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ABSTRACT
Objective Patients with SLE frequently have debilitating 
fatigue and reduced physical activity. Intermuscular 
adipose tissue (IMAT) accumulation is associated with 
reduced physical exercise capacity. We hypothesised that 
IMAT is increased in patients with SLE and associated with 
increased fatigue, reduced physical activity and increased 
inflammation.
Methods In a cross- sectional study, 23 patients with 
SLE and 28 control participants were evaluated. IMAT 
was measured in the calf muscles using sequential 
T1- weighted MRI. Patient- reported physical activity 
and fatigue were measured and a multiplex proteomic 
assay was used to measure markers and mediators of 
inflammation.
Results IMAT accumulation (percentage of IMAT area to 
muscle area) was significantly higher in SLE versus control 
participants (7.92%, 4.51%–13.39% vs 2.65%, 1.15%–
4.61%, median, IQR, p<0.001) and remained significant 
after adjustment for age, sex, race and body mass index 
(p<0.001). In patients with SLE, IMAT accumulation did not 
differ significantly among corticosteroid users and non- 
users (p=0.48). In the study cohort (patients and controls), 
IMAT was positively correlated with self- reported fatigue 
score (rho=0.52, p<0.001) and inversely correlated with 
self- reported walking distance (rho=−0.60, p<0.001). 
Several markers of inflammation were associated with 
IMAT accumulation in patients with SLE, and gene ontology 
analysis showed significant enrichment for pathways 
associated with macrophage migration and activation in 
relation to IMAT.
Conclusion Patients with SLE have greater IMAT 
accumulation than controls in the calf muscles. Increased 
IMAT is associated with greater fatigue and lower physical 
activity. Future studies should evaluate the effectiveness 
of interventions that improve muscle quality to alleviate 
fatigue in patients with SLE.

INTRODUCTION
SLE is an inflammatory autoimmune disease 
with multiple manifestations including renal, 
cerebral and pulmonary complications that 
may result in critical illness. However, other 
manifestations, such as fatigue and reduced 
physical activity, are common and debilitating 
symptoms.

Fatigue is one of the most disabling symp-
toms and affects 53%–80% of patients with 
SLE.1 Fatigue in SLE is associated with 
decreased quality of life, sleep disturbance, 
depression and physical inactivity; however, 
the aetiology of this fatigue is unknown. 
Factors such as low- grade inflammation and 
reduced physical activity may play a role.2 
Indeed, high type 1 interferon α and inter-
feron-γ levels and reduced physical activity are 
commonly found in SLE and are related to 
fatigue.3 4

SLE is characterised by abnormal body 
composition and increased visceral fat.5 6 In 
conditions other than SLE, fat accumula-
tion in the muscle compartment, also known 
as intermuscular adipose tissue (IMAT), 
increases with age,7 presence of diabetes,8 
insulin resistance,9 renal disease10 and with 
reduced physical activity.11 IMAT may be a 
source of inflammation as a result of increased 

WHAT IS ALREADY KNOWN ON THIS TOPIC

 ⇒ Patients with SLE have a high prevalence of fatigue 
and reduced physical activity.

 ⇒ Adipose tissue accumulation in the muscle com-
partment, known as intermuscular adipose tissue 
(IMAT), is associated with reduced muscle perfor-
mance and physical activity and may be a source 
of inflammation.

WHAT THIS STUDY ADDS

 ⇒ IMAT is increased in patients with SLE.
 ⇒ IMAT is associated with plasma markers of inflam-
mation in patients with SLE.

 ⇒ IMAT is associated with reduced self- reported phys-
ical activity and fatigue.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Assessment of IMAT is important to understand the 
muscle function in SLE and may provide the oppor-
tunity to develop new therapeutic interventions to 
reduce inflammation and fatigue in patients with 
SLE.
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secretion of pro- inflammatory molecules and immune 
cell infiltration.12 13

IMAT has not been previously characterised in patients 
with SLE, although it may have a role in muscle- related 
symptoms. In this study, IMAT was evaluated using MRI, 
an important tool to quantifiy the distribution of ectopic 
adipose tissue. We hypothesised that IMAT is increased 
in patients with SLE compared with controls and it is 
associated with markers of inflammation. In a hypothesis- 
generating aim, we also evaluated the association between 
IMAT and decreased physical activity/increased fatigue 
in our cohort of patients.

METHODS
Participants
Participants were recruited from Vanderbilt University 
Medical Center Clinics and the Greater Nashville area 
in a cross- sectional study that included two groups: (a) 
control participants without a history of SLE or autoim-
mune diseases and (b) patients with SLE, who met the 
2017 American College of Rheumatology revised classi-
fication criteria for SLE.14 All participants were 18 years 
or older. Participants with any contraindication for MRI 
were excluded from the study.

Study protocol
Participants underwent a standardised interview, review 
of medical records, physical examination, fasting blood 
sample draws for clinical and specialised laboratory 
testing and MRI to quantify intermuscular adipose tissue.

Clinical characteristics
In patients with lupus, disease activity was evaluated using 
the SLE Disease Activity Index (SLEDAI)15 and disease 
damage was evaluated using the Systemic Lupus Collab-
orating Clinics/American College of Rheumatology 
Damage Index (SLICC) score.16 The modified Health 
Assessment Questionnaire was used to evaluate functional 
status. Self- reported fatigue was assessed by a 0–100 mm 
visual analogue scale (VAS). Self- reported comfortable 
walking distance was obtained, as previously described.17 
Participants were asked, “how far can you walk comfort-
ably?” in either yards, blocks or miles and the distance 
reported was then converted to miles. Glomerular 
filtration rate was estimated from creatinine using the 
Chronic Disease Epidemiology Collaboration formula.18 
Hypertension was defined by the use of antihypertensive 
medications or office blood pressure ≥140/90 mm Hg 
(‘stage 2’ hypertension).19 The degree of insulin resist-
ance was measured by the homeostatic model assessment 
for insulin resistance (HOMA- IR), calculated as (fasting 
glucose (mmol/L)×fasting insulin (μU/mL))/22.5.20

Intermuscular adipose tissue
IMAT, defined as the fat beneath the deep fascia of the 
muscle and between muscle groups, was calculated using 
five consecutive cross- sectional images of the calf region. 
Participants underwent imaging on a 3.0 T MRI scanner 

(Phillips Healthcare, Amsterdam, The Netherlands). 
Participants were positioned supine to image the calf at 
the mid- gastrocnemius muscle. The MRI exam consisted 
of T1- weighted imaging in the transverse plane. T1- 
weighted imaging parameters include: turbo- spin echo, 
TR (repetition time)=4000 ms, TE (time to echo)=30 
ms, flip angle=90 degrees, matrix size=192×192, in- plane 
spatial resolution=1×1 mm2, 5 slices each 6 mm thick, 
number signal acquisitions=2, acquisition time=2.53 min. 
Manual image segmentation was performed on T1- 
weighted images in the gastrocnemius and soleus muscles 
from five consecutive cross- sectional images using a 
Matlab (R2018a, Mathwworks, Natick, Massachusetts, 
USA) program, as previously described.10 21 IMAT accu-
mulation was quantified by calculating the ratio between 
IMAT to muscle areas and converting it to percentage. 
Subcutaneous adipose tissue (SAT), defined as adipose 
tissue between the skin and the deep fascia of the muscles, 
and whole- leg cross- sectional areas were also manually 
segmented. SAT accumulation was quantified by calcu-
lating the ratio between SAT to whole- leg cross- sectional 
area and expressed as a percentage.

24-Hour ambulatory blood pressure
In a subset of participants, ambulatory blood pressure was 
monitored for 24 hours using a Card(X)plore blood pres-
sure monitor (Meditech, Budapest, Hungary) at 15 min 
intervals during the day and 30 min intervals between 22:00 
and 06:00 hours as we have previously described.22 Exclu-
sion criteria for the 24- hour monitoring were inability to 
operate the blood pressure device, use of anticoagulants 
or the presence of a condition that could be exacerbated 
by blood pressure cuff inflation (eg, lymphoedema). 
Participants with at least 50% of the readings available 
for both day (ie, ≥32 readings) and night (ie, ≥8 read-
ings) were included. Sleeping and awake blood pressure 
measures were categorised according to each patient’s 
reported sleep period. Twenty- four- hour systolic blood 
pressure (SBP) was the average of all SBP measurements 
over the entire monitoring period. Sleep and awake SBP 
were the average SBP measurements during those times, 
respectively.

Inflammatory marker panel
Inflammatory markers were measured in plasma samples 
by Olink Bioscience (Uppsala, Sweden) using the inflam-
mation panel, which is a multiplex immunoassay panel 
that measures 92 cytokines and other inflammation- 
related markers. Analytes were excluded from analysis 
if concentrations were below the limit of detection for 
>25% of the participants.

Lipoprotein profile
Nuclear magnetic resonance (NMR) was used to 
measure lipid profile and lipoprotein composition. 
For this purpose, plasma (110 μL) was transferred to 
a tube and mixed with 110 μL plasma buffer (Bruker, 
USA). After mixing well, the total 220 μL solution was 
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transferred to an NMR tube (Wilmad- labGlass), which 
contained sodium trimethyl- silylpropane- sulfonate as an 
internal standard. Proton NMR (or 1H NMR) spectra 
were collected on a 600 MHz Bruker NMR spectrometer 
with a cryoprobe. Bruker In Vitro Diagnostics Research 
shimming protocol optimised for the water presatura-
tion was applied before data collection; 96K data points 
were collected on the sweep width of 30 ppm, with a 
relaxation delay of 4 s. The lipoprotein profile was 
further deconvoluted and analysed by Bruker Lipopro-
tein Subclass Analysis, with normalisation to the internal 
standard.23

Gene ontology enrichment analysis
Gene ontology enrichment analysis was used to charac-
terise the relationship between the inflammatory markers 
and IMAT. Gene ontology enrichment indicates the 
molecular pathways and biological processes that were 
over- represented in the inflammatory markers signifi-
cantly associated with IMAT compared with the entire 
Olink Inflammation Panel. Analysis was performed using 
The Gene Ontology Consortium’s online tool (http://
www.geneontology.org).

Statistical analysis
Participants’ characteristics were expressed as median 
and IQRs for continuous variables or number and 
percentage for categorical variables. Mann- Whitney U test 
for continuous variables and χ2 test for categorical varia-
bles were used for comparisons between groups. Spear-
man’s correlations were used to evaluate the association 
between continuous variables. Enhanced heatmaps with 
hierarchical clustering represented by dendrograms were 
constructed with IMAT accumulation and clinical and 
inflammatory marker data using Spearman’s rho corre-
lation coefficients. The threshold for statistical signifi-
cance was set at p values <0.05. Analyses were performed 
and figures were developed using SPSS V.27, R V.4.0.2 
and GraphPad Prism V.9.0.0. Sensitivity analysis within 
patients with SLE was performed to evaluate differences 
in IMAT and SAT between current and non- current corti-
costeroid users.

RESULTS
Demographics
Patients with SLE (n=23) and controls (n=28) were 
similar in terms of age, sex, race, BMI and renal 

Table 1 Participant characteristics

Parameter Controls (n=28) SLE (n=23) P value

Age, years 35 (26, 58) 38 (31, 54) 0.78

Sex (female), n (%) 24 (86) 20 (87) 0.61

Race (African- American), n (%) 6 (21) 5 (22) 0.52

BMI, kg/m2 22.7 (22.4, 23.9) 26.2 (22.9, 31.7) 0.16

SLEDAI, score* – 4 (2, 6) –

SLICC, score – 0.5 (0, 1) –

Corticosteroid use, n (%) 1 (4) 13 (57) <0.001

Statin use, n (%) 3 (11) 0 (0) 0.2

Creatinine, mg/dL 0.74 (0.65, 0.81) 0.79 (0.63, 0.93) 0.99

eGFR, mL/min 99.7 (91.6, 110.6) 104.3 (80.9, 115.2) 0.80

History of hypertension, n (%) 2 (7.1) 8 (34.8) 0.02

History of diabetes, n (%) 0 (0) 1 (2) 0.45

Glucose, mg/dL 90 (83, 96) 88 (82, 97) 0.74

Insulin, mIU/L 7.5 (4.4, 14.9) 8.3 (4.6, 16.7) 0.64

HOMA- IR, units 1.6 (0.9, 3.4) 1.9 (1.0, 3.7) 0.99

Total cholesterol, mg/dL 241 (210, 277) 208 (183, 244) 0.01

LDL cholesterol, mg/dL 127 (110, 166) 105 (94, 127) 0.01

HDL cholesterol, mg/dL 75 (66, 87) 62 (53, 72) 0.004

Triglycerides, mg/dL 73 (57, 103) 73 (53, 120) 0.78

Fatigue VAS, mm 2 (0,5) 49 (28, 63) <0.001

Walking distance, miles 5.0 (3.0, 5.3) 1.0 (0.1, 2.0) <0.001

Data were presented as median and IQRs or numbers and percentages.
*The SLEDAI score was missing for one of the patients.
BMI, body mass index; eGFR, estimated glomerular filtration rate; HDL, high- density lipoprotein; HOMA- IR, homeostatic model 
assessment for insulin resistance; LDL, low- density lipoprotein; SLEDAI, SLE Disease Activity Index; SLICC, Systemic Lupus 
Collaborating Clinics/American College of Rheumatology Damage Index; VAS, visual analogue scale.
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function (table 1). Median SLE disease activity measured 
by SLEDAI score was 4 (IQR 2, 6) and ranged from 0 to 
12. Among patients with SLE, none had a history of active 
myositis, 45% had a history of renal involvement and 14% 
had current proteinuria or active urine sediment. Creati-
nine levels and estimated glomerular filtration rate were 
similar in patients with SLE and controls. Fifty- seven per 
cent of SLE and 4% of control participants were taking 
corticosteroids at the time of the study. No patient with 
SLE and 11% of control participants were taking statins. 
There was no obvious muscle weakness or abnormal 
reflexes in any of the study participants. More patients 
with SLE had hypertension compared with control partic-
ipants (35% vs 7%, p=0.02). One patient with SLE had 
a diagnosis of diabetes that was treated only with diet. 
Glucose, insulin and insulin resistance measured by 
HOMA- IR were not different between patients with SLE 

and controls (all p>0.05). Patients with SLE had lower 
total cholesterol, low- density lipoprotein cholesterol 
and high- density lipoprotein cholesterol concentrations 
compared with controls (all p<0.05).

Intermuscular and subcutaneous adipose tissue in patients 
with SLE and controls
IMAT accumulation, expressed as the percentage of IMAT 
area to muscle area, was significantly higher in patients 
with SLE than in controls (7.92% (4.51%–13.39%) vs 
2.65% (1.15%–4.61%), median, IQR, p<0.001, figure 1). 
There was no difference in the cross- sectional area of the 
muscles between the groups (p=0.6). These differences 
remained significant after adjustment for age, sex, race 
and BMI (p<0.001). The percentage of SAT normalised 
to the cross- sectional area of the leg was also higher in 
patients with SLE (32.95% (27.96%–41.60%)) vs controls 
(27.06% (22.97%–30.91%), p=0.02); however, it was not 
significant after adjustment by age, sex, race and BMI 
(p=0.1).

Figure 1 (A) Segmented MRI image of the calf showing the 
subcutaneous adipose tissue (SAT) in red and the studied 
muscle compartment in green. IMAT was evaluated in the 
soleus (S) and gastrocnemius (G) muscles. (B) Representative 
T1- weighted MRI of the leg showing increased intermuscular 
adipose tissue (IMAT) in a control individual and a patient with 
SLE. (C) IMAT accumulation (percentage of IMAT to muscle 
area) in the leg muscles was higher in patients with SLE 
(n=23) than in the control group (n=24).

Figure 2 Visual analogue scale (VAS) of fatigue (A) and 
patient- reported (PR) walking distance (B) was significantly 
associated with intermuscular adipose tissue (IMAT) in 
controls and patients with SLE (n=47). Study participants 
were stratified into higher or lower than median PR walking 
distance. Participants with a reported walking distance higher 
than the median had lower IMAT accumulation (C).
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IMAT and SLE disease activity, damage and corticosteroid use
Among patients with SLE, IMAT accumulation was 
associated with neither disease activity by the SLEDAI 
score (rho=−0.13, p=0.57) nor damage by the SLICC 
score (rho=0.15, p=0.52). Although corticosteroid use 
may influence the redistribution of fat, among patients 
with SLE, there was no difference in IMAT comparing 
current corticosteroid users (8.5% (5.3%–13.9%) and 
non- current corticosteroid users (6.9% (4.5%–10.9%), 
p=0.48). In addition, there was no difference in the 
percentage of SAT among patients with SLE between 
current corticosteroid users (32.3% (28.9%–41.9%) and 
non- current corticosteroid users (33.1% (26.1%–41.3%), 
p=0.98).

IMAT and self-reported fatigue and physical activity
Compared with controls, patients with SLE had signif-
icantly higher self- reported fatigue compared with 
controls (49 mm (28, 63 mm) vs 2 mm (0, 5 mm) on a 
100 mm scale, p<0.001) and significantly lower comfort-
able walking distance compared with controls (1.1 miles 
(0.2, 2.0 miles) vs 5.0 miles (3.0, 5.3 miles), p<0.001) 
(table 1). Among all participants (SLE and controls), 
IMAT accumulation was positively correlated with self- 
reported fatigue (rho=0.52, p<0.001, figure 2A) and 
inversely correlated with comfortable walking distance 
(rho=−0.60, p<0.001, figure 2B). However, there was no 
significant association between self- reported outcomes 
and IMAT when evaluated separately within the SLE 
or control groups. Participants in the study were then 
divided according to their ability to walk more or less than 
the reported median distance. Overall, participants who 
could walk greater than the median comfortable walking 
distance had lower IMAT accumulation (figure 2C). Phys-
ical activity may affect IMAT accumulation, however, the 

difference in IMAT accumulation between controls and 
patients with SLE remained significant after adjusting for 
the reported walking distance (p=0.02).

IMAT is associated with systolic blood pressure and renal 
function
IMAT accumulation was significantly associated with 
office SBP in patients with SLE (rho=0.49, p=0.02). In a 
subgroup of patients with SLE (n=15) who had 24- hour 
blood pressure monitoring, IMAT accumulation was 
significantly associated with 24- hour SBP (rho=0.56, 
p=0.03), however, the association was strongest with 
sleeping SBP (rho=0.69, p=0.005, table 2). There was no 
significant association between SBP and IMAT accumula-
tion in controls (p=0.63). Among patients with SLE, IMAT 
accumulation was inversely associated with the estimated 
glomerular filtration rate (rho=−0.67, p=0.001) (table 2).

Metabolic parameters and IMAT
In univariate analysis, IMAT accumulation was signif-
icantly associated with fasting glucose levels in controls 
(ρ=0.43, p=0.03) but not in patients with SLE. There 

Table 2 Association of IMAT with SBP, and clinical 
laboratory measurements in patients with SLE

Rho P value

Office SBP, mm Hg 0.49 0.02

24- hour SBP 0.56 0.03

Sleep SBP 0.69 0.005

Wake SBP 0.54 0.03

SLEDAI, score −0.13 0.57

SLICC, score 0.15 0.52

eGFR −0.67 0.001

HOMA- IR, units −0.29 0.19

Twenty- four- hour SBP, sleep SBP and wake SBP included 15 
patients with SLE. The remaining measures include 23 patients 
with SLE.
eGFR, estimated glomerular filtration rate; HOMA- IR, homeostatic 
model assessment for insulin resistance; IMAT, intermuscular 
adipose tissue; SBP, systolic blood pressure; SBP, systolic blood 
pressure; SLEDAI, SLE Disease Activity Index; SLICC, Systemic 
Lupus Collaborating Clinics/American College of Rheumatology 
Damage Index.

Figure 3 Heatmap with hierarchical clustering of 
intermuscular adipose tissue (IMAT) and plasma inflammatory 
markers among controls (A) and patients with SLE (B). The 
heatmaps were generated using Spearman’s correlation, 
where red indicates positive association values and blue 
indicates negative association. Not all of these associations 
were statistically significant. BMI, body mass index; SAT, 
subcutaneous adipose tissue.
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was no significant association between IMAT accumula-
tion and insulin levels or insulin resistance, as measured 
by the HOMA- IR, either in controls or in patients with 
SLE (table 2). There was also no significant correlation 
between IMAT accumulation and plasma lipid profile 
parameters.

Inflammatory markers and IMAT
As an exploratory analysis, the association between IMAT 
accumulation and markers of inflammation in plasma was 
evaluated using the Olink proteomic panel. A total of 77 
of the 92 markers of inflammation were above the limit of 
detection in >25% of the participants and were used for 
further analysis. The heatmap with hierarchical cluster 
analysis revealed that most of the inflammatory markers 
tended to correlate positively with IMAT accumulation in 
patients with SLE but not in controls (figure 3).

The markers which were significantly positively asso-
ciated with IMAT among patients with SLE were C- C 
motif chemokine ligand 3, C- C motif chemokine ligand 
23, C- X- C motif chemokine ligand 1 and C- X3- C motif 
chemokine ligand 1 (all rho >0.45, all p<0.05); neurotro-
phin- 3 (NT3) was significantly negatively associated with 
IMAT accumulation (rho=−0.49, p=0.02) among patients 
with SLE.

The markers which were significantly positively asso-
ciated with IMAT accumulation among control partici-
pants were CUB domain- containing protein 1, C- C motif 

chemokine ligand 25, C- C motif chemokine ligand 4/
macrophage inflammatory protein- 1β (all rho >0.42, 
all p<0.05); markers negatively associated with IMAT 
accumulation among control participants were interleu-
kin- 17A, CCL28, matrix metallopeptidase 1, NT3 and 
CD6 (all rho <−0.4, all p<0.05).

After identifying the cytokines associated with IMAT 
accumulation in patients with SLE and controls, we use 
gene ontology enrichment analysis to identify their asso-
ciated molecular pathways and biological processes. The 
top 15 gene ontology terms based on molecular function 
and sorted by fold enrichment in patients with SLE are 
shown in figure 4. The top- ranked pathways associated 
with IMAT accumulation in SLE were related to macro-
phage activation and migration. The full list of gene 
ontology terms associated with IMAT accumulation in 
patients with SLE and control participants is shown in 
online supplemental figure 1.

DISCUSSION
The results of the study showed that IMAT accumulation 
is increased in patients with SLE in calf muscles compared 
with controls. In patients with SLE, IMAT accumulation 
was associated with higher blood pressure and increased 
markers of inflammation and macrophage infiltration. In 
a hypothesis- generating aim, we found that IMAT accu-
mulation is associated with higher self- reported fatigue 
and lower self- reported walking distance. Previous studies 
have described the relationship between IMAT accumu-
lation and metabolic syndrome; however, in patients with 
SLE, IMAT accumulation was not associated with insulin 
resistance or lipid profile.

Fat accumulation in the muscle is associated with 
reduced physical performance and activity in other study 
populations.24–27 The exact mechanism is still unknown, 
but it has been attributed to IMAT- induced changes in 
skeletal muscle fibre type.7 Little is known about the fibre 
type proportions in patients with SLE but fibre type II 
atrophy has been described.28 Type II fibres are respon-
sible for fast contraction and type II fibre atrophy is asso-
ciated with reduced strength and physical performance; 
however, whether IMAT contributes to changes in fibre 
type in patients with SLE is unknown. In contrsast to our 
findings, a previous study did not find any difference 
in the fat accumulation in the soleus muscle in patients 
with SLE.29 The explanation may be that we measured 
fat accumulation in a larger muscle compartment that 
accounts for fat between fascicles and between muscles. 
(eg, between soleus and gastrocnemius).

IMAT may also affect physical function by secreting 
adipokines and inflammatory cytokines. The latter is 
due to the inflammatory cells, such as lymphocytes and 
monocytes, that infiltrate IMAT.13 Increased inflamma-
tion is associated with poorer physical performance and 
muscle strength in older individuals.30 Thus, the pro- 
inflammatory microenvironment induced by IMAT may 

Figure 4 Gene Ontology (GO) enrichment analysis showing 
the top 15 ranked pathways associated with intermuscular 
adipose tissue accumulation in patients with SLE.
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Immunology and inflammation

also explain the increased fatigue,31 which commonly 
occurs in patients with SLE.

In patients with cancer and myalgic encephalomy-
elitis, fatigue is highly associated with increased levels of 
plasma pro- inflammatory cytokines.32 33 In patients with 
SLE, however, the association between cytokines and 
fatigue has not been determined.34 Circulatory, as well 
as locally produced pro- inflammatory cytokines, may 
impact muscle function and cause muscle wasting. Thus, 
increased IMAT may act as a pro- inflammatory milieu 
that would affect fatigue in a paracrine manner. Further 
studies should evaluate if changes in IMAT affect fatigue 
and inflammation in patients with SLE.

The Gene Ontology enrichment analysis showed that 
cytokines associated with IMAT were related to macro-
phage activation and migration in patients with SLE. 
Macrophages have been previously found in IMAT biop-
sies obtained from patients with obesity, and they pola-
rise into pro- inflammatory phenotypes.13 35 The presence 
or absence of macrophages in IMAT and their polarity 
in patients with SLE is not known; however, in this study 
plasma markers of macrophage activation and infiltra-
tion were associated with IMAT accumulation. Increased 
migration and activation of macrophages in IMAT in 
patients with SLE may be associated with increased fatigue 
and muscle pain in this population.

IMAT has been associated with insulin resistance in 
several studies.8 9 36 The rationale is that IMAT may affect 
local glucose utilisation since skeletal muscle is respon-
sible for approximately 80% of glucose disposal. IMAT 
may affect insulin sensitivity through the source of free 
fatty acid or a pro- inflammatory milieu.37 Interestingly, 
there was no association between insulin resistance and 
IMAT in patients with SLE. This may be due to the small 
sample size and less insulin resistance than expected in 
this cohort.

IMAT has also been associated with cardiovascular 
disease and hypertension.38 39 There was a strong correla-
tion between IMAT and hypertension in controls and 
patients with SLE. Increased inflammation and oxidative 
stress induced by IMAT in the muscle compartment may 
be the mechanism to explain the association between 
IMAT and hypertension. It is also possible that IMAT is 
associated with increased muscle sodium content. In a 
previous study, we have shown increased sodium content 
in skeletal muscles in patients with SLE, which is also 
associated with hypertension.40 The relationship between 
IMAT and sodium content in skeletal muscle deserves 
further investigation.

This study has some limitations. The cross- sectional 
study design only allows us to evaluate associations but no 
causation. We only collected patient- reported outcomes 
for fatigue and physical activity using the VAS question-
naire, and more objective measures would provide a 
more precise estimate. However, the VAS questionnaire 
has been validated in different populations and exten-
sively used in patients with SLE.41 Thus, these data should 
be used for hypothesis generation; confirmatory studies 

using measurements such as accelerometry will be useful. 
Additionally, the sample size was relatively small and the 
majority of patients with SLE had low disease activity.

In conclusion, this study showed that IMAT accumula-
tion is increased in patients with SLE, and it is associated 
with reduced physical activity, fatigue, inflammation and 
hypertension. Further studies should evaluate whether 
interventions that reduce IMAT may also impact symp-
tomatology, such as fatigue, in patients with SLE.
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