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A B S T R A C T

Background: Marrow fat accumulates in diabetic conditions but remains elusive. The published works on the
relationships between marrow fat phenotypes and glucose homeostasis are controversial.
Purpose: To detect the association of insulin resistance with marrow adiposity in postmenopausal women with
newly diagnosed type 2 diabetes (T2D) using chemical shift-encoded water–fat MRI.
Methods: We measured vertebral proton density fat fraction (PDFF) by 3T-MRI in 75 newly diagnosed T2D and
20 nondiabetic postmenopausal women. Bone mineral density (BMD), whole body fat mass and lean mass were
determined by dual-energy X-ray absorptiometry. Insulin sensitivity was estimated using the homeostasis model
assessment of insulin resistance (HOMA-IR).
Results: Lumbar spine PDFF was higher in women with T2D (65.9 ± 6.8%) than those without diabetes
(59.5 ± 6.1%, P= 0.009). There was a consistent inverse association between the vertebral PDFF and BMD.
PDFF had a positive association with glycated hemoglobin and HOMA-IR but not with fasting plasma glucose
and insulin. PDFF was significantly increased, and BMD was decreased in a linear trend from the lowest (< 1.90)
to highest (≥2.77) HOMA-IR quartile. Multivariate linear regression analyses revealed a positive association
between log-transformed HOMA-IR and PDFF after adjustment for multiple covariates (ß = 0.382, P < 0.001).
The positive association of HOMA-IR with PDFF remained robust when total body lean mass and fat mass, BMD
was entered into the multivariate regression model, respectively (ß = 0.293 and ß = 0.251, respectively; all
P< 0.05).
Conclusions: Elevated HOMA-IR was linked to higher marrow fat fraction in postmenopausal women with newly
diagnosed T2D independently of body compositions.

1. Introduction

Diabetes may negatively impact skeletal integrity by unbalancing

several pathways such as bone formation, bone resorption, marrow
adipogenesis, collagen formation, secretion of inflammatory cytokine,
and calcium metabolism, etc. [1,2]. Hyperinsulinemia and insulin
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resistance are the hallmarks of type 2 diabetes (T2D). Despite higher or
normal bone mineral density (BMD), T2D populations have increased
fracture risk as compared with non-diabetic subjects [3,4]. These
paradoxical findings might be ascribed to the impact of insulin re-
sistance on skeletal integrity, but the associations of insulin resistance
with bone structure and material properties remain elusive.

Marrow adipose tissue is considered as an insulin-sensitive tissue
and has shown surprising effects on other adipose tissue depots and
whole body energy metabolism, because of the expression of genetic
and metabolic traits of brown adipose tissue [5,6]. Several studies in-
vestigated marrow adiposity in T2D with conflicting results, showing
T2D populations have higher marrow fat content [3] or no significant
differences [7–9] compared to those without diabetes. Similarly, the
effects of hyperinsulinemia and insulin resistance on bone health are
not fully understood, and the published studies on the relationships
between marrow fat phenotypes and glucose homeostasis have been
inconclusive. Insulin resistance had a positive [10], negative [11] or no
[9,12,13] association with marrow fat expansion. Challenges to inter-
preting currently available data arising from inhomogeneous cohorts
with secondary factors affecting bone health, relatively small sample
size, and use of diverse measurements such as homeostasis model as-
sessment of insulin resistance (HOMA-IR), fasting insulin and glucose.

Since marrow adipocytes express insulin receptors and respond to
insulin-sensitizing anti-diabetic thiazolidinedione, marrow adipose
tissue is under the effect of systemic insulin [14]. In addition, animal
studies have shown that marrow fat volume is not linked directly to
peripheral fat accumulation and, instead, is coincident with insulin
resistance [15]. The present study aimed to test the hypothesis that
marrow fat expansion had a positive association with insulin resistance
in postmenopausal women with newly diagnosed T2D using chemical
shift-encoded (CSE) water-fat MRI.

2. Material and methods

2.1. Study participants

In this cross-sectional study, eighty postmenopausal women with
newly diagnosed T2D who were older than 50 years with more than
1 year since menopause and had not previously received any anti-dia-
betes medication, and 20 age- and body mass index (BMI)-matched
healthy controls were recruited between March 2013 and May 2018.
None of the volunteers met any of the other exclusion criteria. The
definition of diabetes was based on the American Diabetes Association
guidelines and in the presence of fasting plasma glucose levels of
7.0 mmol/L or higher (126 mg/dL), 2-hour plasma glucose of
11.1 mmol/L or higher (200 mg/dL), glycated hemoglobin (HbA1c) of
6.5% or higher.

The key exclusion criteria were as follows: 1) history of medical
disorders known to affect bone and fat metabolism except for T2D, such
as previous or current malignant tumor, exposure to chemo-radio-
therapy, chronic renal and liver disease, pituitary or hypothalamic
disorders, parathyroid disease or vitamin D deficiency, or other chronic
illnesses; 2) any prior or current use of drugs that could affect fat and
bone metabolism, such as systemic hormonal replacement therapy,
bisphosphonates, glucocorticoids, proton pump inhibitors; 3) any con-
founder that had the potential to interfere with the interpretation of the
findings, such as lumbar spine or hip fracture; and 4) contraindications
to MRI examination. All women completed questionnaires about med-
ical history and medication use. After implementation of the exclusion
criteria, five T2D women with vertebral hemangiomas and silent
compression fractures were excluded from the current study. Therefore,
our analytical sample size for this study was 95. Study procedures were
in accordance with institutional guidelines and approved by an
Institutional Review Board. Informed consent was obtained from all
participants before enrolling them into study.

2.2. Lifestyle factors and anthropometric measurements

All participants underwent a thorough physical examination. Age,
years since menopause, body weight, height, smoking history, drinking
habits, physical activity, and calcium and phosphorus intake were re-
corded. Body weight and height were obtained using standard protocols
and were measured to the nearest 0.1 kg and 0.5 cm, respectively. BMI
was calculated from the body weight and height. Smoking was cate-
gorized as never, past or current, and alcohol consumption was defined
as at least one alcoholic beverage per day. Physical activity was as-
sessed using the International Physical Activity Questionnaire short
form, with data reported as Metabolic Equivalent of Task hours per
week [16].

2.3. Biochemical measurements

Blood samples were collected via a cubital vein puncture under
standard conditions between 7 a.m. and 9 a.m. after at least 12-h
overnight fasting. The fasting plasma concentrations of glucose, insulin,
HbA1c, and lipids profile including total cholesterol, triglycerides, high-
and low-density lipoprotein cholesterol were measured according to
standard laboratory methods at the Central Laboratory. HOMA-IR was
calculated from levels of fasting plasma insulin and glucose by using
HOMA Calculator Software (the University of Oxford), with higher
values indicating insulin resistance. Quartiles for the cohort distribution
for the HOMA-IR were as follows: Quartile 1, < 1.90; Quartile 2,
1.90–2.19; Quartile 3, 2.20–2.76; and Quartile 4, ≥2.77.

2.4. BMD and non-bone body composition measurements

Areal BMD (g/cm2) at the total hip, femoral neck and lumbar spine
(from L1 to L4) was assessed using dual-energy X-ray absorptiometry
(DXA, Prodigy Lunar, GE Healthcare, Waukesha, WI). Whole body lean
mass and fat mass were measured from total body DXA scans. All
measurements were done by the same of accredited technician using a
standard operating procedure. The scanner was checked daily before
each scanning session using the GE Lunar calibration phantom, as re-
commended by the manufacturer to control possible baseline drift. The
coefficient of variations of BMD at the lumbar spine, femoral neck and
total hip, total body fat mass and lean mass measurements were less
than 1.19%.

2.5. MR image acquisition

Scans were acquired using a 3-T scanner (Ingenia, Philips
Healthcare, Best, the Netherlands). The images were acquired with
subject in the supine position using the standard spine-array receive
coil. MRI acquisition included standard clinical sagittal T1- and T2-
weighted images for morphological assessments of the lumbar region.

CSE–MRI was performed to obtain the proton density fat fraction
(PDFF) of the lumbar spine using an eight-echo 3D spoiled gradient
echo sequence in the spine sagittal plane as described previously [17].
The sequence acquired eight echoes in a single repetition time (TR)
using mono-flyback read-out gradients. The imaging parameters were
as following: TR = 10 ms, echo time (TE)init/ΔTE = 1.48/1.2 ms, field
of view = 400 mm × 400 mm, frequency direction = A/P (to minimize
breathing artifacts), matrix = 256 × 256, slice thickness = 3 mm, flip
angle = 3°(given the large T1 difference between water and fat com-
ponents in the bone marrow [18], a small excitation flip angle was used
to minimize T1-bias effects) [19–21]; receiver bandwidth = 1.3 kHz/
pixel, and number of signals averaged = 1.

Accounting for the water/fat separation strongly depends on the
initial guess of the B0 inhomogeneity map, we first performed a region-
growing algorithm to evaluate the field-map variation according to the
method as previously described [17,22]. In order to enable a robust
water–fat separation, phase errors induced by echo misalignments, the
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concomitant gradient field and a constant phase offset between time-
interleaves echo trains were corrected [20,23]. A complex-based wa-
ter–fat decomposition was then performed using a single T2* correction
and a pre-calibrated eight-peak spectral model of fat, considering the
presence of the multiple peaks in the fat spectrum [24]. The pre-
calibrated fat spectrum was modeled by using the bone marrow fat
spectrum at the lumbar spine characterized by Karampinos et al. [25]
and Dieckmeyer et al. [26], but not the choice of the liver fat spectrum.
Image reconstructions yielded quantitative PDFF maps, defining the
ratio of the fat signal over the sum of fat and water signals. The PDFF
maps were exported to an OsiriX DICOM viewer to manually draw re-
gions of interest (ROIs) by two independent radiologists. Three ROI
measurements were made from the three most central slices depicting
each vertebra (from L1 to L4), as large as possible on midline sagittal
images and were excluded from the cortical bone and endplates. We
calculated Lin’s concordance correlation coefficient and intra-class
correlation coefficient to assess the inter-rater agreement regarding the
PDFF measures. The mean PDFF values obtained by both raters were
averaged for final statistical analysis. More details of the image acqui-
sition and analysis have been previously described. [17]

2.6. Statistical analysis

Data are presented as means ± SD, median (interquartile range) or
frequency (%) as appropriate. We analyzed constitutive variables with a
Student t test or non-parametric test and categorical variables with a
Chi-squared test between the T2D and control groups. Trends in clinical
characteristics of the T2D group across HOMA-IR quartiles were ex-
amined using Polynomial test for continuous variables and Linear by
Linear association test for categorical variables. The least square mean
values of PDFF or BMD were compared across quartiles of HOMA-IR
after controlling for age, BMI, alcohol intake, tobacco use, physical
activity, serum lipids profile, whole body fat mass, lean mass and BMD
for PDFF comparisons or PDFF for BMD comparisons, and then a
multiple linear regression analysis was performed to test for a linear
trend. Pearson’s and Spearman’s correlations for normally and non-
normally distributed, respectively, were used to detect the associations
among the PDFF, BMD and insulin resistance indicators or hormones
involved in the metabolism of glucose. To evaluate the independent
association of PDFF with HOMA-IR, we performed multivariate re-
gression analyses after adjustment for potential covariates, including
age, BMI, alcohol intake, tobacco use, physical activity and serum lipids
profile in model 1. Model 2 was also adjusted for whole body fat mass
and lean mass. Finally, model 3 was additionally adjusted for bone
mass. Due to skewed distribution, variables such as HOMA-IR were
entered to model as log-transformed unit. Statistical analyses were
performed with IBM SPSS Statistics for Mac OS (Version 23.0. Armonk,
NY) and the level of significance was set at α = 0.05.

3. Results

3.1. Baseline characteristics

The baseline characteristics of the study populations are represented
in Table 1. There was no significant difference between the two groups
except for HbA1c and glucose levels, as expected and also levels of
triglyceride and high-density lipoprotein. We performed a subgroup
analysis for the T2D women according to the quartiles of HOMA-IR
(Table 1). Increasing trend was observed in the mean body weight, BMI,
total body fat mass and lean mass, levels of triglyceride, high-density
lipoprotein cholesterol, fasting blood glucose, insulin, and HbA1c from
the lowest to highest HOMA-IR quartile (P < 0.05 for all). The mean
age, height, physical activity, alcohol intake, history of smoking, total
cholesterol, and low-density lipoprotein cholesterol did not differ sig-
nificantly among HOMA-IR quartiles.

3.2. Inter-rater reliability for the PDFF measurements

The Lin’s concordance correlation coefficient was 0.961 (95% con-
fidence interval [CI], 0.944–0.983), and intra-class correlation coeffi-
cient was 0.980 (95% CI, 0.963–0.995) as measured for the inter-rater
agreement, suggesting an excellent agreement between the two ob-
servers for the PDFF measurements.

3.3. PDFF and BMD across HOMA-IR quartiles

Lumbar spine PDFF was higher in women with T2D (65.9 ± 6.8%)
than those health controls (59.5 ± 6.1%, P= 0.009) in unadjusted
models, and this difference remained statistically significant after ad-
justing for multiple covariates. Lumbar spine, femur neck and total hip
BMD values were similar between diabetic and nondiabetic women
(P > 0.05).

There was a consistent inverse association between the vertebral
PDFF and DXA-based BMD of the lumbar spine, femoral neck and total
hip (r = –0.503˜0.644, P< 0.05 for all). We further carried out cor-
relation analyses between the PDFF and BMD with glucose or lipid
metabolic indexes (Table 2). PDFF had a positive association with
HbA1c and HOMA-IR but not with fasting plasma glucose and insulin.
PDFF was also positively correlated with triglyceride and negatively
with high-density lipoprotein cholesterol. There was no association
between the PDFF and total cholesterol or low-density lipoprotein
cholesterol. BMD at the total hip, femoral neck and lumbar spine was
negatively correlated with HbA1c, HOMA-IR and triglyceride levels.
Fasting plasma glucose, insulin levels, total cholesterol and low-density
lipoprotein cholesterol showed no relation to BMD at the three sites.
The least square means of PDFF or BMD were compared across quartiles
of HOMA-IR after adjusting for age, BMI, alcohol intake, tobacco use,
physical activity, serum lipids profile, whole body fat mass, lean mass
and BMD (in PDFF comparisons) or PDFF (in BMD comparisons). As
shown in Fig. 1, the vertebral PDFF was significantly increased in
higher HOMA-IR quartiles compared to lower quartiles (P for trend <
0.001). We also observed this decreasing trend for mean BMD at the
lumbar spine, femoral neck and total hip as the quartiles of HOMA-IR
increased (P for trends < 0.05). The representative CSE-MRI of the
lumbar spine from the women across HOMA-IR quartiles are presented
in Fig. 2.

3.4. Association of logarithm-transformed HOMA-IR with PDFF

In multivariate linear regression models, logarithm-transformed
HOMA-IR had a positive association with PDFF after adjustment for
age, BMI, alcohol intake, tobacco use, physical activity, and serum li-
pids profile (model 1) (Standardized β coefficient ± standard error
[β ± SE] = 0.382 ± 0.131, P < 0.001). The positive association of
HOMA-IR with PDFF remained robust when whole body fat mass and
lean mass entered into multivariate model (model 2) (β ± SE =
0.293 ± 0.128, P= 0.002). Further adjustment for BMD (model 3) did
not alter the results observed in model 2 (β ± SE = 0.251 ± 0.123,
P= 0.011).

4. Discussion

The published studies on the relationships between BMD pheno-
types and glucose homeostasis are controversial. Although animal ex-
periments demonstrated that insulin stimulated osteoblast proliferation
and increased histomorphometric indices of bone formation [27], in-
sulin signaling in osteoblasts also promoted bone resorption in ex vivo
study [28]. In observation studies, insulin resistance had a positive
[4,29,30], negative [31–34] or no [35] association with bone health.
Bone density measurements underestimate skeletal fragility in T2D,
which leads to the concept that insulin resistance might in part directly
contribute to deficit of bone microstructure and material properties
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rather than BMD [4,36]. The majority of studies showed that elevated
HOMA-IR was associated with lower bone quality [4,33,36,37]. This
indicates that the negative effect on bone strength has offset the ap-
parently favorable effect in higher or normal BMD associated with in-
sulin resistance.

Substantial evidence shows that diabetes may be a state of elevated
marrow fat content. This increase in marrow fat is often linked to the
deterioration of bone quality, although this relationship may not be
causal [5]. Similar to previous studies [3,7,38], we found a negative
association between the amount of marrow fat and BMD in post-
menopausal women with T2D. We also found evidence that women
with diabetes had a significantly higher vertebral marrow fat content
than those without. These results were confirmed by another study
conducted by Sheu et al. [3] who reported older men with diabetes had
a higher marrow fat compared to non-diabetic controls. In contrast,
work by other investigators suggests that marrow fat content was si-
milar in the diabetic postmenopausal women and healthy controls [7],
however levels of unsaturated fatty acids in bone marrow was lower in
diabetic subjects. Similar results were reported by Patsch et al. [8] who

found no correlation between diabetic status and vertebral marrow
adiposity, whereas T2D patients with prevalent fragility fractures had
lower unsaturated marrow lipids and higher saturated fatty acids than
non-diabetic women or diabetic non-fracture controls. Araujo et al. [9]
also did not find a difference in vertebral marrow adiposity among T2D,
obesity and healthy controls, but again marrow fat was positively as-
sociated with HbA1c levels. Despite no significant difference in marrow
fat content between diabetic and nondiabetic obese women at baseline,
weight loss from Roux-en-Y gastric bypass surgery reduced marrow fat
content after 6 months only in diabetic women but not in the non-
diabetic patients [39]. These inconsistent results may be attributed to 1)
the heterogeneity of the investigated population while the gender, age
and menopause status have been identified as important factors influ-
encing bone marrow fat [40,41]; 2) the small sample size; and 3) the
impact of therapeutic interventions such as thiazolidinediones or dif-
ferent covariates adjusted in the statistical analysis.

The mechanisms underlying skeletal fragility in diabetes are not
completely understood. Numerous factors that are pertinent to the
diabetic context have been shown to enhance marrow adipogenesis via

Table 1
Baseline characteristics of the study subjects.

T2D
(n = 75)

Controls
(n = 20)

P-valuea HOMA-IR quartiles in T2D

Q1
(< 1.90; n = 20)

Q2
(1.9–2.19;
n = 19)

Q3
(2.20–2.76;
n = 19)

Q4
(≥2.76; n = 17)

P-valueb

Age, years 59.3 ± 4.6 58.8 ± 5.7 > 0.05 58.9 ± 4.8 59.4 ± 5.1 59.2 ± 3.6 59.7 ± 5.0 > 0.05
Height, cm 158.5 ± 6.0 159.2 ± 6.8 > 0.05 158.1 ± 5.2 157.8 ± 6.8 158.6 ± 6.4 159.5 ± 5.0 > 0.05
Weight, kg 61.9 ± 8.3 61.1 ± 8.1 > 0.05 59.2 ± 6.8 60.5 ± 7.2 63.1 ± 9.1 64.7 ± 9.2 < 0.001
Body mass index, kg/m2 24.7 ± 3.5 24.3 ± 4.2 > 0.05 23.7 ± 2.8 24.5 ± 3.7 25.1 ± 3.2 25.5 ± 3.8 < 0.001
Fat mass (kg) 22.5 ± 4.5 21.9 ± 4.8 > 0.05 21.1 ± 4.1 21.7 ± 4.3 23.2 ± 4.5 23.8 ± 4.9 < 0.001
Lean mass (kg) 36.7 ± 5.6 37.1 ± 6.1 > 0.05 35.3 ± 5.8 36.5 ± 5.2 37.1 ± 5.9 37.9 ± 5.4 0.004
Regular alcohol consumption, n (%) 6 (8%) 2 (10%) > 0.05 2 (10%) 1 (5%) 2 (11%) 2 (12%) > 0.05
Cigarette smokers, n (%) 4 (5%) 1 (5%) > 0.05 2 (10%) 1 (5%) 1 (5%) 0 > 0.05
Physical activity (METs/wk) 10.9 ± 5.5 11.8 ± 6.6 > 0.05 10.1 ± 4.3 12.4 ± 6.5 11.1 ± 5.2 10.0 ± 5.4 > 0.05
Total cholesterol (mmol/L) 4.79 ± 1.69 4.66 ± 1.57 > 0.05 4.82 ± 1.74 4.57 ± 1.59 4.69 ± 1.62 4.86 ± 1.84 > 0.05
LDL cholesterol (mmol/L) 2.75 ± 0.87 2. 67 ± 0.90 > 0.05 2.59 ± 0.93 2.68 ± 0.90 2.97 ± 0.83 2.90 ± 0.80 > 0.05
HDL cholesterol (mmol/L) 1.13 ± 0.48 1.34 ± 0.46 0.029 1.30 ± 0.50 1.33 ± 0.54 1.04 ± 0.42 0.92 ± 0.45 0.011
Triglyceride (mmol/L) 1.49 ± 0.64 1.21 ± 0.59 0.015 1.13 ± 0.45 1.39 ± 0.55 1.61 ± 0.60 1.70 ± 0.71 0.008
HbA1c (%) 8.56 ± 1.20 5.34 ± 0.52 < 0.001 7.68 ± 0.95 7.93 ± 1.26 8.35 ± 1.13 8.94 ± 1.34 < 0.001
Fasting glucose, mmol/L 7.80 (7.62, 8.66) 5.20 (4.34, 5.75) < 0.001 7.46 (7.38, 7.59) 7.75 (7.64, 7.78) 8.15 (7.86, 8.63) 8.97 (8.80, 11.47) < 0.001
Insulin, μU/L 17.5 (15.3, 26.0) 11.3 (7.9, 14.8) < 0.001 14.3 (12.8, 14.8) 16.8 (16.0, 17.4) 19.5 (18.9, 22.5) 35.8 (30.7, 37.8) < 0.001
HOMA-IR 2.19 (1.90, 2.76) 1.53 (1.17, 1.94) < 0.001 1.83 (1.80, 1.88) 1.99 (1.95, 2.11) 2.36 (2.31, 2.56) 4.60 (3.45, 5.20) < 0.001

Data are presented as mean ± SD, median (interquartile range) or frequency (%) as appropriate.
HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein; METs, metabolic equivalent of tasks; Q,
quartile; HbA1c, glycosylated hemoglobin.
HOMA-IR was calculated from fasting plasma insulin and glucose levels by using HOMA Calculator Software (from the University of Oxford), with higher values
indicating insulin resistance.

a P-value between the T2D and control groups was calculated by independent-sample t-test, Chi-squared test or non-parametric test.
b P-value represented the significance of the differences in mean values across all the quartiles in the T2D group as calculated by an ANOVA, Chi-squared test or

non-parametric test.

Table 2
Correlation analysis between biochemical measures and PDFF or skeletal density in the T2D group.

HOMA-IR HbA1c (%) Insulin, μU/L Fasting glucose,
mmol/L

Total cholesterol
(mmol/L)

Triglyceride
(mmol/L)

LDL-c
(mmol/L)

HDL-c
(mmol/L)

PDFF, % 0.574a 0.336b 0.108 0.064 0.091 0.401b 0.102 –0.289b

Total hip BMD, g/cm2 –0.189b –0.175b –0.024 –0.088 –0.083 –0.149b 0.014 0.018
Femoral neck BMD, g/cm2 –0.166b –0.171b 0.009 –0.100 0.042 –0.160b –0.045 0.027
Lumbar spine BMD, g/cm2 –0.211b –0.190b –0.032 0.011 0.037 –0.203b –0.070 0.155b

BMD, bone mineral density; HDL-c, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; LDL-c, low-density lipo-
protein cholesterol; HbA1c, glycosylated hemoglobin; PDFF, proton density fat fraction.

a P < 0.001.
b P < 0.05.
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disrupting the homeostatic balance between osteogenic and adipogenic
differentiation of mesenchymal progenitor cells, including insulin, in-
sulin-like growth factor-1 and tumor necrosis factor-α [1]. Additionally,
long-standing hyperglycemia is linked to changes in marrow cellularity.
High glucose microenvironment inhibits the proliferation and migra-
tion of bone mesenchymal stem cells, and hyperglycemia promotes the
selection of adipogenesis over osteoblastogenesis of bone marrow
stromal cells [42]. As a result, diabetic bone loss may be attributed to
the “obesity” of bone.

Marrow fat is an active dynamic depot that vigorously contributes
to local and systemic metabolic processes; however, its association with
insulin resistance has not been consistently reported. A novel finding of
our study is that newly diagnosed T2D postmenopausal women who
had elevated insulin resistance showed marrow fat expansion irre-
spective of body compositions. Indeed, some [10], but not all [11,12]
studies have reported a positive association between marrow fat ex-
pansion and insulin resistance. Intriguingly, marrow fat content was
negatively associated with fasting insulin and HOMA-IR in obese and
non-obese premenopausal women [11]. In other studies, no such as-
sociation was found. Bani Hassan et al. [43] reported no associations
between marrow fat content and serum glucose, inflammatory markers
or insulin resistance indicators in a population of older men. The pre-
sent data also seem to conflict with those obtained in young healthy
adults with normal insulin sensitivity, non-diabetic women and subjects
with T2D, in which no relationship was observed between marrow fat
content and insulin or HOMA-IR [9,12,13]. It should be noted that
severe and a long duration of diabetes appear to alter marrow fat and
bone metabolism, structure, and strength, and then to increase skeletal
fragility. Unfortunately, most previous studies did not evaluate the

onset, duration, or severity of diabetes, or the use of antidiabetic
medications, which may account for the conflicting results.

This study has several strengths. First, we used a relatively larger
sample size of postmenopausal women as compared with previous
studies, which enabled us to assess properly the relationship of glucose
metabolism with marrow fat phenotype. More importantly, we only
focused on newly diagnosed T2D, which ensured the homogeneity of
the study sample to avoid potential influences of anti-diabetic medi-
cations on marrow fat content. In addition, we presented a new ap-
proach to the assessment of marrow PDFF in T2D using CSE-MRI.
However, marrow fat fraction was so far primarily obtained by using
single-voxel MR spectroscopy at a single lumbar vertebral level, and
most of the previous studies quantifying the bone marrow fat fraction
employed a single-TE MR spectroscopy measurement and did not per-
form any T2 correction, thus yielding the T2-weighted fat fraction but
not the PDFF [11,21]. Due to the anatomical variation of the vertebral
marrow composition, a spatially resolved PDFF map derived from CSE-
MRI is advantageous in comparison with MR spectroscopy-based fat
fraction measurements [20,44].

Our study has several limitations. First, the cross-sectional design
did not allow us to establish causal relationship between insulin re-
sistance and marrow adiposity. Longitudinal studies are needed to de-
termine the temporal association between insulin resistance and
marrow fat levels. Second, since this study was limited to post-
menopausal females with newly diagnosed T2D, caution should be
exercised in generalizing the results. Finally, high resolution quantita-
tive CT for evaluating bone quality and more specific biomarkers of
bone turnover were not available, and thus further studies are re-
commended.

Fig. 1. Adjusted least square mean values of PDFF in subjects with diabetes across quartiles of HOMA-IR.
Data are expressed as means ± SD and were adjusted for age, body mass index, alcohol intake, tobacco use, physical activity, serum lipids profile, whole body fat
mass, lean mass and BMD for PDFF comparisons or PDFF for BMD comparisons.
The bars from left to right are quartiles 1, 2, 3, and 4 of HOMA-IR.
The arrow indicates a significant linear trend between HOMA-IR quartile groups and PDFF values.
BMD, bone mineral density; HOMA-IR, homeostasis model assessment of insulin resistance; PDFF, proton density fat fraction.
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5. Conclusion

Our data reveal that a clear negative correlation was evident be-
tween marrow adiposity and BMD in postmenopausal women with
newly diagnosed T2D, and those with elevated insulin resistance
showed marrow fat expansion irrespective of body compositions. CSE-
MRI helps clinicians to understand more about the links between
marrow adipogenesis and insulin resistance or diabetes, providing in-
sight into the paradoxical relationship among bone mass, fracture risk
and diabetes. Further studies are needed to clarify whether marrow fat
expansion precedes, follows, or parallels insulin resistance in T2D.
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