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Abstract

Background: Dietary recommendations may underestimate the protein older adults need for optimal bone health. This study sought to
determine associations of protein intake with bone mineral density (BMD) and fracture among community-dwelling White and Black older
adults.

Method: Protein as a percentage of total energy intake (TEI) was assessed with a Food Frequency Questionnaire in 2160 older adults (73.5 =
2.8 years; 51.5% women; 35.8% Black) in the Health, Aging, and Body Composition prospective cohort. Hip, femoral neck, and whole
body BMD was assessed by dual-energy x-ray absorptiometry at baseline and 4 years, and lumbar trabecular, cortical, and integral BMD was
assessed by computed tomography at baseline and 5 years. Fragility fractures over 5 years were adjudicated from self-report data collected
every 6 months. Associations with tertiles of protein intake were assessed using analysis of covariance for BMD and multivariate Cox regression
for fracture, adjusting for confounders.

Results: Participants in the upper protein tertile (215% TEI) had 1.8%—6.0% higher mean hip and lumbar spine BMD compared to the lower
protein tertile (<13% TEL p < .05). Protein intake did not affect change in BMD at any site over the follow-up period. Participants in the
upper protein tertile had a reduced risk of clinical vertebral fracture over 5 years of follow-up (hazard ratio: 0.36 [95% confidence interval:
0.14, 0.97] vs lower protein tertile, p = .04).

Conclusions: Older adults with higher protein intake (>15% TEI) had higher BMD at the hip, whole body, and lumbar spine, and a lower
risk of vertebral fracture.

Keywords: Computed tomography (CT), Dual-energy x-ray absorptiometry (DXA), Food Frequency Questionnaire, Nutrition, Osteoporosis

The Acceptable Macronutrient Distribution Range (10%-35% of bone, lean mass, and physical function (2-13). Lower dietary protein
total energy intake [TEI]) and Recommended Dietary Allowance intake may exacerbate age-related decreases in bone mineral density
(RDA; 0.8 g/kg body wt/d) for protein were derived predominately (BMD) that lead to osteoporosis and fractures, which are associated
from urinary nitrogen balance studies in young adults (1) and may with significant mortality and morbidity (14,15). Systematic reviews
underestimate the protein needs for older adults to optimally preserve and meta-analyses have found positive associations between protein

© The Author(s) 2021. Published by Oxford University Press on behalf of The Gerontological Society of America. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com.

2213

m
Q.
;.
o
q\
)
o
>
=3
)
®



https://orcid.org/0000-0002-4383-0106
https://orcid.org/0000-0003-0752-4408
https://orcid.org/0000-0003-3336-6781
mailto:asweaver@wakehealth.edu?subject=

2214 Journals of Gerontology: MEDICAL SCIENCES, 2021, Vol. 76, No. 12

intake and BMD at the hip, whole body, and lumbar spine (16,17),
with protein intake above the RDA accounting for 2%-4% of BMD
variance (16). Another meta-analysis found moderate evidence that
higher protein intake may protect against lumbar spine BMD loss
in older adults (18). Two meta-analyses found higher protein in-
take reduced hip fracture risk by 11%-16% (17,19), while others
found no significant associations (16,18), possibly due to insufficient
events (18). Based on synthesis of the recent literature, the expert
consensus endorsed by the International Osteoporosis Foundation
and by the European Society for Clinical and Economical Aspects
of Osteoporosis, Osteoarthritis, and Musculoskeletal Diseases con-
cluded that higher protein intake above the current RDA is associ-
ated with higher BMD, slower bone loss, and reduced hip fracture
risk, as long as dietary calcium intake is adequate (20). However,
further evidence is needed, especially on the effects of higher protein
intake on fracture incidence and the synergistic effects of protein
and calcium intake on bone health (18). Vitamin D intake also con-
tributes, along with dietary protein and calcium, to maintenance of
muscle and bone health (21), and interactions between protein and
calcium—vitamin D on BMD have been observed (18). Concurrent
use of osteoporosis medications (eg, bisphosphonates) will affect
bone remodeling, and this has not been controlled for in many co-
hort studies investigating dietary protein effects on bone health
(22-26). Despite the existing evidence, additional data are needed
to understand and quantify the impact of dietary protein intake on
measures of older adult bone health (BMD and fractures), and to
explore if the associations differ by gender, race, and calcium in-
take, while also controlling for vitamin D supplement and osteopor-
osis medication use. Dietary intake, areal and volumetric BMD, and
fracture data collected in the Health, Aging, and Body Composition
(Health ABC) Study, a large cohort of older White and Black men
and women, offer an opportunity to address these gaps.

The objective of this study was to examine the association of
total dietary protein intake, as well as animal and vegetable protein
intake, with BMD and fracture incidence over 5 years of follow-up
among older, community-dwelling White and Black men and women.
The primary hypothesis was that higher protein intake would be as-
sociated with higher baseline BMD. Higher protein intake was also
hypothesized to attenuate BMD loss and fracture risk over 5 years
of follow-up.

Method

Study Design

Associations between protein intake and baseline BMD, BMD
change, and fracture incidence were examined in community-
dwelling older adults enrolled in the Health ABC Study, a pro-
spective cohort study investigating age-related body composition
and functional changes. The Health ABC Study enrolled 3075
White and Black men and women aged 70-79 recruited from the
Pittsburgh, PA and Memphis, TN metropolitan areas between April
1997 and June 1998. Participants were eligible if they reported no
difficulty walking one fourth of a mile, climbing 10 steps, or per-
forming basic activities of daily living; were free of life-threatening
illness; planned to remain in the geographic area for at least 3 years;
and were not enrolled in lifestyle intervention trials. All participants
provided written informed consent, and all protocols were approved
by the institutional review boards at the University of Pittsburgh
(Pittsburgh, PA) and University of Tennessee Health Science Center
(Memphis, TN). For this analysis, participants were excluded if they

lacked a Food Frequency Questionnaire (FFQ; 7 = 362), had serious
errors (<3 or >17 solid foods consumed per day) on the FFQ (7 = 57)
or reported implausible energy intakes (<500 kcal/d or >3500 kcal/d
in women and <800 kcal/d or >4000 kcal/d in men; 7 = 59), were
missing pertinent covariates (7 = 417), or were missing baseline
BMD (7 = 20). The final study sample for this analysis includes 2160
men and women who had baseline total dietary protein intake from
a FFQ and baseline BMD from dual-energy x-ray absorptiometry
(DXA) scans. Figure 1 shows a consort diagram of the selection of
the participant samples for each outcome measure.

Dietary Intake

Participants completed a 108-item, interviewer-administered modified
version of the FFQ in Year 2 (1 year from baseline) (27). This FFQ
food list was specifically developed for the Health ABC Study based
on dietary recall data from the third National Health and Nutrition
Examination Survey (NHANES) for non-Hispanic White and Black
adults (ages 65+) living in the Northeast or the South. The FFQ asked
participants about their “usual eating habits over the past year or so.”
Wood blocks, food models, standard kitchen measures, and flash cards
were used by trained interviewers to assist participants in estimating
food portion sizes. Energy intake and macronutrient and micronutrient
content were calculated from the FFQ by Block Dietary Data Systems
(Berkeley, CA). Total protein intake, as well as the source of protein (eg,
animal or vegetable), was computed. For the current study, protein in-
take as a percentage of TEI was stratified by tertile for total protein in-
take (<13%, 13%-15%, >15%), animal protein intake (<7 %, 7%-9%,
>9%), and vegetable protein intake (<6%, 6%-7%, >7%). Validation
of the original, NHANES II-based FFQ against dietary food records

Exclusions:

+ No FFQ (N=362)

+ Erroneous FFQT (N=116)

* Missing covariates (N=417)
* No baseline DXA (N=20)

Health ABC (N=3,075)

Year 1:

* Hip & femoral neck DXA BMD (N=2,156)
*  Whole body DXA BMD (N=2,109)

* Lumbar spine QCT BMD* (N=1,108)

'
Years 5-6:
* Hip DXA BMD (N=1,750)
» Femoral neck DXA BMD (N=1,750)
»  Whole body DXA BMD (N=1,692)
» Lumbar spine QCT BMD* (N=649)
 b-year fracture incidence, assessed every
6 months for Years 1-6 (N=2,160)

Figure 1. Consort diagram of Health ABC participant selection with sample
sizes for each outcome.

Notes: BMD = bone mineral density; DXA = dual-energy x-ray absorptiometry;
FFQ = Food Frequency Questionnaire; Health ABC = Health, Aging, and Body
Composition Study; QCT = quantitative computed tomography. 'Erroneous
FFQ exclusions include those with serious errors on the FFQ (<3 or >17
solid foods/d) and those who reported implausible energy intakes (<500
kecal/d or >3500 kcal/d [women] or <800 kcal/d or >4000 kcal/d [men]). *QCT
assessments only done at the Pittsburgh site.
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yielded correlations >0.7 for energy and 17 selected nutrients including
protein (27). Although the Health ABC FFQ has not been independ-
ently validated, the validity of the Women’s Health Initiative (WHI)
FFQ, which was similarly modified to reflect regional and racial vari-
ations in food types among older women, has previously been exam-
ined (28). Protein intake according to the WHI FFQ was moderately
correlated with food diary methods (Pearson correlation coefficient,
r=.51).

Bone Mineral Density

Total hip, femoral neck, and whole body areal BMD (g/cm?) was
assessed from hip and whole body DXA scans (Hologic 45004,
software v.9.03; Bedford, MA) acquired in Years 1 and 5. Dual-
energy x-ray absorptiometry quality assurance measurements using
daily and cross-calibration phantoms were performed to ensure
scanner reliability, and identical patient scan protocols were used at
both study sites. Quantitative computed tomography (QCT) scans
(9800 Advantage; General Electric, Milwaukee, WI) of the L3 ver-
tebra were acquired in University of Pittsburgh participants only in
Years 1 and 6 (n = 1108). Participants were scanned with a bone
calibration phantom (Image Analysis, Columbia, KY) positioned
under their lower back. Quantitative computed tomography data
were analyzed with a standardized protocol at the University of
California, San Francisco, to measure volumetric trabecular, cortical,
and integral BMD (mg/cm?®) of the L3 vertebra (29). The “change in
BMD?” reported in this paper refers to the 4-year change in DXA-
derived BMD and S-year change in CT-derived BMD.

Fractures

Incident fragility fractures (defined as spontaneous or with modest
trauma, such as fall from standing height) over the 5-year period
(Years 1-6) were assessed by self-report at annual clinic visits and
at intermediate 6-month phone interviews. Participants were also
asked to notify the study team as soon as possible after any fracture.
Follow-up was >95% complete. All fractures were verified by med-
ical documentation, including radiology reports (except rib, toe, and
finger fractures). Fractures were excluded if they were due to exces-
sive trauma (eg, motor vehicle crash), stress, a pathologic condition
(eg, cancer), or other/unknown causes.

Covariates

Demographic characteristics (age, gender, race, education, and study
site), smoking status, alcohol consumption, physical activity, history
of osteoporosis diagnosis, and falls in the prior 12 months were
collected via an interviewer-administered questionnaire at baseline.
Smoking status and alcohol consumption were categorized as cur-
rent, former, or never. Education was categorized as less than high
school, high school graduate, or postsecondary. Physical activity was
based on the reported time spent walking for exercise or in other
walking (eg, transportation) over the prior 7 days, and categorized
as 0, 1-149, or >150 min. Participant height was measured in milli-
meters using a Harpenden stadiometer (Holtain Ltd, Crosswell, UK)
and weight was measured in kilograms with a calibrated balance-
beam scale. Body mass index was computed by dividing weight by
the square of height in meters. Participants brought their medica-
tions from the prior week to the clinic; osteoporosis medications
(bisphosphonates, calcitonin, raloxifene, and fluoride), calcium
and vitamin D supplement use, and estrogen therapy were coded
using the Iowa Drug Information System ingredient codes (30).
Cognitive function was assessed using the Modified Mini-Mental

State Examination (31). An expanded version of the Short Physical
Performance Battery (SPPB), known as the Health ABC Physical
Performance Battery (PPB), was conducted to minimize ceiling ef-
fects of the SPPB: 5 repeated chair stands, a 6-m walk for usual gait
speed, and balance tests consisting of 30-second full tandem, semi-
tandem, and single leg stands and a narrow walk test as previously
described (score range 0-4) (32).

Statistical Analysis

Baseline characteristics of participants were compared across
tertiles of total protein intake as a percentage of TEI using analysis
of variance for continuous variables and chi-squared tests for cat-
egorical variables. Baseline BMD and change in BMD were com-
pared across tertiles of total protein intake, animal protein intake,
and vegetable protein intake (calculated as % TEI) with analysis
of covariance, followed by tests for linear trends across tertiles of
protein intake using the median value in each protein category as
a continuous variable in the linear regression models. Base models
were adjusted for age, gender, race, study site, and energy intake.
Full models were additionally adjusted for smoking status, alcohol
consumption, education, physical activity, BMI, osteoporosis diag-
nosis, osteoporosis medications, dietary calcium intake, calcium
and vitamin D supplement use, estrogen therapy, and cognitive
function. Time to first fragility fracture over a 5-year period was
assessed by protein tertile using multivariate Cox regression; par-
ticipants were censored at the earliest date of fracture, death, loss
to follow-up, or end of the S-year period. Subgroup analyses were
conducted for each type of fragility fracture (clinical vertebral frac-
ture, hip fracture, and non-hip, non-spine fracture). Models were
adjusted using the same covariates in the BMD analyses, as well
as the Health ABC PPB and falls in the prior 12 months recorded
at baseline. Gender, race, and calcium intake (defined as 2800 mg
dietary intake or use of a calcium supplement, or <800 mg dietary
intake and no use of calcium supplement) by protein interactions
were tested in the fully adjusted models. In cases where the gender,
race, or calcium by protein interactions were significant, models
were stratified by male versus females, White versus Black, or ad-
equate versus inadequate calcium intake. Osteoporosis medication
by protein interactions were not tested since <5% of the cohort
was taking these medications. Statistical analyses were performed
using SAS software (v9.4; SAS Institute, Cary, NC) with a = .05
indicating statistical significance.

Results

The mean age of the study population was 73.5 years; 51.5% were
women and 35.8% were Black. The mean = SD daily protein intake
was 0.9 = 0.4 g/kg body weight/d, accounting for 14 = 3% TEI daily.
Descriptive characteristics of the study population at baseline by
total protein % TEI tertile are shown in Table 1. Total daily protein
intake was grouped by the following tertiles: lower (<13% TEI;
mean = SD, 0.8 = 0.3 g/kg body weight/d), middle (13%-15% TEI;
0.9 = 0.3 g/kg body weight/d), and upper (215% TEI; 1.1 = 0.4 g/kg
body weight/d). Participants in the upper protein tertile were more
likely to be female, White, nonsmokers, nonsedentary, have lower
energy intake with lower fat and carbohydrate % TEIs, have higher
dietary calcium and vitamin D intakes, be on calcium, vitamin D, or
estrogen supplementation, and have higher cognitive function (Table
1). Osteoporosis diagnosis and medication use did not vary across
the protein tertiles.
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The mean = SD baseline BMD was 0.89 = 0.17 g/cm? at the total
hip, 0.74 = 0.14 g/cm? at the femoral neck, and 1.09 = 0.14 g/cm?
for the whole body. At the L3 vertebra, mean baseline BMD was
119.1 = 41.0 mg/cm? (trabecular), 288.9 =+ 56.4 mg/cm? (cortical),
and 246.1 = 52.4 mg/cm’ (integral). Baseline total hip, L3 trabecular,
L3 cortical, and L3 integral BMD was significantly higher in partici-
pants in the upper protein tertile (>15% TEI) compared to the lower
(<13% TEI) protein tertiles in the base and fully adjusted models
(all p < .05; Table 2). Positive linear trends were found for total
hip, whole body, L3 trabecular, L3 cortical, and L3 integral baseline
BMD measures across the protein tertiles in the base and full models
(all p < .05; Table 2), with a trend for femoral neck (p = .06) baseline
BMD. Compared to participants in the lower protein tertile, mean
baseline BMD in participants in the upper protein tertile was 1.8%
higher for the total hip, and 6.0% (trabecular), 2.7% (cortical), and
3.3% (integral) higher for the L3 vertebra. Baseline BMD did not
differ between the lower and middle protein tertiles (all p > .05).
There was a significant interaction between gender and total protein
intake on baseline femoral neck BMD (full model p = .01); thus,
separate models were examined for males versus females. In males,
the effect of total protein intake on baseline femoral neck BMD was
similar to the unstratified results (Table 2), with a positive linear as-
sociation between femoral neck BMD and protein intake (p = .04;
Supplementary Table A1). However, baseline femoral neck BMD did
not differ between the protein tertiles for females. There were no
significant interactions between protein intake and race on baseline
BMD at any site. There was a significant interaction between cal-
cium intake and total protein intake on baseline whole body BMD
(full model p = .003); thus, separate models were examined for
participants with adequate versus inadequate calcium intake. With
inadequate calcium intake (<800 mg dietary intake and no supple-
ment use), the effect of total protein intake on baseline whole body
BMD was similar to the unstratified results (Table 2), with partici-
pants in the upper protein tertile having significantly higher baseline

whole body BMD compared to participants in the lower and middle
protein tertiles (linear trend p < .001; group comparison p < .001
and .009, respectively; Supplementary Table A2). However, baseline
whole body BMD did not differ between the protein tertiles for par-
ticipants with adequate calcium intake (=800 mg dietary intake or
supplement use).

Positive linear trends were found for whole body, L3 trabecular,
and L3 integral baseline BMD measures across the animal protein
tertiles in the base and full models (all p < .05; Table 3). In the fully
adjusted models, baseline L3 trabecular BMD was significantly
higher in participants in the upper animal protein tertile (29%
TEI) compared to the middle (7%-9% TEI) animal protein tertile
(p = .03; Table 3). Baseline BMD did not differ between the lower
and middle animal protein tertiles or between tertiles of vegetable
protein intake (all p > .035).

There were no significant interactions between gender and either
animal or vegetable protein intake for baseline BMD. There was a
significant interaction between race and animal protein intake on
baseline L3 cortical and integral BMD (full model, both p = .02;
Supplementary Table A3). White participants in the upper animal
protein tertile had significantly higher baseline L3 cortical and in-
tegral BMD compared to participants in the lower animal protein
tertile (linear trend p = .01; group comparisons p < .01). However, a
linear trend with animal protein tertile and these L3 BMD measures
was not observed in Black participants (p > .05).

There was a significant interaction between calcium intake and
animal protein intake on baseline hip and whole body BMD (full
model p =.008 and <.001, respectively; Supplementary Table A4).
With inadequate calcium intake, participants in the upper animal
protein tertile had significantly higher baseline hip and whole
body BMD compared to participants in the lower and middle
protein tertiles (linear trend p = .003; all group comparisons
p <.01). However, baseline hip and whole body BMD did not
differ between the animal protein tertiles for participants with

Table 2. Baseline Bone Mineral Density by Tertile of Total Dietary Protein Intake: The Health, Aging, and Body Composition Study

Dietary Protein Tertile, % of Total Energy Intake

<13% 13%-15% >15% Linear Trend p Value

Total hip (g/cm?)

Base model® 0.890 = 0.005 a 0.891 = 0.005 a 0.918 = 0.005 b <.001

Full model® 0.896 = 0.010 a 0.895£0.010 a 0.912 = 0.010 b .02
Femoral neck (g/cm?)

Base model® 0.748 = 0.005 a 0.748 = 0.005 a 0.770 = 0.005 b <.001

Full model® 0.753 = 0.009 a,b 0.751 = 0.009 a 0.764 = 0.009 b .06
Whole body (g/cm?)

Base model® 1.091 = 0.004 a 1.093 = 0.004 a 1.112 £ 0.004 b <.001

Full model® 1.108 + 0.008 a,b 1.107 = 0.008 a 1.119 = 0.008 b .05
L3 trabecular vertebra (mg/cm?)

Base model® 118.3+2.1a 120.6 2.0 a 1272 +19b <.001

Full model® 123.8+4.2a 126.1+4.2ab 131.2+4.2b .01
L3 cortical vertebra (mg/cm?)

Base model® 288.3+29a 289.7+2.8a 299.8+2.6b .002

Full model® 297.6+5.8a 298.6 = 5.8 a,b 305.5+58b .03
L3 integral vertebra (mg/cm?)

Base model® 2454 2.7 a 247.1+2.6a 256.9+24b <.001

Full model® 2532=+54a 2548 + 5.4 ab 261.6+5.3b .02

Notes: Data are presented as least square means = SE. Different letters (a, b) indicate statistically significant differences between protein tertiles.

“Base model adjusted for age, gender, race, study site, and energy intake (all measured at baseline). "Full model adjusted for age, gender, race, study site, smoking

status, alcohol consumption, education, physical activity, body mass index, energy intake, osteoporosis medications, dietary calcium intake, calcium and vitamin D

supplement use, estrogen therapy, cognitive function, and osteoporosis diagnosis (all measured at baseline).


http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glab068#supplementary-data
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adequate calcium intake (all p > .05). There was also a signifi-
cant interaction between calcium intake and vegetable protein
intake on baseline hip and femoral neck BMD (full model p <
.001 and p = .009, respectively). With inadequate calcium intake,
participants in the upper vegetable protein tertile had significantly
higher baseline hip BMD compared to participants in the middle
tertile (p = .01), but all other tertile group comparisons and linear
trend tests were not statistically significant. With adequate cal-
cium intake, participants in the middle vegetable protein tertile
had significantly higher baseline hip BMD compared to the lower
and upper protein tertiles (both p < .03), and significantly higher
baseline femoral neck BMD compared to the lower protein tertile
(p = .02). All other tertile group comparisons and linear trend
tests for participants with adequate calcium intake were not stat-
istically significant.

Mean = SD changes in BMD were -0.01 = 0.04 g/cm? (total hip),
-0.01 = 0.04 g/cm? (femoral neck), -0.02 = 0.04 g/cm? (whole body),
-4.91 = 20.31 mg/cm? (L3 trabecular), and 7.58 + 21.13 mg/cm? (L3
integral); follow-up data on L3 cortical BMD was not available in
the Health ABC data set. Change in total hip, femoral neck, whole
body, L3 trabecular, and L3 integral BMD was not associated with
total protein intake (all p for trend >.05; Supplementary Table AS).
Change in BMD at any site did not differ between tertiles of animal
or vegetable protein intake (data not shown). There were no signifi-
cant interactions between protein intake and gender, race, or calcium
intake on change in BMD at any site.

Over the S-year period, 6.3% of the study population (N = 136
participants) had at least one fragility fracture; these first fractures
included 31 clinical vertebral fractures, 20 hip fractures, and 85
non-hip, non-spine fractures. Total protein intake was not associated
with 5-year overall fragility fracture risk (Table 4), although reduced
risk of clinical vertebral fracture was observed among participants
in the upper protein tertile compared to those in the lower protein
tertile (hazard ratio: 0.36 [95% confidence interval (CI): 0.14, 0.97],
p = .04). Clinical vertebral fracture incidence over the S-year period
was 2.13% (95% CI: 1.26, 3.56) in the lower protein tertile, 1.37%
(95% CI: 0.71, 2.61) in the middle protein tertile, and 1.13% (95%
CI: 0.56, 2.24) in the upper protein tertile. There were no significant

interactions between protein intake and gender, race, or calcium in-
take on the incidence of vertebral fracture or any other fracture types
over the 5-year period.

Discussion

Higher protein intake (215% TEI) was associated with higher base-
line BMD of the hip and lumbar spine in older men and women aged
in their 70s when compared to lower protein intake (<13 % TEI), es-
pecially in those with inadequate calcium intake. While there was no
association with change in BMD, higher protein intake was associ-
ated with lower vertebral fracture risk. These results suggest that the
lower end of the 10%-35% Acceptable Macronutrient Distribution
Range and 0.8 g/kg body weight/d RDA for protein may be sub-
optimal for BMD preservation in older adults (1).

The 1.8%—6.0% higher mean baseline BMD observed in the
upper protein tertile (215% TEI; mean: 1.1 g/kg body weight/d) in
Health ABC aligns with the 2%-4% increase in BMD attributed to
protein intake above the RDA in a meta-analysis of cross-sectional
studies (16). Further supporting our findings, two thirds of these
cross-sectional surveys reported a positive association between
protein intake and at least one BMD site, with the remainder finding
no significant association. Recent cross-sectional surveys of large co-
horts of older men and postmenopausal women have also associated
higher protein intake with higher BMD at the hip (22,24), whole
body (24), and spine (24). Other cohort studies found no gender-by-
protein interactions on BMD (23), generally aligning with our study
which only found a gender-by-protein interaction on femoral neck
baseline BMD.

Higher protein intake may preserve bone mass by increasing cal-
cium absorption and circulating insulin-like growth factor (7,33-
35). As protein works synergistically with calcium, adequate calcium
intake is recommended to accompany higher protein intake to opti-
mize bone health (20,36). However, we found higher protein intake
to be associated with higher BMD at the hip and whole body even
in participants with inadequate calcium intake. Other meta-analyses
have found limited or insufficient evidence to support a synergistic
effect of protein with calcium on BMD loss or fracture (18). It is

Table 4. Five-Year Fracture Incidence by Tertile of Total Dietary Protein Intake: The Health, Aging, and Body Composition (Health ABC) Study

Dietary Protein Tertile, % of Total Energy Intake

<13% (reference) <13%-15% >15%

Fragility fracture (cases, 7) 49 42 45

Base model® 1.00 0.81 (0.54,1.23) 0.76 (0.50, 1.195)

Full model® 1.00 0.76 (0.50,1.15) 0.71 (0.45,1.11)
Clinical vertebral fracture (cases, 7) 14 9 8

Base model® 1.00 0.64 (0.27,1.49) 0.52 (0.21, 1.26)

Full model® 1.00 0.49 (0.20,1.19) 0.36 (0.14, 0.97)
Hip fracture (cases, ) N 7 8

Base model® 1.00 1.60 (0.50, 5.13) 1.61 (0.51, 5.04)

Full model® 1.00 1.51 (0.45, 5.06) 1.82 (0.54,6.11)
Non-hip, non-spine fracture (cases, 7) 30 26 29

Base model® 1.00 0.78 (0.46,1.33) 0.74 (0.44, 1.295)

Full model® 1.00 0.76 (0.44, 1.30) 0.72 (0.41,1.27)

Data are presented as hazard ratios (95% confidence intervals).

“Base model adjusted for age, gender, race, study site, and energy intake (all measured at baseline). "Full model adjusted for age, gender, race, study site, smoking

status, alcohol consumption, education, physical activity, body mass index, energy intake, osteoporosis medications, dietary calcium intake, calcium and vitamin D

supplement use, estrogen therapy, cognitive function, osteoporosis diagnosis, Health ABC Physical Performance Battery, and falls in the prior 12 mo (all measured

at baseline).
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possible that calcium intake may be more important than protein
intake in the association with BMD, and may explain the attenu-
ated effect of protein intake on BMD in participants with adequate
calcium intake.

In Health ABC, positive linear associations between animal
protein intake and whole body and lumbar spine BMD at baseline
were found (p < .05), and positive trends were observed at the hip
(p = .10) and femoral neck (p = .08). This agrees with findings in
older men and postmenopausal women (ages 50+) in the Canadian
Multicentre Osteoporosis Study, where positive associations were
found between dairy protein intake and spine BMD (men only)
and hip BMD (both sexes), and nondairy animal protein intake and
spine BMD (women only) (37). Higher animal protein intake was
positively associated with hip, femoral neck, whole body, and spine
BMD in women in the Rancho Bernardo cohort study (ages 55+)
(25), and hip BMD in the Osteoporotic Fractures in Men (MrOS)
cohort (ages 65+) (22). While vegetable protein intake did not af-
fect BMD in the Health ABC or the MrOS cohorts (22), vegetable
protein intake has been negatively associated with BMD at several
sites in other older adult cohorts (25,37). However, a meta-analysis
of randomized controlled trials comparing equivalent amounts of
protein intake by source (animal vs vegetable) found no effect on
BMD (38). As individuals with higher total protein intake tend to
consume a higher ratio of animal to vegetable protein (26), the posi-
tive effects on BMD with increased animal protein intake observed
in our study may stem from a higher total protein intake, rather than
the specific protein source.

Protein intake did not affect changes in BMD at any skeletal site
in Health ABC. Other meta-analyses have found moderate evidence
that lower protein intake caused more lumbar BMD loss (16,18),
but did not affect BMD change at other sites (eg, hip, femoral neck,
whole body) (18). Increased clinical vertebral fracture risk over
5 years of follow-up was observed in the Health ABC participants
with lower protein intake, which could be mediated by lumbar BMD
losses. Protein intake did not decrease hip fracture risk in our cohort,
as others have reported (17,19,20,22); however, the <1% incidence
of hip fracture in our cohort limited the study’s power to detect as-
sociations with protein intake.

Strengths of this study include a large sample of community-
dwelling older White and Black men and women; the use of DXA
and QCT to obtain BMD measures; adjudicated fracture outcome
data; a long follow-up (5 years); and adjustment for potential
confounders. The use of QCT allowed for assessment of BMD spe-
cific to the bone compartments (eg, trabecular, cortical, integral).
However, the QCT data were only collected at the Pittsburgh site.
We explored the effect of protein intake on cross-sectional (base-
line BMD) and longitudinal measures (BMD change and fracture)
of bone health. We assessed these effects based on total protein in-
take, and by protein source (animal vs vegetable). Food Frequency
Questionnaires are limited in their ability to precisely assess absolute
and relative nutrient intakes, which may bias our results (27,39).
However, these limitations are common to any self-report of diet,
including dietary records (40). The FFQ was administered at a single
time point (at 1-year follow-up) and reflects participant eating habits
over the past year (from baseline to 1-year follow-up), but does not
account for changes in diet that may have occurred over the entire
follow-up period; however, energy, protein, and calcium intake from
FFQs repeated 1 year later in ~400 participants were strongly correl-
ated (intraclass correlation coefficients: 81%-88%), suggesting that
dietary intake among the Health ABC participants did not change
substantially from year to year. Longitudinal changes were assessed

at 5 years (as opposed to =10 years) to reduce confounding due to
diet changes, and to coincide with the collection of DXA and QCT
follow-up scans. We only adjusted for osteoporosis medications and
calcium and vitamin D supplement use at baseline; however, the use
of osteoporosis medications and calcium and vitamin D supplements
only increased by ~5% over the follow-up period and did not differ
by protein tertile. However, the relatively low fracture rates and the
S-year length of follow-up may have limited the ability to detect
significant differences in this study population. While the main find-
ings in this older adult population (ages 70-79) align with those of
other cohorts (ages 50+), they may not be generalizable to younger
individuals. Although analyses were adjusted for many potential
confounders, there may be unmeasured confounders that relate to
diet or bone health. Finally, the observational nature of this study
does not allow for evaluation of a causal association between dietary
protein intake and changes in BMD and fracture risk.

In conclusion, greater baseline BMD at the hip, whole body, and
lumbar spine was observed in community-dwelling older White and
Black men and women with higher total protein intake. Protein in-
take did not affect changes in BMD at any site. However, partici-
pants with higher total protein intake (>15% TEI) had lower risk of
clinical vertebral fracture over the 5-year follow-up period. A better
understanding of the association between dietary protein and BMD
may lead to improved dietary recommendations to preserve bone
health in over 40 million older Americans, particularly the 5 mil-
lion who consume less protein than recommended (41), and the 54
million with low bone mass who are at higher risk for fracture (42).

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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