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Abstract

Objective: Non-alcoholic fatty liver disease (NAFLD) is associated with low bone mineral
density (BMD); however, it is not known if early stage NAFLD may associate with BMD, after
accounting for body mass index (BMI) or visceral adipose tissue (VAT).

Methods: Cross-sectional study of 3,462 Framingham Heart Study participants who underwent
computed tomography (CT) measurement of liver fat, VAT volume, volumetric spine BMD,
vertebral cross-sectional area (CSA), and vertebral compression strength. We excluded heavy
alcohol consumers. We performed multivariable linear regression models to assess the association
between NAFLD and volumetric BMD, CSA, and vertebral compression strength after accounting
for covariates, including BMI or VAT.

Results: A total of 2,253 participants (mean age 51.2 + 10.7 years; 51.1% women) were
included. In multivariable-adjusted models, we observed positive associations between NAFLD
and integral BMD, trabecular BMD, and vertebral compressive strength. However, results were
attenuated and no longer significant after we additionally adjusted for BMI or VAT. We observed
NAFLD to be weakly associated with a lower vertebral CSA in adjusted models.
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Conclusions: In a community-based cohort, the associations between NAFLD and BMD and
vertebral strength were confounded by BMI and VAT. However, NAFLD was associated with a
reduced vertebral CSA in adjusted models.
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Introduction

Osteoporosis is a skeletal disorder characterized by compromised bone strength
predisposing to an increased risk of fracture.! It has long been known that advanced liver
diseases, particularly cholestatic conditions and alcohol-related liver disease, are associated
with hepatic osteodystrophy, a loss of skeletal mass that parallels postmenopausal or age-
related bone loss.2 Emerging data suggest that loss of bone mineral density (BMD) may also
accompany early stages of non-alcoholic fatty liver disease (NAFLD), well before the
development of cirrhosis.3 NAFLD is strongly associated with obesity and often occurs in
the setting of other cardiometabolic diseases, such as dyslipidemia and insulin resistance.*
Traditionally, body weight has been considered protective against bone loss and osteoporotic
fracture.> However, recent evidence has challenged this assumption, with some reports
suggesting that specific regional adipose tissue depots, particularly visceral adipose tissue
(VAT), may have an adverse effect upon BMD,%7 conferring an increased risk of
osteoporotic fractures, particularly in patients with diabetes or dyslipidemia.’-8
Metabolically-active pro-inflammatory cytokines® and adipokines1? secreted by VAT may
accelerate the metabolism of steroid hormones,11 which may in turn compromise skeletal
health.12-16

The extent to which early stage NAFLD may associate with loss of BMD, after accounting
for body weight or VAT, is not definitively known. Several prior studies, mostly in Asia,
have observed associations between low BMD and NAFLD.217-21 |n pediatric patients with
biopsy-confirmed NAFLD, progressive histological NAFLD was associated with decreased
BMD,?2 and in adults, case-control and cross-sectional studies using ultrasound-defined
NAFLD have similarly shown an association between NAFLD and reductions in lumbarS as
well as hip and femoral neck?3:24 BMD. However, a meta-analysis of 1,276 adults observed
an inverse association with body mass index (BMI) and BMD, but no associations with
NAFLD, though there was significant heterogeneity among included studies.?

The purpose of this study is to evaluate the association between NAFLD and BMD within a
community-based cohort and to determine the role of BMI and VAT on this association after
adjusting for cardiometabolic risk factors, including BMI and VAT.

Methods

Study sample

Participants were drawn from the Framingham Heart Study (FHS) Offspring and Third
Generation cohorts who underwent computed tomography (CT) scanning between the years
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2002-2005 as part of the multidetector CT substudy (n=3,462).26 The multidetector CT
scans provided measurements of liver fat and VAT volume and also included three-
dimensional quantitative bone measures. Individuals were excluded if they had incomplete
covariate data (n=14), had significant alcohol use defined as > 7 drinks per week for women
and > 14 drinks per week for men (n=418), were missing alanine aminotransferase (ALT)
(n=287), if the CT scans were not interpretable for liver attenuation or VAT (n=320), or if
they were missing bone measurements (n=170), which yielded a total sample size of 2,253
participants (n=939 Offspring Cohort and n=1,317 Third Generation Cohort). All subjects
provided written informed consent, and the study and protocol were approved by the
institutional review boards at the Boston University Medical Center, Hebrew Senior Life,
and Massachusetts General Hospital.

CT measurement of visceral adipose tissue and liver fat

The multidetector CT scan cohort and protocol have been described in detail previously.
21-29 Briefly, the CT captured 5-mm thick slices (120 kVp, 400mA, gantry rotation time 500
ms, and table feed 3:1) covering 125 mm above S1 using an 8-slice multi-detector
abdominal CT scanner (LightSpeed Ultra, General Electric, Milwaukee, WI). Participants
were positioned supine and a calibration phantom (Image Analysis, Lexington, KY) was
placed under each participant and was visualized on each image obtained. To identify pixels
containing fat, an image display window of —=195 to —45 Hounsfield Units (HU) and a
window center of =120 HU was used. A single reader then manually traced the muscular
abdominal wall, separating the VAT compartment from the subcutaneous adipose tissue
compartment. Subsequently, VAT was quantified using a semiautomatic segmentation
technique at a dedicated offline work station (Aquarius 3D Workstation; TeraRecon, San
Mateo, CA) as described.30 The correlation coefficients for VAT volume between 2
independent readers on a subset of 100 randomly selected participants were 0.992.

We quantified liver fat using the CT liver fat attenuation, which is described in detail
elsewhere.26 In brief, we measured the liver attenuation in HU in three areas from the liver
and from an external phantom. We calculated the average fat HU divided by the phantom to
create liver phantom ratios (LPR). We defined NAFLD as a LPR of < 0.33, which has been
shown to have a sensitivity of 70% and specificity of 98% for hepatic steatosis.3!

CT measurement of bone density, cross sectional area, and vertebral compression

strength

Volumetric CT scans of the thoracic and lumbar spine were obtained in the multidetector CT
scan protocol as previously described.3! Vertebral integral, trabecular, and cortical
volumetric bone density (vBMD; g/cm3) and vertebral cross-sectional area (CSA; cm?) were
measured from the CT scan using a modification of published algorithms to assess multiple
vertebral levels.31:32 Briefly, the volume of interest for integral vBMD included the entire
vertebral body (both cortical and trabecular compartments) but excluded the transverse and
posterior processes. The volume of interest for trabecular vBMD measurements was an
elliptical region in the L3 vertebra encompassing the anterior vertebral body, centered at the
mid-vertebral level and encompassing 70% of the volume between vertebral endplates. We
calculated the mean CSA of the mid-vertebral body from a central 20mm thick slice.
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Vertebral compressive strength was estimated by using previously published algorithms.3!
Briefly, vertebral compressive strength is estimated as a linear combination of vBMD and
CSA. The vertebral body is primarily loaded in compression and the vertebral body strength
is related to its structural rigidity at the weakest cross section. Structural rigidity depends on
bone size and bone elastic modulus, which is estimated using a previously published
relationship that relates integral vBMD to elastic modulus. The elastic modulus (N/cm?) is
defined as follows: —34.7 + 3230 x integral vBMD.33 Thus, we calculated the vertebral
compressive strength using the following equation: vertebral strength (N) = 0.0068 x elastic
modulus x CSA.34

Covariates and baseline measurements

At the FHS examination visits, routine medical history, physical examination, and laboratory
evaluations were performed. For this study, covariates were evaluated at the Offspring exam
7 and Generation 3 exam 1. Self-reported data on smoking status and alcohol use was
assessed on the basis of clinician-administrated questionnaires. Participants were considered
current smokers if they had smoked at least one cigarette per day in the year preceding the
FHS examination. Physical activity was assessed using the Framingham activity index,
which quantifies activity based on a participant’s reporting of the number of hours per day
spent sedentary or at various activities, as well as the activity level.3> Trained technicians
used standard protocols for measuring weight, height, and waist circumference. BMI was
defined as weight (kg)/height? (m?2). Diabetes was defined as a fasting plasma glucose >126
mg/dL or treatment with a hypoglycemic agent or insulin. Self-reported data on use of lipid
lowering medications and menopausal status was also assessed on the basis of clinician-
administered questionnaires. Post-menopausal status was defined as the cessation of menses
for = 1 year. This includes the following subcategories: natural menopause, surgical
menopause or other cause of menopause, consistent with previous FHS analyses.36:37

Statistical analysis

We performed sex-specific Pearson correlation coefficients to test the relationship between
continuous LPR and vBMD, CSA, and vertebral compression strength. We then measured
the association between NAFLD and vBMD, CSA, and vertebral compression strength by
constructing multiple linear regression models with bone density as the dependent variable
and NAFLD status as the primary independent variable. Continuous LPR was a secondary
independent variable. We constructed a series of multivariable models: A multivariable
model adjusted for age, sex, FHS Cohort, smoking status, alcohol intake (drinks/week),
physical activity, diabetes, statin medication use, and estrogenic status (in women;
comprising menopausal status and the current use of any systemic estrogen replacement
therapy). Additional models individually added BMI or VAT to the multivariable model. We
tested the correlation between VAT and BMI using Spearman correlations and we observed a
strong correlation between VAT and BMI. We obtained the component of VAT volume that
is not explained by BMI (i.e. VAT residuals) by regressing VAT volume on BMI and
performed an additional model adding adjustment for BMI and VAT residuals to the
multivariable model.
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We tested for interaction with age and sex. We also performed sensitivity analyses to adjust
for VAT and height, weight, or height and weight in place of BMI. All p-values were two-
sided and a p<0.05 was considered significant. Statistical analyses were performed using
SAS version 9.4 for Windows (SAS Institute, Cary, NC).

Study Sample Baseline Characteristics

The characteristics of the study participants are shown in Table 1. Of the 2,253 participants
(mean = standard deviation (SD) age 51.2 + 10.7 years), 16.8% (n=379) had NAFLD,
including 195 women and 184 men. At baseline, regardless of NAFLD status, participants
were similar in many clinical variables, including age, smoking status, alcohol use, physical
activity levels, menopause status, and hormone supplementation use. Participants with
NAFLD had higher waist circumference, VAT volume, ALT, and more metabolic disease
compared to those without NAFLD.

Correlations Between Continuous Liver Fat and Volumetric Bone Measures

Liver fat was weakly, but significantly associated with vertebral CSA and the association
was slightly weaker for women (r = 0.020) compared to men (r = 0.077) (Table 2). We also
observed a weak negative correlation between liver fat and integral vVBMD in women only
(r=-0.061; p=0.04). We observed no significant correlations between liver fat and trabecular
vBMD or vertebral strength.

Multivariable-adjusted Linear Regression Analyses

In the multivariable-adjusted model, we observed associations between NAFLD and higher
integral vBMD (= 0.006, 95% CI 0.002 to 0.010), trabecular vBMD (B = 0.005, 95% ClI
0.001 to 0.009), and vertebral compressive strength (f = 1.188, 95% CI 0.061 to 2.314)
(Table 3). However, after adding BMI, VAT, or BMI and VAT residuals to the multivariable
model, the associations with NAFLD and integral vBMD, trabecular vBMD, and vertebral
compressive strength were no longer statistically significant.

In the multivariable models additionally adjusted for BMI, VAT, or BMI and VAT residuals,
we observed associations between NAFLD and a significantly lower vertebral CSA.
Compared to the multivariable model adjusting for BMI, the multivariable model adjusting
for BMI and VAT residuals had a slightly attenuated effect, though there remained a
statistically significant lower vertebral CSA (MV+ BMI model: f = —0.243, 95% CI —0.398
to —0.087 vs. MV + BMI and VAT residuals: $=—0.203, 95% CI -0.364 to —0.042).

When continuous liver fat (-LPR) was the independent variable in place of NAFLD, results
were overall very similar (Table 3). We observed a statistically significant association
between continuous liver fat and lower vertebral strength in the multivariable and BMI
adjusted model (B=—0.440, 95% CI —0.867 to —0.014); however, the association was no
longer significant after VAT residuals were added to the model (B=—-0.352, 95% CI -0.797
to 0.092).
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We performed secondary sensitivity analyses to explore different covariates in place of BMI.
We adjusted for VAT and height, weight, and weight and height to explore different ways of
measuring adiposity. The results were not significantly different for integral vBMD,
trabecular vBMD, and vertebral compressive strength (Supplementary Table 1). For
vertebral CSA, all models except multivariable + VAT + height were significant. We also
considered ALT as the exposure variable, in place of liver fat. Overall, results were very
similar, though slightly attenuated, compared with the primary models with NAFLD or
continuous liver fat (Supplementary Table 2). Additionally, we further adjusted for ALT in
our original analyses (Supplementary Table 3), and we found that the liver fat estimate by
CT was still associated with vertebral CSA. The effect estimates were slightly different, but
remained statistically significant.

Discussion

Principle findings

In this large, community-based sample of middle-aged to older adults, we observed
significant associations between NAFLD and integral vBMD, trabecular vBMD and
vertebral compressive strength in multivariable-adjusted models. However, these
associations were attenuated and no longer statistically significant after accounting for BMI
and VAT. Our findings support the hypothesis that associations between NAFLD and BMD
and vertebral strength are confounded by general and visceral adiposity and the associations
observed are likely not specific to liver fat. However, NAFLD was significantly associated
with lower vertebral CSA and this association remained after we accounted for BMI and
VAT. The association between NAFLD and lower vertebral CSA was weak and the clinical
significance is not known. Our findings suggest that the possible increased risk of fracture in
NAFLD relates to an imbalance of load distributed over a small vertebral CSA, though
additional studies are needed. Our findings are also consistent with a recent systematic
review of NAFLD, BMD, and fracture that found NAFLD to be associated with history of
fracture but not with BMD, again suggesting the possibility of an effect of NAFLD on bone
size contributions to fracture.38

In the context of the current literature

Our cross-sectional study builds upon prior studies on the association between NAFLD and
BMD. In contrast to our study, other studies in more select populations observed a negative
association between NAFLD and BMD,3:17-22.24.39 even after controlling for BMI. It is
possible that differences in sample populations may account for these apparently discrepant
results. Prior studies were mostly performed in China or Korea and study participants had a
lower mean BMI compared to participants in our US-based study.319:20.24 BMI may more
strongly influence BMD in a more obese population compared to a relatively lean
population. Additionally, unmeasured confounding factors, such as dietary patterns and
family history of osteoporosis, may differ by study setting and could possibly account for
the discrepancy in study findings. Furthermore, the sample of one large Korean-based study
was exclusively focused on postmenopausal women,18 a population whose bone architecture
is compromised at baseline.4? Other studies included both women and men, but excluded
women who were pre-menopausal.2%-24 In our community-based study, we included both
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women and men and, regardless of NAFLD status, the majority of the women in our sample
were pre-menopausal. It is possible that the association between NAFLD and BMD is
limited to older adults who already have diminished bone architecture. We expanded the
analysis of NAFLD and BMD by further adjusting for VAT, a variable that was not
accounted for in prior studies. Thus, it is possible that the observed association between
NAFLD and BMD may be driven by VAT and not specifically liver fat. Whereas prior
studies assessed the relationship between NAFLD and BMD, our study is the first, to our
knowledge, to also examine the relationship between NAFLD and vertebral strength and
CSA. Though the association between NAFLD and vertebral strength was attenuated after
accounting for BMI and VAT, the association with CSA remained significant even after
accounting for general or visceral adiposity.

Potential mechanisms

Several lines of evidence suggest that impairment of the growth hormone (GH) / insulin-like
growth factor-1 (IGF-1) axis and VAT expansion may mediate bone loss in patients with
NAFLD. First, the metabolically-active pro-inflammatory cytokines® and adipokines!®
secreted by VAT are thought to accelerate the metabolism of steroid hormones, 1! which may
in turn compromise skeletal health.12-16 Second, VAT has been associated with low serum
IGF-1 levels, and in several recent cross-sectional reports, low circulating IGF-1 has been
linked to progressive histological NAFLD.4142 Finally, within the general population, low
circulating IGF-1 is also associated with decreased BMD scores and increased bone marrow
fat.43 To date, however, results have been conflicting, with some studies showing an
association between central obesity and increased fracture risk,*44° and others reporting
greater cortical and trabecular indices of bone strength, in patients with higher VAT volume.
6-8,44.45 Taken together, these data suggest that VAT may contribute to the relationship
between NAFLD and BMD, and that this relationship may be modified by impaired GH/
IGF-1 signaling.

Strengths and limitations

The main strength of our investigation includes the use of a large, community-based cohort
well phenotyped for both NAFLD, VAT, and BMD using objective measures. However,
several limitations exist. Due to the cross-sectional nature of our study, we are not be able to
infer causality in the observed relationships between NAFLD and BMD, vertebral
compression strength or CSA. Consequently, future studies with serial radiographic and/or
histological measurements evaluating changes in VAT and NAFLD severity over time as
they relate to BMD, will be needed. Additionally, this study represents an observational
analysis that is subject to residual confounding. Moreover, while it benefits from its large,
community-based design, which enhances overall generalizability, it is nonetheless
comprised of a primarily Caucasian population, and therefore future studies will be needed
to validate our findings in other multi-ethnic populations. Finally, this study lacks hepatic
histology, which remains the gold standard for the diagnosis of NAFLD. Given that CT only
has 70% sensitivity, there is the possibility of misclassification of NAFLD, and the inclusion
of people with NAFLD in the non-NAFLD group may decrease the ability to detect a
relationship if one exists. Furthermore, although CT is well-validated and widely used for
the diagnosis of steatosis, CT cannot reliably identify non-alcoholic steatohepatitis (NASH)
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or assess fibrosis. Due to differences in the mechanisms of NAFLD compared to NASH with
regard to liver function and systemic inflammation, results may not be generalizable to
individuals with NASH or more advanced liver phenotypes. Thus, future studies will be
needed in carefully-phenotyped NAFLD populations to determine whether the observed
relationships from this study are related to NAFLD severity.

Conclusion

In conclusion, we observed that the associations between NAFLD and BMD and vertebral
strength were confounded by BMI and VAT; however, NAFLD was associated with low
vertebral CSA in adjusted models. Additional studies are needed to confirm our findings and
to determine if an imbalance of load distributed over a small vertebral CSA may contribute
to the increased risk of fracture in NAFLD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Importance Questions
What is already known about this subject?

. Non-alcoholic fatty liver disease (NAFLD) is strongly associated with obesity
and often occurs in the setting of other cardiometabolic diseases, such as
dyslipidemia and insulin resistance.

. NAFLD is associated with the loss of bone mineral density (BMD) and bone
fractures in prior studies.

What are the new findings in your manuscript?

. We observed that the associations between NAFLD and BMD and vertebral
strength were confounded by body mass index (BMI) and visceral adipose
tissue (VAT).

. NAFLD was associated with low vertebral cross-sectional area (CSA), even
after adjusting for BMI and VAT

How might your results change the direction of research or the focus of clinical
practice?

. Additional studies are needed to confirm our findings and to determine if an
imbalance of load distributed over a small vertebral CSA may contribute to
the increased risk of fracture in NAFLD.
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Characteristics of Framingham Heart Study participants (N=2,253), according to the presence of NAFLD

Variable NAFLD Non-NAFLD | Overall

N=379 N=1,874 N=2,253
Age, years, mean (SD) 52.8 (10.9) 50.9 (10.6) 51.2 (10.7)
Women, % 195 (44.6) 982 (52.4) 1151 (51.1)
Cohort, N (%)

Offspring 177 (46.7) 759 (40.5) 936 (41.5)
Smoking, current (%) 38 (10.0) 191 (10.2) 229 (19.6)
Alcohol (drinks / week), mean (SD) 3.1(3.9) 3.0(3.4) 3.0(3.5)
Physical activity (Framingham activity index), mean (SD) | 36.8 (6.5) 37.5(6.9) 37.4 (6.8)
Weight, kg, mean (SD) 90.3 (18.5) 77.2(16.2) 79.4 (17.3)
Height, cm, mean (SD) 169.9 (9.3) 169.5 (9.6) 169.6 (9.6)
BMI, kg/m?, mean (SD) 31.8(5.7) 26.8 (4.8) 275 (5.2)
Waist circumference (cm) 41.8 (5.6) 37.1(5.3) 37.9 (5.6)
VAT volume, cm3, mean (SD) 2623 (1055) 1566 (908) 1744 (1014)
Liver phantom ratio, mean (SD) 0.27 (0.06) 0.37 (0.02) 0.36 (0.05)
ALT, U/L, mean (SD) 31.5(20.2) 22.7(13.7) 24.2 (15.4)
Diabetes, N (%) 51 (13.5) 73 (3.9) 124 (5.5)
Post-menopausal status, N (%) 104 (27.4) 487 (26.0) 591 (26.2)
Use of hormone supplementation, N (%) 37 (9.8) 189 (10.0) 226 (10.0)
Use of lipid lowering medications, N (%) 71(18.7) 257 (13.7) 328 (14.6)
Integral BMD, g/cm?, mean (SD) 0.189 (0.039) | 0.187(0.041) | 0.187 (0.041)
Trabecular BMD, g/cm3, mean (SD) 0.142 (0.041) | 0.142(0.043) | 0.142(0.042)
Vertebral CSA, cm?, mean (SD) 11.3(1.6) 11.3(1.7) 11.3(1.7)
Vertebral compressive strength, N, mean (SD) 445 (12.0) 43.7 (12.4) 43.8 (12.3)

SD: standard deviation; BMI: body mass index; VAT: visceral adipose tissue; ALT: alanine transaminase; BMD: bone mineral density; CSA: cross-

sectional area
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Pearson correlation coefficients between liver fat and bone mineral density, vertebral cross-sectional area and

vertebral compressive strength, by sex

Pearson Correlation Coefficients

Women Men Overall
Qutcomes r p-value r p-value r p-value
L3 integral vBMD (g/cm®) -0.061 0.04 0.003 0.93 -0.028 0.18
L3 trabecular vBMD (g/cm?) -0.036 0.22 0.033 0.28 -0.00014 0.99
L3 cross-sectional area (cm?) 0.020 0.50 0.077 0.01 0.052 0.01
Vertebral compressive strength (N) | -0.042 0.15 0.033 0.28 0.009 0.67

vBMD: volumetric bone mineral density
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