intake and BW, the
association of protein intake in units of BW-adjusted g/kg
actual BW with glucose remained confounded by BMI or
BW, as shown in Figure 1E. Fat-free and lean compartments
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(Figure 1F and G, respectively) showed similar curves, both
tending to attenuate or modestly reverse the unadjusted
association with glucose after adjusting for BMI or BW.

Of the lipid outcomes we examined, only associations with
total cholesterol were generally consistently nonsignificant,
irrespective of protein unit and model (Supplemental Table
9). As mentioned above, neither BMI nor BW were correlated
with cholesterol (Supplemental Table 7). Results of protein
intake and HDL cholesterol (Supplemental Table 10) and
triglycerides (Supplemental Table 11) showed patterns sim-
ilar to that of glucose. That is, any associations of protein,
and in particular those modeled using g/kg actual BW,
were substantially attenuated with adjustments for BW or
BMI. However, for NHANES 2003–04, higher protein intake,
irrespective of unit, model, or adjustments for BMI or BW,
appeared to be largely consistently associated with higher
HDL cholesterol.

With respect to blood pressure, associations of protein
intake with SBP (Supplemental Table 12) were generally
nonsignificant in the fully adjusted model (model 4) with
or without body size adjustment, except for FHS Gen3, in
which percent energy, g/kg actual BW, and BW-adjusted
g/kg actual BW were inversely associated with SBP. Results
for DBP were similar to those for SBP (Supplemental
Table 13).

Highly significant inverse associations of protein intake
with BMI were observed when protein intake was modeled
as g/kg actual BW or BW-adjusted g/kg actual BW prior
to adjusting for BW, which were fully attenuated after
adjustment for BW (Supplemental Table 14). In contrast,
when modeled as g/kg ideal BW, results indicated that higher
protein intake was directly associated with BMI, even after
adjusting for actual BW. For protein modeled in g/kg lean
BW or g/kg fat-free BW, prior to the actual BW adjustment,
intake was inversely associated with BMI, but was reversed
to being directly associated with BMI after BW adjustment.
Results for intake in grams or percent energy suggested direct
associations with or without an adjustment for BW, but were
inconsistent across models and cohorts.

Neither grams nor percent energy were associated with
WC after adjusting for body size, and only the Framingham
cohorts indicated direct associations prior to such adjust-
ment (Supplemental Table 15). When protein was modeled as
g/kg actual BW or BW-adjusted g/kg actual BW, protein was
generally inversely associated with WC even after adjusting
for BMI or BW. For g/kg ideal BW, unique associations
emerged depending on the body size unit of adjustment. For
example, in model 4 without body size, associations were
nonsignificant with WC, except for in Framingham Gen3,
which showed a direct relation. In model 4 + BMI, protein
was significantly, inversely associated with WC. In model
4 + BW, protein was directly associated with WC. Such
reversals were also evident in the g/kg lean or fat-free BW
analyses.

Protein intake was not associated with eGFR when intake
was modeled in grams or g/kg ideal BW (Supplemental Table
16). When intake was modeled in percent energy, a suggestive
direct association emerged for Framingham Offspring only.

For g/kg actual BW, BW-adjusted g/kg actual BW, g/kg lean
BW, and g/kg fat-free BW, suggestive direct associations were
observed primarily after adjusting for body size, and only in
the Offspring cohort and NHANES 2003–04 cycle.

Discussion
In the present investigation, we found ample evidence of con-
fusion in recent literature about the WHO andIOM protein
recommendations, and differential conclusions about the
associations of protein intake on human health, which may in
part be due to units. Results of our modeling demonstration
in 4 large samples substantiated that confusion, frequently
showing differential results by unit, as well as between
cohorts. Nevertheless, some important consistencies did
emerge: when protein was modeled as grams, percent energy,
or g/kg ideal BW, with and without adjustments for BMI
or BW, results of our demonstration followed similar trends
for each outcome. When protein was modeled as g/kg
actual BW, the reciprocal of BW introduced an artificial
bias (confounding), which appeared corrected after adjusting
for BW or BMI, rendering results similar to grams, percent
energy, and g/kg ideal BW.

We additionally observed some potentially intriguing
and potentially explanatory associations between protein
intake in a ratio with fat-free or lean mass and several
outcomes, such as eGFR. Whereas there appeared to be few
associations across most units of intake and eGFR, g/kg lean
BW and g/kg fat-free BW showed some direct, significant
associations. Because the role of protein intake in kidney
function continues to be hotly debated, these results may
point to areas for future consideration.

Beyond directly pointing out the confusion inherent
in the literature, the present paper also demonstrates the
need for population-based assessments of meeting intake
recommendations to specify which recommendations are
being used. It could be argued that g/kg actual BW grossly
overestimates protein inadequacy in populations that are
overweight or obese; similarly, it could be argued that those
based on g/kg ideal BW are underestimating inadequacy.
This in turn points to another important avenue of research:
the need to identify whether excess adiposity demands
additional protein and, if so, at what rate per kilogram of
excess fat mass. It is not, to our knowledge, biologically
plausible for fat mass to have the same protein require-
ments as lean mass; thus, a “pro-rating” of protein intake
above requirements of ideal BW may be useful in future
recommendations.

Model interpretation
The present modeling demonstration is predicated on
the idea that body mass must be accounted for in diet
models of outcomes associated with body mass, whether
those models explicitly include body mass in observational
studies or intrinsically include body mass as considerations
during recruitment, sampling, or analysis in experimental
studies. Body mass, being related to both diet and most
cardiometabolic outcomes, is often considered a mediator
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FIGURE 1 Associations between protein intake, expressed in quartile categories of various units, and fasting plasma glucose (mg/dL) in 4
cohorts: FHS Offspring, FHS Gen3, NHANES 2003–04, and NHANES 2005–06. Points represent least square adjusted means of plasma
glucose in each quartile category of intake, adjusted for age, sex, and energy intake (solid line), and additionally adjusted for BMI (dotted
line) or BW (dashed line). Daily intake units are grams (A), percent energy (B), g/kg ideal BW (C), g/kg actual BW (D), BW-adjusted g/kg
actual BW (E), g/kg fat-free BW (F), and g/kg lean BW (G). Participant numbers in quartile categories of intake (Q1 through Q4) are as
follows: FHS Offspring: 461, 462, 462, and 462; FHS Gen3: 637, 637, 637, and 637; NHANES 2003–04: 406, 406, 407, and 406; and NHANES
2005–06: 336, 337, 337, and 337. Abbreviations: BW, body weight; FHS, Framingham Heart Study; Gen3, FHS Third Generation cohort; M1,
model 1.
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of diet–disease associations, not a confounder, owing to its
presence on the causal path.

In the protein gram model, the question being answered is:
what is the relation between protein intake and an outcome,
when energy is held constant? This, and all models, are
isoenergetic; in theory, higher protein, in grams, displaces
other macronutrient contributions to energy (e.g., fat and
carbohydrate, not included in the model). With BW (or BMI)
in the model, we additionally ask about that association in
the context of constant weight (i.e., weight maintenance). The
interpretation of the percent energy model is similar to that of
the gram model, where energy, but not other macronutrients,
are held constant. It remains agnostic to the “replacement”
macronutrient. Results are, unsurprisingly, similar to those
of the gram model. Of note, total energy should ideally be
included in models of diet–disease associations, given the
biological relevance and potential confounding of energy
intake in most health/disease outcomes. For protein as
percent energy, authors should carefully consider the effect
and interpretation of energy and macronutrient contribu-
tions in statistical modeling, as often all energy sources
are included simultaneously, rendering any such model
nonsensical.

In the protein g/kg actual BW model, the question
being answered is: what is the relation between protein per
kilogram of BW with an outcome, when energy is held
constant? Although the model is also isoenergetic, whether
protein increases, BW decreases, or both, per unit increase
in the ratio, is ambiguous. For example, say a hypothetical 50
kg individual consumes 0.8 g/kg actual BW, or 40 g protein.
A tenth of a unit increase in the ratio (e.g., from 0.8 to 0.9
g/kg) could mean that the individual increased their protein
intake by 5 g (i.e., to 45 g) with their BW unchanged, or it
could mean that the individual lost ∼5.6 kg (i.e., to 44.4 kg)
with the protein intake unchanged. Almost certainly, a ∼10%
loss in BW will have more of an effect on cardiometabolic
outcomes than a 5 g increase in protein. From a statistical
standpoint, another way to think about a model using the
ratio of g/kg is as a model that includes an interaction term
(g × 1/kg), but fails to include the first-order terms. After
adjusting for BW in the model, the denominator of the ratio
is effectively cancelled out. Yet another way to consider this
is that evaluating g/kg actual BW as an independent variable
and any measure of body mass (e.g., fat mass, BMI, weight)
as the dependent variable automatically puts mass on both
sides of the equation. As shown in the present results, the g/kg
actual BW model adjusted for BW is equivalent to the gram
model unadjusted for BW, as would be expected. However,
the model is incomplete because body mass has not been
accounted for (just “cancelled out”) and, as noted, a measure
of body mass needs to be included in examinations of diet–
disease associations. Adjusting this model for BMI does not
solve the problem of BW confounding, but rather cancels the
association of BW and introduces the reciprocal of height,
squared.

The g/kg ideal BW model is important, given the
WHO recommendation unit, and intriguing in terms of its

interpretation both before and after BW is introduced in the
model. The simple energy-adjusted model asks, essentially,
“if a person is at an ideal weight, and maintains energy
intake, what is the effect of higher protein per kilogram
on a given cardiometabolic outcome (thus displacing other
energy-contributing macronutrients)?” Adding actual BW, or
more ideally, BW in excess of ideal, as a variable in this model,
could thus be thought of as controlling for (a proxy for) excess
BW.

Protein as g/kg lean or fat-free BW are slightly more
challenging to interpret. Similar to g/kg actual BW, both units
are also correlated with BW. In the modeling demonstration,
results generally align with those for g/kg ideal BW. Adjusting
for total BW reflects again the idea of excess adiposity being
accounted for in the adjusted model.

Integrating the demonstration and the literature
Buendia et al. (64) employed an apparently rarely used
approach of adjusting protein intake (grams) for BW using
the residual method (as opposed to the more frequent energy
intake adjustment) in their analyses of protein intake in
relation to blood pressure and incident hypertension at
exams 3 and 5 of the Framingham Offspring cohort. This,
the authors argued, removed the correlation between protein
intake and BW, as it is the objective of residual adjustment
methods. Interestingly, this approach was advocated for in
a recent response letter by Greenberg (99) to a study that
expressed protein in g/kg BW (49) [actual, not ideal BW,
although that was unclear until the authors’ own response
(100)] in relation to incident diabetes. In the letter, Greenberg
(99) argued that the results of Sluik et al. (49), which become
nonsignificant after adjusting for BMI, were confounded by
BW, in a perfect illustration of the problem we are addressing
in the present endeavor. He suggested that protein intake
be adjusted for both energy and BW prior to generating a
ratio measure and further analysis. In the present analysis,
we included a measure of protein intake, both energy and
BW adjusted, in a ratio with BW. Despite such adjustments,
the associations remained confounded by BW and/or BMI,
not because protein intake was correlated with either BW or
energy (both r ≤ 0.1 in all cohorts), but because of the ratio
itself.

Including 4 different sample populations in the demon-
stration allowed us to observe the natural variability that
exists from sample to sample. Despite using the same analytic
approach (indeed a single analyst) in each cohort, variability
in associations between protein and cardiometabolic out-
comes was evident. Yet, we were able to observe a consistent
confounding by BW in ratio units. Modeling 7 different
protein intake units allowed us to assess those commonly
used in the literature. Considering the multiple ways in which
protein intake is expressed additionally strengthened this
modeling exercise, because it demonstrated the consistency
across models based on the units that include or do not
include aspects of BW.

Importantly, the objective of this paper was neither to
conclusively reach a consensus about protein’s effects on
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human health nor to generate estimates about the adequacy
of protein intake in the American population, but rather to
illustrate the challenges contributing to reaching a consensus
on protein’s effects on human health when various units of
protein intake are used across the scientific literature, in the
context of the population prevalence of overweight/obesity.
This is not withstanding differences that may be attributable
to protein quality and source (e.g., animal- or plant-based),
aspects of which were frequently investigated in the studies
we reviewed.

Recommendations and suggested best practices for
future research
Units of g/d and percent energy, ideally in quantile cate-
gories, are appropriate, and generally give similar results. In
observational studies, the residual adjustment of grams for
energy intake is recommended to correct for misreporting,
and should continue to be used; however, if available, other
ways of adjusting self-reported intake, such as doubly-
labeled water for total energy expenditure or using biomarker
data, may be preferable (101). The unit of g/kg actual
BW is ideally avoided in epidemiologic studies because
of confounding by BW. However, given that the RDA is
expressed in this unit, analyses will undoubtedly continue
to be performed using this unit in observational studies.
We showed that adjusting protein grams for BW using the
residual method, prior to creating the g/kg actual BW unit,
does not sufficiently address confounding by body mass,
despite removing the numerator correlation with BW; thus,
we would not recommend that approach. If using g/kg actual
BW, then at a minimum, analyses should be stratified by
BMI (in ≥3 categories, ideally more), as some author groups
have done (102). In complementary analyses, or perhaps
preferably, authors should use the unit of g/kg ideal BW.
If using g/kg ideal BW, any BW in excess of the ideal
value may be included in the model as a proxy of excess
adiposity, to account for this important predictor of disease.
Indeed, the use of g/kg ideal BW, whether in trials or with
additional adjustments in observational studies for weight
beyond ideal BW, would clarify protein needs in the context
of overweight/obesity; that is, it would allow for investigators
to assess the associations on cardiometabolic health of not
only protein intake per unit of ideal BW, but separately of
BW in excess of the ideal, as a proxy for the protein “needs”
of excess fat mass. In fact, we believe this should be a part of
ongoing reevaluations of the protein DRIs.

In trials that specify intervention arms based on g/kg
actual BW, especially in cases of weight-loss objectives among
participants who are obese or overweight, authors should
specify whether recommendations/intake changed in an
ongoing fashion based on the fluctuating actual weight (in
the context of weight loss) or whether the initial weight value
continued to be used to prescribe intake. To our knowledge,
≥1 weight-loss study has been specific in this regard (68).
In addition, pre-post assessments of intake should include
estimates of absolute intake (grams) as well as g/kg actual
BW, based on the actual BW at the concurrent time point.

This would allow readers to assess whether absolute protein
intake (grams) actually increased, or whether intake changed
simply because of weight loss (g/kg actual BW). Thus,
authors should definitively and clearly state whether they
use actual or ideal BW in generating trial arms, if the BW-
based measure (as opposed to percent energy or AMDR) is
being used. To take a hypothetical parallel-arm intervention
trial, with Group 1 intake targeted at 1.0 g/kg actual BW
at baseline and Group 2 intake targeted at 1.5 g/kg actual
BW, a participant weighing 100 kg would initially be allotted
100 g/d in Group 1 and 150 g/d in Group 2. At the 6-mo
trial point, by which point a Group 1 participant lost 20 kg,
continuing to use the baseline weight would result in intake
exceeding 1.0 g/kg actual BW (i.e., 1.25 g/kg actual BW). This
would call into question whether a given participant in Group
1 is still adhering to the Group 1 intake, or lands closer to
the Group 2 intake. In trials of protein intake in normal-
weight participants, g/kg actual BW and g/kg ideal BW are
very similar; thus, there is less of a need for close attention to
what time point “actual BW” refers to.

In all studies of macronutrient composition, whether
observational or experimental, particular care needs to be
taken in selecting appropriate covariates. In any energy-
constant approach, increasing or decreasing any single
macronutrient will, by definition, alter ≥1 of the other 2
primary macronutrients (as well as alcohol, unless held
constant). In observational studies of macronutrients as
percent energy, if energy is held constant, only 2 of the 3
primary macronutrients can maximally also be in the model,
such that if energy from protein and carbohydrates are in the
model, any increase or decrease in protein intake reflects a
comparable decrease or increase in energy from fats. Such
“substitution” modeling needs to be explicit, as it would be in
a trial. Other approaches to compositional energy modeling
have also been proposed, such as those suggested by Leite
(103, 104).

Finally, more research is needed on protein needs and
requirements in the context of obesity driven by excess fat
mass. We would further urge the US Dietary Guidelines
committees to review the current RDA, which has remained
unchanged since the beginning of the obesity “epidemic,”
in light of the prevalence of obesity in the United States, as
well as the confusion around the BW denominator described
herein.

Limitations
Our review of the literature was neither systematic nor
exhaustive; rather, we aimed to locate and describe studies
published since 2015 on a given cardiometabolic outcome
that applied different units to arrive at different results.
Although we have not sought to establish additional evidence
on protein–disease associations, given the nonsystematic
nature of our review, we may have missed important studies
that would have contributed to our understanding of protein
in human health.

There are known limitations to using DXA in quantifying
lean and fat-free mass compartments (105, 106), which may

84 Hruby and Jacques



have affected our estimation of intake using these measures
in the unit denominator, and thus any cardiometabolic
associations shown in this paper. In addition, DXA scans
in the various populations studied here were limited to
nonpregnant women, and were variably limited by body size
[e.g., <300 lbs (136 kg) due to machine restrictions] or age.
Thus, any inferences derived from the present analyses may
not be directly applicable to obese or elderly populations.

Dietary, and notably protein, intake self reports, whether
by FFQ or recall, are prone to misreporting. There are multi-
ple approaches to correcting misreported intakes, including
energy adjustment by the residual method, as employed here
(101). In addition, in NHANES, we used the mean of 2
d of recall, where available, rather than more sophisticated
methods of estimating usual intake. Given that this was a
modeling demonstration, that protein intake is a habitually
rather than episodically consumed nutrient, and that we were
not attempting to quantify population distributions of intake
or reach conclusions about the quantity of protein intake in
relation to outcomes, we did not employ the usual intake
methodology. Therefore, the NHANES estimates presented
here do not fully account for intra-individual variation, and
may over- or underestimate habitual intake. In addition, we
did not use protein biomarker data in the present analyses,
as our work is based on the most common methods used in
experimental and observational literature, which rely mainly
on predefined intervention quantities and/or self-reported
intake. That said, future work including biomarker data may
illuminate additional associations between protein intake
and human health, and further our understanding of the role
of excess adiposity in protein requirements.

Finally, there remain a number of additional ways we
could have modeled protein intake. For example, we might
not have residually adjusted protein for energy, using crude
estimates from the FFQs or 24-h recalls instead. For fat mass–
or lean mass–based units, we might have adjusted these
measures for height (e.g., a “fat mass index,” which is similar
to BMI in that kg fat mass is divided by height, squared).
Given the exponentially greater challenge of interpreting
additional units beyond the 7 herein, and the truly endless
permutations possible, we limited ourselves to those which
we presented.

Conclusions
Our understanding of the effects of protein intake on human
health should not depend on the unit used to express
protein intake in human nutrition studies; our review of the
literature and modeling demonstration indicate it currently
does. Authors should acknowledge differences between, and
be specific about their use of, WHO compared with US
recommended intake units. BW is a confounder of actual
BW-based units; therefore, observational studies assessing
the relation between dietary protein and disease outcomes
should ideally use grams or percent energy, while adjusting
for BW. In populations where overweight and obesity affect
a majority, recommended intake based on actual BW should
be reevaluated.
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