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ABSTRACT

Background: Persons following plant-based diets have lower bone mineral density (BMD) and higher fracture risk,
possibly due to suboptimal nutrient supply. However, anthropometric measures were not considered as potential
confounders in many previous studies, and body mass index (BMI) is positively associated with BMD but also generally
lower among vegans and vegetarians.

Objectives: Our objective was to investigate if BMD measurements differ between vegetarians and nonvegetarians
from the adult general population when accounting for important determinants of BMD, especially BMI and waist
circumference.

Methods: Using data from the NHANES (cycles 2007-2008 and 2009-2010), we evaluated the differences in BMD
(femoral neck, total femoral, and total lumbar spine) between adult vegetarians and nonvegetarians. Linear regression
models were used to determine the associations between BMD and diet. Statistical models were adjusted for important
factors, i.e., age, sex, race/ethnicity, smoking status, alcohol consumption, serum vitamin D and calcium concentrations,
waist circumference, and BMI.

Results: |n statistical models adjusted for age, sex, race/ethnicity, menopausal status, and education level, BMD values
were significantly lower among vegetarians than among nonvegetarians (P < 0.001). These differences were attenuated
upon adjustment for lifestyle factors, and became statistically nonsignificant upon adjustment for anthropometric
variables (BMI and waist circumference) for femoral neck (0.77 compared with 0.79 g/cm? among vegetarians versus
nonvegetarians, P = 0.10) and total femoral BMD (0.88 compared with 0.90 g/cm?, P = 0.12). A small but statistically
significant difference remained for total lumbar spine BMD (1.01 compared with 1.04 g/cm?, P = 0.005).
Conclusions: These findings suggest that lower BMD among adult vegetarians is in larger parts explained by lower
BMI and waist circumference. J Nutr2020;00:1-6.
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Introduction (1). Whereas epidemiological studies suggest cardiometabolic
benefits of vegan and vegetarian diets (1, 2), a recent systematic
review indicated lower bone mineral density (BMD) and
higher fracture risk among adults following plant-based diets

(3). However, it remained somewhat unclear whether these

Plant-based diets are becoming increasingly popular, and there
is a growing number of vegetarians (persons who do not
consume meat and fish) and vegans (persons who do not

consume animal products at all) in many Western countries
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associations were due to dietary habits as such (i.e., potentially
lower intakes of calcium, vitamin D, and other nutrients
among vegetarians and vegans), or rather due to participant
characteristics, particularly anthropometric parameters.

The lack of adjustment for anthropometric measures in
the studies on plant-based diets and BMD included in the
aforementioned meta-analysis seems crucial, because persons
following plant-based diets have a lower BMI compared to
nonvegetarians (2). Moreover, recent data from the large-scale
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population-based UK Biobank cohort suggest that, in addition
to total body mass and fat mass, lean mass is also lower among
vegans and vegetarians than among meat eaters (4). In turn,
higher total body mass is related to higher BMD among adults
(5). Heavier adults are often characterized by higher lean mass,
with a greater mechanical loading and muscle-induced strain
enhancing their bone mineralization and strength (5, 6). At the
same time, positive associations between higher fat mass and
BMD among adults have been observed in some studies, even
when adjusting for muscle mass, or when comparing sarcopenic
obese and sarcopenic nonobese elderly study participants (3,
7). Beyond additional mechanical loading by body fat, such
associations could be due to an altered hormonal milieu in
obesity. In this regard, increased insulin-like growth factor
I, estrogen, and leptin concentrations have been shown to
promote bone density and strength in some studies, although the
evidence is conflicting and obesity-associated inflammation may
also be related to lower BMD (5, 6). Nevertheless, the majority
of studies suggests that both higher lean mass and higher fat
mass are related to higher BMD among adults (5, 6).

In the present study, we investigated potential differences in
BMD among vegetarian and nonvegetarian participants of the
large-scale population-based NHANES, with comprehensive
statistical adjustment for essential determinants of BMD, and
especially BMI and waist circumference as measures of total
body mass and obesity. Our goal was to evaluate if associations
between diet (vegetarian compared with nonvegetarian) and
BMD were independent of body mass and obesity, because
higher BMD has been reported among persons with higher BMI
(6), whereas vegetarians have generally lower BMI (2). With
our analyses, we intended to find out whether lower BMI and
waist circumference may be determinants of lower BMD among
vegetarians rather than suboptimal dietary composition with
plant-based diets, as suggested by the authors of the recent meta-
analysis on plant-based diets and BMD (3).

Methods

Study population

Data from the continuous NHANES between 2007 and 2010 were used
in the analyses. The methodology of the NHANES has been described in
detail elsewhere (8, 9). In short, NHANES is a nationwide population-
based survey conducted in the United States. NHANES collects
nationally representative data on health and nutrition, using a complex,
multistage probability sample of the US civilian and noninstitutional-
ized population. NHANES participants are interviewed and undergo
physical examinations in a mobile examination center. The protocols
for the conduct of NHANES were approved by the Institutional Review
Board of the National Center for Health Statistics, US CDC. Informed
consent was obtained from all participants. The NHANES files are
publicly available and can be accessed (10). Therefore, institutional
review board approval and oversight were not required for our
study.

In this analysis, participants from two NHANES cycles (2007-
2008 and 2009-2010) were included. Participants younger than
20 y old (7 = 8533) were excluded because not all standard adult
measurements and in particular alcohol consumption were assessed
for these participants. Participants who used a proxy during either
the interview or the medical examination and those who had missing
information regarding proxy usage were also excluded (n = 1648).
Further, participants who did not have either a valid lumbar spine or
femoral DXA measurement were excluded (7 = 1007). Participants who
answered “refused” or “don’t know” or had missing information on
whether or not they perceived themselves as vegetarians were excluded
(n = 2). Finally, participants with missing information on BMI or waist
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circumference were excluded (7 = 80). The overall study population
included 9416 participants.

Bone health markers

Our outcomes of interest were total lumbar spine, total femoral, and
femoral neck BMD. DXA scans of the proximal femur and the spine
were carried out in the NHANES mobile examination center. The
left hip was routinely scanned unless the participant self-reported a
fractured left hip, a left hip replacement, or a pin in the left hip; in
these instances, the right hip was scanned. Participants were excluded
from the femur scan if they had fractured both hips, had replacements
of both hips, or had pins in both hips. Participants were excluded
from the spine scan if they reported a Harrington Rod in the spine
for scoliosis. Pregnant women, participants with self-reported history of
radiographic contrast material (barium) use in the past 7 d, self-reported
nuclear medicine studies in the past 3 d, or with self-reported weight
>300 pounds (~136 kg; the DXA table upper limit) were considered
ineligible for DXA measurements. Measurements for participants with
nonremovable objects, excessive X-ray noise due to obesity, insufficient
scan area, movement during scanning, or degenerative diseases were
considered invalid. The scans were acquired with Hologic QDR-4500A
fan-beam densitometers (Hologic, Inc.) and Discovery version 12.4
software. Measurements included bone mineral content (g), bone area
(cm?), and BMD (g/cm?). The DXA examinations were administered by
trained and certified radiology technologists. Further details of the DXA
examination protocol are located on the NHANES website (NHANES
Body Composition Procedures Manual) (11).

Classification of vegetarians and nonvegetarians
Participants were considered as self-perceived vegetarians if they
answered “yes” to the question, “Do you consider yourself to be a
vegetarian?” Participants who answered “no” to the question were
considered as non-self-perceived vegetarians.

Covariate assessment

Trained health technicians, accompanied by a recorder, performed the
data collection of all body measurements. Measured BMI was reported
in the NHANES as kg/m?.

Alcohol consumption was assessed using the Alcohol questionnaire
(12). The Alcohol questionnaire was administered in adults 20 y
and older during the physical exam, at the examination center,
using the Computer-Assisted Personal Interviewing (CAPI) (interviewer-
administered) system. Participants were classified into sex-specific cat-
egories based on their self-reported average daily alcohol consumption
as follows: nondrinker, moderate drinker (<1 alcoholic drink per day),
binge drinker (>1 and <4 alcoholic drinks per day), or heavy drinker
(>4 alcoholic drinks per day) for female participants; and nondrinker,
moderate drinker (<2 alcoholic drinks per day), binge drinker (>2 and
<35 alcoholic drinks per day), or heavy drinker (>3 alcoholic drinks per
day) for male participants, similar to a previous analysis by Agrawal et
al. (13).

Smoking status was assessed in adults 20 y and older during
the home interview, by trained interviewers using the CAPI system.
Participants responded to whether they had smoked >100 cigarettes
in their lifetime, and whether they currently smoked cigarettes (daily,
some days, or not at all). Participants were categorized as never-smokers
(<100 cigarettes over their lifetime), former smokers (having smoked
>100 cigarettes over their lifetime but do not currently smoke), and
current smokers.

The physical activity questionnaire was based on the Global Physical
Activity Questionnaire and included questions related to daily activities,
leisure-time activities, and sedentary activities. Physical activity in
adults was assessed during the home interview, using the CAPI system.
Participants were asked whether they participated in moderate- and/or
vigorous-intensity activities (including examples to help participants
respond), outside of work or transportation, with a duration of >10
continuous minutes. Frequency of participation in physical activity was
not considered. Participants who answered “yes” were classified as
physically active, whereas those who answered “no” were classified
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as non—physically active, similarly to a previous study by Vasquez
et al. (14).

Serum specimens were processed, stored, and shipped to the
Division of Laboratory Sciences, National Center for Environmental
Health, CDC (Atlanta, GA) for analysis. Detailed specimen collection
and processing instructions have been described in detail elsewhere
(NHANES Laboratory/Medical Technologists Procedures Manual)
(15). Vials were stored under appropriate frozen (—30°C) conditions
until they were shipped to the National Center for Environmental
Health for testing. The analyses on serum calcium concentrations were
performed using a Beckman Synchron LX20 and/or Beckman UniCel®
DxC800 Synchron. Total serum 25-hydroxycholecalciferol [25(OH)D]
was estimated via ultra-high performance LC-tandem MS.

Statistical analyses

Baseline categorical data were expressed as percentages and continuous
data as means and SEs. Linear regression models were used to
determine the associations between bone health markers and diet.
Regarding confounders, the first model (Model 1) was adjusted only
for age at study entry (continuous; years), race/ethnicity (non-Hispanic
white, non-Hispanic black, Mexican-American, other), education
(high school or less, some college or more, missing/unknown), sex,
and menopausal status. The second model (Model 2) was further
adjusted for a number of a priori determined confounders based
on the existing literature including smoking (never, former, current
smoker and missing/unknown), marital status [never married/widowed,
divorced/separated, married/living as married, missing/unknown (16)],
physical activity (active, inactive), and alcohol consumption (sex-
specific cutoffs for nondrinkers, moderate drinkers, binge drinkers,
and heavy drinkers or missing/unknown). The third model (Model
3) was further adjusted for total serum calcium (continuous; mg/dL)
and total serum 25(OH)D (continuous; nmol/L) concentrations. The
final model (Model 4) was additionally adjusted for BMI (continuous)
and waist circumference (continuous; cm). The results were presented
as adjusted mean BMD values (95% Cls) by dietary group (self-
perceived vegetarians compared with non-self-perceived vegetarians)
with corresponding P values for difference.

All statistical analyses were performed using SAS (version 9.3; SAS
Institute, Cary, NC) and R (version 3.5.1; R Foundation for Statistical
Computing, Vienna, Austria) softwares and significance levels were set
at a 2-sided P value of 0.05. Sampling weights adapted to the inclusion
of multiple NHANES cycles were used in all analyses to account for the
complex survey design and survey nonresponse.

Results

Table 1 shows a description of the study population. Self-
perceived vegetarians were more likely to have had some college
education, to be non-Hispanic white, and to be women, than the
non-self-perceived vegetarians. In addition, they were slightly
younger, reported being more physically active and smoking
less, and had lower BMI and 25(OH)D concentrations. Serum
calcium concentrations were similar between both groups.
Figure 1 and Supplemental Table 1 show the associations
between the bone health parameters and self-reported
vegetarianism. Self-perceived vegetarians had statistically
significantly lower total lumbar spine BMD, femoral neck BMD,
and total femoral BMD than non-self-perceived vegetarians in
Model 1 (adjusted for age, sex, race/ethnicity, education and
menopausal status), Model 2 (further adjusted for smoking
status, marital status, alcohol consumption, and physical
activity), and Model 3 [further adjusted for serum calcium and

TABLE 1 Baseline characteristics of the study population
(NHANES cycles 2007-2008, 2009-2010)"

Self-perceived
vegetarians

Non-self-perceived
vegetarians

(n=207) (n=9209)

Age, y 444 +13 470 £ 04
Sex

Women 65.1 499
Race/ethnicity

Non-Hispanic white 61.4 70.4

Non-Hispanic black 72 10.6

Mexican American 6.8 8.5

Other ethnicity 24.6 10.6
Marital status

Never married/widowed 25.3 22.7

Divorced/separated 17.7 125

Married/living with partner 57.0 64.8

Missing/unknown — 0.06
Education

High school or less 29.7 428

Some college or more 70.3 57.1

Missing/unknown — 0.1
Smoking

Never smoker 61.7 53.2

Former smoker 272 24.7

Current smoker 1.1 221

Missing/unknown — 0.04
Physical activity?

No physical activity 40.3 46.8

Moderate or vigorous physical activity 59.7 53.2
Alcohol®

Nondrinker 12.1 159

Moderate drinker 37.0 353

Binge drinker 271 24.4

Heavy drinker 55 139

Missing/unknown 18.2 10.5
Menopausal status*

Premenopausal 61.1 52.9

Postmenopausal 389 46.6

Missing/unknown — 05
Serum total calcium,® mg/dL 95 + 0.04 9.4 + 0.02
Serum total 25(0H)D,® nmol/L 60.3 £ 3.7 649 + 08
BMI, kg/m? 255 + 0.4 282 + 0.1
Waist circumference, cm 889 £ 1.1 974 £ 03

"Values are means + SEs or percentages. 25(0H)D, 25-hydroxycholecalciferol.
2Participants were asked whether they participated in moderate- and/or vigorous-
intensity activities, outside of work or transportation, with a duration of >10
continuous minutes. If they answered “yes” they were classified as moderate or
vigorous physical activity, if they answered “no” they were classified as no physical
activity.

3Sex-specific categories based on participants’ self-reported average daily alcohol
consumption. Females: nondrinker, moderate drinker (<1 alcoholic drink per day),
binge drinker (>1 and <4 alcoholic drinks per day), or heavy drinker (>4 alcoholic
drinks per day); males: nondrinker, moderate drinker (<2 alcoholic drinks per day),
binge drinker (>2 and <5 alcoholic drinks per day), or heavy drinker (=5 alcoholic
drinks per day).

4Menopausal status was only pertinent for women.

5Information on total serum calcium was available for 203 vegetarians and 8832
nonvegetarians (unweighted counts).

8Information on total serum 25(OH)D was available for 195 vegetarians and 8335
nonvegetarians (unweighted counts).
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Group [l Non-self-perceived vegetarians

A B

1.2

Total lumbar spine BMD, g/cm?
Femoral neck BMD, g/cm?

|I|I|I|I .75|I|I|I|I |I|I|I|I

Self-perceived vegetarians

Cc

1.00

Total femoral BMD, g/cm?

Model 1 Model 2 Model 3 Model 4

Model 1 Model 2 Model 3 Model 4

Model 1 Model 2 Model 3 Model 4

FIGURE 1 BMD measurements across body sites [(A) total lumbar spine, (B) femoral neck, and (C) total femoral] between dietary groups
presented as adjusted least-square means, 95% Cls, and corresponding P values for difference. *Self-perceived vegetarian different from non-
self-perceived vegetarian, P < 0.05. Participant counts were as follows (unweighted counts): (A) self-perceived vegetarians 169 (Models 1 and
2) and 158 (Models 3 and 4) compared with non-self-perceived vegetarians 7116 (Models 1 and 2) and 6392 (Models 3 and 4); (B, C) self-
perceived vegetarians 201 (Models 1 and 2) and 189 (Models 3 and 4) compared with non-self-perceived vegetarians 8956 (Models 1 and 2)
and 8077 (Models 3 and 4). In the linear regression models, the appropriate weights were used to account for the complex survey design
and survey nonresponse. Model 1: adjusted for age at study entry (years), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican
American, and other), education (high school or less, some college or more, unknown), sex, and menopausal status. Model 2: further adjusted
for smoking (never, former, current smoker), marital status (never married/widowed, divorced/separated, married/living as married, unknown),
physical activity (active, inactive, unknown), and alcohol consumption (sex-specific cutoffs for nondrinkers, moderate drinkers, binge drinkers,
and heavy drinkers). Model 3: further adjusted for total serum calcium (continuous; mg/dL) and total serum 25-hydroxycholecalciferol (continuous;
nmol/L) concentrations. Model 4: further adjusted for BMI (continuous; kg/mz) and waist circumference (continuous; cm). BMD, bone mineral

density.

25(OH)D]. However, when BMI and waist circumference were
introduced into the analyses (Model 4), only the association
with total lumbar spine BMD remained statistically significant,
with adjusted mean BMD values of 1.01 g/cm? among self-
perceived vegetarians compared with 1.04 g/cm? among
non-self-perceived vegetarians (P = 0.005).

Further adjusting linear regression analyses for the use
of oral contraceptives and menopausal hormone therapy
among women, and for the use of bisphosphonates and
glucocorticosteroids in sensitivity analyses only very marginally
changed the results of Model 4 (data not shown). There were
no statistically significant interactions between type of diet and
sex in any of the regression models (data not shown).

Discussion

In the present analyses using data from the population-
based NHANES (cycles 2007-2008 and 2009-2010), we
confirmed previous observations of lower BMD values among
vegetarians than among nonvegetarians. However, vegetarians
were also more likely to be women, reported less frequent
smoking and alcohol consumption, and had lower BMI and
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waist circumference values. Although differences in total
lumbar spine, total femoral, and femoral neck BMD between
vegetarians and nonvegetarians were statistically significant in
linear regression models adjusted for age, sex, race/ethnicity,
menopausal status, and education level, these differences were
attenuated by additional adjustment for lifestyle factors. When
further adjusting for BMI and waist circumference, differences
in adjusted mean BMD values became marginal and were no
longer statistically significant for total femoral and femoral neck
BMD.

Our finding of a clear attenuation of associations between
type of diet (vegetarian compared with nonvegetarian) and
BMD after adjustment for anthropometric factors suggests that
differences in BMD between vegetarians and nonvegetarians
may largely depend on BMI and waist circumference, which is
in line with previous reports of higher BMD among overweight
and obese persons (6). In turn, lower rates of fractures among
nonvegetarians that have recently been described (3) may be an
example of an “obesity paradox,” i.e., a more favorable health
outcome among people with higher BMI (6). Thus, our results
do not support the notion that dietary composition is the main
reason for lower BMD among vegetarians.
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Another background factor that may to some degree explain
lower BMD among vegetarians is lower vitamin D status (17,
18), and it is conceivable that the slightly lower 25(OH)D
concentrations observed among vegetarian participants of
NHANES than among nonvegetarians are due to lower vitamin
D intake via animal foods rather than differential sun exposure
(17, 19). However, statistical adjustment for serum vitamin D
concentrations did not substantially attenuate the differences in
BMD between vegetarians and nonvegetarians in the present
analyses, as opposed to the adjustment for anthropometric
measures of obesity, and it should be noted that the proportions
of 25(OH)D concentrations <30 nmol/L (indicating deficiency)
were low among both vegetarians (12.5%) and nonvegetarians
(8.2%).

In contrast to many smaller previous studies on BMD among
vegetarians and nonvegetarians summarized in a recent meta-
analysis (3), the main strengths of the present study are its
representativeness for the US adult population, its sample size,
and the comprehensive statistical adjustment for important
determinants of BMD. However, the sample size did not allow
us to perform well-powered subgroup analyses. All analyses
were cross-sectional, and we did not have the opportunity to
evaluate diet in relation to fracture risk prospectively. We relied
on self-identification of study participants as vegetarians and
nonvegetarians, with the possibility of misclassifications, but
differences in BMD values between the 2 groups are in line with
previous reports (3) and a major misclassification of dietary
preferences seems unlikely. We did not have information on
the degree and duration of adherence to the diets, which may
have diluted differences in BMD values between vegetarians and
nonvegetarians. Moreover, we could not distinguish between
vegans and vegetarians, and we therefore acknowledge that
the present finding of lower BMI and waist circumference
as potentially important determinants of lower BMD among
vegetarians may not necessarily apply to lower BMD among
vegans. To this end, future population-based studies with a
higher number of vegan participants are needed to assess BMI
compared with dietary preferences in relation to BMD and
fracture risk.

Our findings of highly similar BMD values among veg-
etarians and nonvegetarians do not suggest that calcium
intake among vegetarians may be critically low. In the present
NHANES cycles, calcium intake was only assessed via one to
two 24-h dietary recalls, which are not ideal for capturing
an individual’s habitual micronutrient intake. However, serum
calcium, which we used for statistical models, is a suboptimal
biomarker, given that it is under tight homeostatic control, with
similar concentrations among vegans, vegetarians, and meat
eaters (18). We did not have data on body composition or
hormonal factors to disentangle possible distinct effects of lean
and fat mass on BMD. Finally, there is no obvious explanation
for the observation that the difference in lumbar spine BMD
between vegetarians and nonvegetarians remained statistically
significant in our fully adjusted model, unlike the differences in
total femoral and femoral neck BMD, considering that strong
discordances in BMD values across these sites are rare (20). Yet,
upon adjustment for anthropometric factors the differences in
lumbar spine BMD became small, with little clinical relevance
(21).

In summary, our analyses of data from the NHANES cycles
2007-2008 and 2009-2010 indicate that only small diet-related
differences in total lumbar spine BMD may exist between
vegetarians and nonvegetarians; the present statistical models
adjusted for important determinants of BMD, and particularly

anthropometric measures, did not show differences in total
femoral and femoral neck BMD between the 2 groups. Future
studies are needed to evaluate whether lower BMD and higher
fracture risk among vegans may also be in larger parts explained
by anthropometric and body composition parameters.
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