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Abstract: To investigate the feasibility of blood oxygen level dependent magnetic resonance imaging (BOLD-MRI) in 
evaluating human subcutaneous and visceral adipose tissue (AT) oxygenation status, as well as their responses to 
dietary salt loading/depletion, we enrolled 16 healthy subjects [mean body mass index (BMI): 24.8 ± 2.7 kg/m2] to 
conduct a dietary intervention study, beginning with a 3-day run-in period for usual diet, followed by a 7-day high-
salt diet (≥ 15 g NaCl/day) and a 7-day low-salt diet (≤ 5 g NaCl/day). Abdominal BOLD-MRI scan was performed to 
evaluate oxygenation in waist subcutaneous and perirenal (visceral) AT. Two subjects with lower BMI were excluded 
because of the difficulty to identify subcutaneous AT. High salt diet led to a consistent increase in R2* signal (a 
parameter for increased hypoxia) both in subcutaneous and visceral AT (all P < 0.0001), which was completely 
regressed to baseline levels by low salt diet. In addition, subcutaneous AT R2* values at any time points, were all 
higher than that of visceral AT (all P < 0.0001). Pearson correlation analysis revealed that the visceral AT R2* levels 
were negatively associated obesity indicators (waist circumference, waist-to-hip ratio and BMI). On the contrary, 
although a trend towards negative associations between the subcutaneous AT R2* and obesity indicators was 
observed, none of the associations reached statistical significances. Thus, our data demonstrate the possibility of 
simultaneous detection of human subcutaneous and visceral AT oxygenation status using BOLD-MRI. In addition, 
there is a more close relationship visceral AT oxygenation status and the development of obesity.
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Introduction

Emerging evidence suggests that adipose tis-
sue (AT) is not a single homogeneous body 
compartment, but rather a highly active meta-
bolic and endocrine organ with distinct devel-
opmental origins [1]. Recent longitudinal epide-
miological studies have shown that different fat 
depots are associated with differential cardio-
vascular risk [2]. In these studies, most investi-
gators focused on the prognostic values of the 
absolute volume fat deposit in different body 
compartments. However, several lines of exper-
imental evidence [3-6], as well as a recent 
result from Framingham Heart Study cohort [7], 
suggest that the “quality” of AT, which includes 
AT hypoxia, microcirculation dysfunction, infla- 

mmatory cell infiltration and fibrosis, is another 
important characteristics linking obesity and 
cardiometabolic risk [8, 9]. 

Among the several “quality” of AT, oxygenation 
status or AT hypoxia, is increasingly recognized 
as a key pathophysiological process associated 
with obesity, insulin resistance, and type 2 dia-
betes, and provides a mechanistic basis for 
chronic low-grade inflammation, immune cell 
infiltration, and alterations in adipokine produc-
tion [10-12]. Currently, routinely used methods 
for determining human AT hypoxia are all inva-
sive approaches, such as Clark-type oxygen 
electrode detected by polarography [13], mic- 
rodialysis-based optochemical measurement 
[14], or tissue-specific venous catheterization 
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[15]. Direct measurement of oxygen tension is 
the advantage of these methods, however, 
their disadvantages include a small sampling 
area that may not reflect the variations in oxy-
gen tension among different regions, as well as 
the limited use in subcutaneous AT. 

Blood oxygen level-dependent magnetic reso-
nance imaging (BOLD-MRI) is a non-invasive 
tool for assessing organ/tissue hypoxia, which 
utilizes the magnetic properties of hemoglobin 
when it converts from the oxygenated to deoxy-
genated form. This method has been applied 
for indirect measurement of organ-level oxy-
genation under physiological and disease con-
ditions [16-19]. Recently, our group provide 
proof-of-principle evidence supporting the fea-

sibility of BOLD-MRI in monitoring visceral AT 
oxygenation in humans induced by dietary salt 
loading/depletion [20]. Because subcutaneous 
and visceral AT could be simultaneously visual-
ized and analyzed by one BOLD-MRI scan, we 
thus intended to compared the BOLD-MRI sig-
nal changes in subcutaneous and visceral AT at 
baseline, as well as their responses to altera-
tions in dietary salt intake, a known factor that 
could induce metabolic changes.

Materials and methods

Eligibility and recruitment

In this study, we enrolled non-smoking healthy 
volunteers by advertisement in our hospital. All 

Figure 1. Dietary intervention protocol.

Table 1. Physiological and Biochemical Changes during Dietary Intervention 
Baseline High Salt Low Salt P for trend

HR (bpm) 74.93 ± 7.54 83.00 ± 8.50** 79.21 ± 9.98 0.0013
SBP (mmHg) 119.0 ± 9.78 120.4 ± 7.29 119.6 ± 8.52 0.5853
DBP (mmHg) 72.50 ± 7.39 72.79 ± 7.76 72.86 ± 7.38 0.8961
CHO (mmol/L) 3.95 ± 0.44 3.88 ± 0.49 3.78 ± 0.55 0.2644
TG (mmol/L) 0.75 (0.59, 1.23) 1.00 (0.64, 1.49)** 0.78 (0.64, 1.14) 0.0053
LDL-C (mmol/L) 2.54 ± 0.29 2.46 ± 0.30 2.41 ± 0.36 0.1694
HDL-C (mmol/L) 1.18 ± 0.13‡ 1.11 ± 0.14 1.06 ± 0.13 0.0082
GLU (mmol/L) 4.52 ± 0.32‡ 4.79 ± 0.29*** 4.36 ± 0.45††† < 0.001
UV (mL/24 h) 1604 ± 707 2196 ± 520** 1514 ± 517†† < 0.001
UNa (mmol/24 h) 149.6 ± 52.6‡‡‡ 330.0 ± 41.464*** 73.3 ± 23.1††† < 0.001
UK (mmol/24 h) 27.32 ± 7.74 39.47 ± 8.44*** 24.45 ± 7.24††† < 0.001
UCr (mmol/24 h) 6.53 ± 2.06 9.72 ± 2.58*** 5.82 ± 2.14††† < 0.001
VAT R2* (s-1) 20.87 ± 2.81 23.68 ± 3.12*** 20.47 ± 2.59††† < 0.001
SAT R2* (s-1) 25.61 ± 2.99 28.44 ± 3.41*** 25.34 ± 3.10††† < 0.001
*P < 0.05 vs. 1; **P < 0.01 vs. 1; ***P < 0.001 vs. 1. ††P < 0.01 vs. 2; †††P < 0.001 vs. 2. ‡P < 0.05 vs. 3; ‡‡‡P < 0.001 
vs. 3. Abbreviations: HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; CHO, cholesterol; TG, serum 
triglyceride; LDL-C, low density lipoprotein; HDL-C, high density lipoprotein; GLU, glucose; UV, urinary volume; UNa, urinary 
sodium; UK, urinary potassium; UCr, urinary creatinine; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue.
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subjects were screened to exclude cardiovas-
cular disease (stroke, heart failure, coronary 
heart disease and peripheral artery disease), 
hematological disorders, cancer, diabetes and 
hypertension. All participants provided written 
informed consent. Strenuous physical exercis-
es were forbidden throughout the study and 
volunteers were asked to ensure that sleep 
eight hours per day. The study protocol was 
approved by the institutional ethical commit-
tee, and was in accordance with the Declaration 
of Helsinki.

Study design

We conducted a three-phase dietary interven-
tion study including usual-salt (baseline), high-
salt and low-salt feeding as previously des- 
cribed [20, 21]. Briefly, during the running-in 
period (baseline, the first 3 days), participants 
were asked to eat all their meals in the hospi-
tal’s cafeteria. From day 4 to day 17, all foods 
were prepared by study dietitians and provided 
by the investigators. The participants were 
required to eat their meals at a defined place 
while being monitored by the investigators. 

High-salt (15 g/day) and low-salt (5 g/day) diets 
were constructed with identical components 
(58% carbohydrate, 15% protein and 27% fat), 
expect for the difference in salt content, and 
provided a calorie amount of ~2300 kcal/day. 
The research protocol is shown in Figure 1. All 
blood pressure and heart rate measurements 
were recorded between 8:00 am and 10:00 am 
using an automatic Omron HEM-7200 device 
(Omron Inc., Dalian, China) in a sitting position 
after 10 min of rest. On days 3, 10, and 17, all 
participants were provided with a 4000 mL 
wide-neck plastic container to collect 24 h 
urine samples.

Adipose tissue BOLD-MRI examination

All volunteers in fasting state underwent dy- 
namic BOLD-MRI on days 3, 10, and 17 by a 
Phillips Intera 3.0 Tesla whole body magnetic 
resonance system (Philips Medical Systems, 
the Netherlands) with a six-channel SENSE-
Torso coil to receive the MR signal according 
previous reports [20-23]. Each volunteer was 
scanned in the supine position, following scout 
scans to determine optimal imaging planes. 

Figure 2. Blood oxygen level-dependent magnetic resonance imaging (BOLD-MRI) of subcutaneous and visceral AT 
during dietary intervention. A: A typical abdominal coronal MRI image for the measurement of AT oxygenation. B: The 
waist subcutaneous and perirenal (visceral) AT from Figure A is highlighted by green and red color for ROI (region 
of interest) selection, respectively. C: Statistical comparison of BOLD-MRI signals during the intervention (n = 14, 
one-way repeated-measures ANOVA). D to F: Representative changes of BOLD-MRI images of one participant during 
dietary intervention on baseline (day 3), high salt (day 10) and low salt (day 17), respectively. 
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After an acquisition of standard three axial sur-
vey scan, a transverse TSE-T2WI sequence was 
performed using the following parameters: rep-
etition time (TR)/echo time (TE) = 2416 ms/85 
ms, field of view (FOV) = 375 × 297 mm2; slice 
thickness = 7 mm and intersection gap of 1 
mm; matrix size = 288 × 192 mm2.

BOLD-MRI T2*-weighted images were per-
formed by using a multi-echo 2D gradient-echo 
breathhold acquisition. Sixteen slices with a 
thickness of 5 mm and a gap of 0 mm were 
obtained in the coronal plane and transverse 
plane. The scanning had the following parame-
ters: TR/TE = 120 ms/2.5~77.5 ms (echospac-
ing = 5 ms); flip angle = 45°; matrix size = 132 
× 109; NEX = 2; and FOV = 400 × 372 mm2.

Calculation of adipose tissue R2* value

The subcutaneous and visceral AT BOLD-MRI 
images were analyzed based on a modified pro-
tocol from previously published work [24]. We 
selected 8 images in which the tissue anatomic 
boundaries were clear from sixteen T2*- 
weighted images and processed them to get-
ting the R2* maps using ImageJ (NIH, Bethesda, 
MD, USA). Calculated R2* value of subcutane-
ous and visceral AT on a pixel-by-pixel basis by 
fitting the corresponding echo time were also 
using ImageJ. Regions of interests (ROIs) with 
unfixed size [100-200 pixels for the abdominal 
subcutaneous AT, 50-80 pixels for the perirenal 
(visceral) AT] were placed randomly at abdomi-
nal subcutaneous and perirenal regions based 
on the anatomical images. For each R2* value 
measurement, a total of six ROIs were placed 
(three on the left and another three on the 
right); each ROI excluded big vessels. ROIs 
were selected by two experienced investigators 
and measured independently, and averaged.

Biochemical assays

Fasting blood samples were collected in all par-
ticipants on days 3, 10, and 17, to measure 
serum glucose, total cholesterol (TC), high-den-
sity lipoprotein (HDL-C), low-density lipoprotein 
(LDL-C) and triglyceride (TG). Urinary sodium 
and potassium levels were determined by 
atomic absorbance spectrophotometry.

Statistical analysis 

Our pilot study showed that mean difference in 
perirenal AT R2* values between day 3 and day 
10, was ~3.0 sec-1 with a standard deviation 
(SD) of ~3.0 sec-1. Therefore, an estimated 
sample size of 12 to provides 90% power in a 
two-tailed approach to detect a difference in 
perirenal fat R2* values between day 3 and day 
10. Continuous variables are presented as the 
mean ± SD or as median with interquartile 
range. The Shapiro-Wilk test for normality was 
performed on all continuous variables. A one-
way repeated-measures ANOVA with Newman-
Keuls post hoc analysis (normal distribution) or 
a Friedman test followed by a Dunn’s test for 
multiple comparisons (skewed distribution) was 
used to test difference across time. Comparison 
AT R2* value between subcutaneous and vis-
ceral AT was performed using a paired t test. 
Association analysis was performed using 
Pearson’s correlation. All statistical analysis 
was performed using GraphPad Prism version 
5 (GraphPad Prism Software Inc., San Diego, 
CA, USA). A two-tailed P value < 0.05 was con-
sidered statistically significant.

Results

Demographic characteristics of participants

A total of 16 healthy subjects were enrolled, 
and all the subjects finished dietary interven-

Figure 3. Linear correlation analyses of subcutaneous AT R2* values and visceral AT R2* values during dietary 
intervention. 
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tion and three BOLD-MRI scans. Two subjects 
were excluded from analyses, because their 
abdominal subcutaneous AT was too thin to 
recognize during MRI scan. The remaining 14 
subjects were included in final analyses: 11 
men and 3 women, with mean age of 29.0 ± 
4.6 years, mean body mass index (BMI) of 24.8 
± 2.7 kg/m2, mean waist circumference of 89.1 
± 9.3 cm, and mean waist-to-hip ratio of 0.88 ± 
0.06. 

Serum and urinary biochemical changes dur-
ing dietary intervention

The physiological and biochemical changes 
during dietary intervention are shown in Table 
1. The amount of daily sodium intake, as esti-
mated using 24 h urinary sodium, had mean 
values of 149.6 mmol (8.75 g NaCl), 330.0 
mmol (19.31 g NaCl) and 73.3 mmol (4.29 g 
NaCl) at run-in period (baseline, day 3), end of 
the high-salt diet feeding (day 10), and end of 
the low-salt diet feeding (day 17), respectively. 
These results indicate a perfect adherence to 
dietary intervention in all subjects. We did not 
observed obvious changes both in systolic and 
diastolic blood pressure levels during dietary 

intervention, whereas the heart rate was signifi-
cantly increased at day 10 (P < 0.01). Serum 
triglyceride (P < 0.01) and glucose (P < 0.001) 
levels were significantly increased during high 
salt diet feeding, which could be regressed to 
baseline levels by low salt diet.

Subcutaneous and visceral AT R2* value 
changes during dietary intervention

As shown in Table 1 and Figure 2, there was a 
consistent increase in both subcutaneous and 
visceral AT R2* values during high salt diet 
intervention (all P < 0.0001), a change indicat-
ing reduced tissue oxygenation. This trend was 
also consistently regressed to baseline levels 
by low salt diet. Of note, subcutaneous AT R2* 
values at any time points, were all higher than 
that of visceral AT (all P < 0.0001). This differ-
ence could be visualized from Figure 2D-F, 
which showed that majority area of visceral AT 
was occupied by colors denoting lower pseudo-
color scales (dark blue, compared subcutane-
ous AT with bright blue). In addition, we can see 
from Figure 2D-F, that during high salt dietary 
intervention, the areas with higher pseudocolor 
scales were all increased both in subcutaneous 

Figure 4. Linear correlation analyses of subcutaneous and visceral AT R2* values at baseline and obesity indicators 
[waist circumference, waist-to-hip ratio and body mass index (BMI)].
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AT and in visceral AT, indicating increased 
hypoxic state (reduced tissue oxygenation). 
Moreover, using Pearson’s correlation analysis, 
we observed a positive linear association 
between subcutaneous AT R2* and visceral AT 
R2* (Figure 3), although their association at 
baseline did not reach statistical significance (P 
= 0.066).

Relationships between subcutaneous and vis-
ceral AT R2* values and obesity indicators

We next evaluated the associations between 
AT R2* values and obesity indicators (BMI, 
waist circumference and waist-to-hip ratio) of 
the 14 subjects at baseline. As shown in Figure 
4, the Pearson correlation analysis revealed 
that the visceral AT R2* levels were negatively 
associated all the above obesity indicators 
(with the exception for BMI with borderline sig-
nificance, P = 0.062) with statistical signifi-
cances (Figure 4, upper panel). On the contrary, 
although a trend towards negative associations 
between the subcutaneous AT R2* and obesity 
indicators was observed, none of the associa-
tions reached statistical significances (Figure 
4, lower panel).

Discussion

Although it is generally believed that visceral AT 
is more metabolically active than subcutane-
ous AT [25], and visceral AT is superior over its 
subcutaneous counterpart in cardiometabolic 
risk stratification [26-29], the invasive nature of 
traditional oxygenation measurement methods 
could not allow a direct comparison of hypoxic 
state between subcutaneous and visceral AT. 
In the present study, using BOLD-MRI we for 
the first time simultaneously measured subcu-
taneous and visceral AT oxygenation status in 
healthy subjects. Our main findings are three-
fold. First, our data indicate that the oxygen-
ation level in waist subcutaneous AT is lower 
than visceral AT (higher R2* value). Second, 
using high salt diet to induce alterations in glu-
cose and lipid metabolism [20, 21], both subcu-
taneous and visceral AT exhibited hypoxic 
response, which could be completely regressed 
by low salt diet. Third, visceral AT oxygenation 
level is negatively associated with obesity indi-
cators (waist circumference, waist-to-hip ratio 
and BMI) in this cohort. Our data confirm the 
clinical potential of BOLD-MRI in evaluating 
subcutaneous AT and visceral AT hypoxia in 

humans, and may be helpful to resolve the cur-
rent controversy regarding whether AT are pre-
sented with reduced oxygenation state in 
obese humans [12, 14, 15].

The proper function of AT relies on adequate AT 
blood flow [30]. Therefore, it is conceivable that 
visceral AT may have higher blood flow than 
subcutaneous AT, because visceral AT is bioen-
ergetically more active to mitochondrial sub-
strate supply than subcutaneous AT [25]. 
Indeed, a recent work confirmed the possibility 
of BOLD-MRI for the detection of brown AT 
activity in mice [31]. Our first finding that vis-
ceral oxygenation status of visceral AT is higher 
(lower R2* value) than subcutaneous AT in all 
subjects at all stages of dietary intervention 
further supports the general agreement that 
visceral AT is more metabolically active than 
subcutaneous AT. Our results are in line with a 
recent study conducted by Viljanen and cowork-
ers in obese humans using [15O] H2O and posi-
tron emission tomography [32], which showed 
that blood flow per gram of adipose tissue were 
higher in visceral fat compared to abdominal 
subcutaneous fat. BOLD-MRI is used for the 
detection of “net” effect resulting from the bal-
ance between oxygen supply and demand. 
Therefore, in resting state, BOLD-MRI R2 signal 
is also a surrogate measurement blood flow.

The second finding from this study is that both 
visceral and subcutaneous AT present with a 
paralleled hypoxic response to high salt diet. 
High salt intake is closely linked with elevated 
blood pressure in population. However, in this 
study we did not observed a significant increase 
in blood pressure level during high salt feeding 
because our young, healthy participants are 
less likely to be sodium sensitive, a phenome-
non associated aging [33, 34]. Nonetheless, in 
agreement with our previous reports [20, 21], 
our participants presented with the sign of sym-
pathetic activation during high salt interven-
tion, as shown by elevated heart rate. Under 
fasting state, AT blood flow is determined by the 
balance between sympathetic activity and 
endothelial derived vasodilatory agent (nitric 
oxide) [30]. Thus, high salt diet induced endo-
thelial dysfunction [35] and sympathetic activa-
tion, are likely to contribute to reduced oxygen-
ation observed in this study.

The third finding, perhaps the most interesting 
one, is that basal visceral AT oxygenation level 
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(a similar trend, but nonstatitical significance 
was observed in subcutaneous AT), is negative-
ly associated with obesity indicators (waist cir-
cumference, waist-to-hip ratio and BMI; Figure 
4). It is generally acknowledged that visceral AT 
expansion precedes the appearance metabolic 
alterations, such as insulin resistance, dyslipid-
emia, and hypertension, which will progress 
toward associated pathologies such as type 2 
diabetes and cardiovascular disease. Moreover, 
the expansion process is inevitably associated 
increased formation of capillary density. Bec- 
ause the participants in our study are relatively 
lean subjects (mean BMI = 24.8 Kg/m2), this 
finding is not contradictory to the emerging con-
cept that obesity is associated with hypoxia, 
but rather provides the evidence indicating that 
during the early stage of obesity development, 
AT expansion is associated with corresponding 
expansion of vasculature in AT, as well as the 
accompanied increase in blood flow [36]. In 
addition, our data are in agreement with recent 
report that waist circumference and waist-to-
hip ratio are better assessors of metabolic risk 
than BMI (borderline statistical significance) 
because they are more directly proportional to 
total body fat and the amount of metabolically 
active visceral fat [37].

BOLD-MRI uses deoxyhemoglobin as an endog-
enous contrast agent, which can be performed 
without contrast agent or radiation exposure. 
This technique is based on difference in mag-
netic susceptibility between oxyhemoglobin 
and deoxyhemoglobin: deoxyhemoglobin is a 
paramagnetic substance, and oxyhemoglobin 
is mildly diagmagnetic, thus deoxyhemoglobin 
could produce local field gradients between red 
blood cells and their surrounding tissue. This 
property of deoxyhemoglobin could lead to 
magnetic field perturbations in gradient echo 
T2*-weighted sequences, and causing trans-
verse relaxation time to decrease, therefore the 
R2* (defined as 1/T2*) is related to the con-
centration of deoxyhemoglobin. In this study, 
we also noted that both at baseline and during 
dietary intervention, the changes of R2* sig-
nals of subcutaneous and visceral AT did not 
present with a unified pattern, but rather small 
scatters with different R2* intensity (Figure 4). 
This characteristic of AT oxygenation status 
raises the concern of potential sampling bias 
when using techniques focused on small area 
sampling, and gives BOLD-MRI potential advan-
tage over traditional invasive and subcutane-

ous AT-based approaches in evaluating human 
AT hypoxia.

Our work has the following limitations. First, 
BOLD-MRI determined R2* signal is not a 
direct measurement of tissue oxygenation, 
thus future standard calibration studies are 
needed to transfer the R2* signals into “real” 
tissue oxygenation status. Second, BOLD-MRI 
might not be suitable for evaluating subject 
with low BMI. Two participants with BMI less 
than 17.0 were excluded in this study because 
their subcutaneous AT were too thin to provide 
adequate sampling spots during BOLD image 
analysis. 

In conclusion, we demonstrate the possibility of 
simultaneous detection of human subcutane-
ous and visceral AT oxygenation status using 
BOLD-MRI. Moreover, there is a more close 
relationship visceral AT oxygenation status and 
the development of obesity. Future studies on 
obese subjects, as well as on patients with 
overt insulin resistance and dyslipidemia are 
required to verify the usefulness of BOLD-MRI 
as a novel tool in cardiometabolic risk 
evaluation.
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