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Lupus nephritis and its
association with subclinical
myocardial alterations in
systemic lupus erythematosus
assessed by cardiovascular
magnetic resonance
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and Shu-yue Pan®*
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Background: Lupus nephritis (LN) is the most common and severe complication
in patients with systemic lupus erythematosus (SLE) and is associated with
cardiac disease. The purpose of this study was to assess the cardiac phenotype
of SLE patients with LN using cardiovascular magnetic resonance (CMR), and to
investigate whether comorbid LN is associated with left ventricular
(LV) remodeling.

Methods: Clinical assessment and CMR were performed in 66 SLE patients
without LN, 36 SLE patients with LN, and 20 age- and sex-matched
healthy subjects.

Results: SLE patients with LN had a more impaired global longitudinal strain
(-12.37 + 5.15% vs. -14.40 + 2.80% vs. -14.92 + 3.04%; P = 0.045) than SLE
patients without LN and control group. Moreover, native T1 (1330 + 54 vs. 1286 +
81 vs. 1256 + 41; P<0.001), extracellular volume (ECV) (30.53 + 4.57% vs. 28.34 +
3.59% vs. 26.20 + 3.03; P<0.001), and native T2 (43.69 + 4.32 vs. 41.98 + 3.66 vs.
39.60 + 2.94; P<0.001) were higher in SLE patients with LN, intermediate in SLE
patients without LN and lowest in control group. However, LV-LGE did not differ
significantly between the SLE patients with or without LN (P > 0.05). In
multivariable linear regression, LN status was associated with higher native T1
(B=0.244, P<0.05) and ECV values (3=0.224, P<0.05).

Conclusions: SLE patients with LN showed more pronounced subclinical
myocardial abnormalities on CMR. LN was an independent risk factor for
cardiac impairment in patients with SLE.
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cardiovascular magnetic resonance imaging, late gadolinium enhancement, strains,
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Introduction

Systemic lupus erythematosus (SLE) is a systemic autoimmune
disease with multiple organ involvement, especially in females (1).
Importantly, SLE has a strong tendency to cause lupus nephritis
(LN), which is the most common and severe complication (2). In
addition, SLE patients with LN have a markedly higher risk of
cardiovascular disease than those without LN, including myocardial
infarction, heart failure and cardiovascular mortality (3). Indeed,
the pathogenic mechanism underlying the elevated risk of
cardiovascular disease in SLE patients with LN is still not fully
elucidated. Moreover, the leading cause of mortality in patients with
SLE and LN is cardiovascular disease (4). Therefore, early
identification of cardiovascular disease and close monitoring of
myocardial involvement are key to improving outcomes, especially
for patients with SLE and LN.

To date, cardiovascular magnetic resonance (CMR) imaging is
considered a reliable non-invasive modality for the early screening and
evaluation of myocardial involvement in patients with SLE (5).
Previous studies have confirmed that CMR can detect myocardial
inflammation, fibrosis, and edema using late gadolinium enhancement
(LGE), and T1 and T2 mapping sequences during the subclinical
period of myocardial injury (6-9). In particular, strain analysis based
on CMR provides additional diagnostic value beyond left ventricular
ejection fraction (LVEF) and LGE in patients with SLE (7).

In clinical practice, understanding the associations between LN
and cardiovascular disease is important to clarify the mechanisms
underlying the pathogenesis of major adverse cardiovascular events
in patients with SLE and LN. However, the use of CMR to assess
myocardial involvement in SLE patients with LN remains limited.
Moreover importantly, it remains unclear whether the presence of
LN is independently associated with myocardial function in patients
with SLE. Therefore, the objective of this study was to evaluate
myocardial status in SLE patients with LN using CMR, and to
investigate whether LN is an independent contributing factor to
myocardial involvement.

Methods
Study population

This was a retrospective study conducted at the Chengdu Fifth
People’s Hospital between January 2021 and May 2024. We
retrospectively identified consecutive SLE patients who underwent
CMR during the study period and met the eligibility criteria. SLE
was classified according to the 2019 European League Against
Rheumatism/American College of Rheumatology classification
criteria (10). All participants were aged >18 years. Exclusion criteria
included pregnancy and pre-existing cardiac disease prior to CMR
(coronary artery disease/myocardial infarction, cardiomyopathy/heart
failure, moderate-to-severe valvular disease, congenital heart disease,
cardiac sarcoidosis, cardiac amyloidosis, or other established structural
heart disease)(Supplementary Figure S1). SLE patients with
hypertension were defined using the following criteria: resting
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systolic blood pressure >140 mm Hg or diastolic blood pressure >90
mm Hg or use of antihypertensive medication. In addition, LN was
defined as either (1) biopsy-proven LN, or (2) clinically suspected renal
involvement with proteinuria meeting the renal criterion (24-hour
urinary protein 0.5 g and/or urine protein-to-creatinine ratio >0.5),
supported by documentation of active urinary sediment (e.g.,
hematuria and/or red blood cell casts) and/or serologic activity
consistent with SLE (e.g, low C3/C4 and anti-dsDNA positivity/
elevation when available), with alternative causes of renal
impairment excluded based on clinical record review (10-12).
Consequently, the SLE patients were divided into two subgroups: the
SLE patients with LN group and the SLE patients without LN group.
For comparison, a control group of healthy subjects was enrolled with a
similar age and sex distribution to the SLE patients. All of the healthy
subjects in the control group underwent CMR examinations and had
normal clinical and laboratory findings and no history of
cardiovascular or metabolic disease. Clinical characteristics (including
age, sex, and cardiovascular risk factors [e.g,, hypertension]) as well as
laboratory data and medication information were retrieved from the
electronic medical record system. Laboratory indices were obtained
from the closest available assessment to the CMR examination (within
7 days). Our study was approved by the Biomedical Research Ethics
Committees of our hospital, and written informed consent was
obtained from all patients.

CMR image acquisition

All individuals underwent CMR using 3.0T MRI system (Vida;
Siemens Medical Solutions, Germany) with 32-channel body coil.
ECG-gated, breath-hold were used to obtained cine images. Cine, T2
mapping, T1 mapping and LGE images were acquired in standard
long-axis (2-chamber and 4-chamber) and contiguous short-axis
views covering the entire left ventricle (LV). Cine images were
acquired using the balanced steady state free precession (SSFP)
sequence with the following parameters: repetition time (TR): 39.12
ms; echo time (TE): 1.43 ms; flip angle (FA): 80 field of view (FOV):
420 mm; matrix: 256x199; phase: 25. Cine images such as short-axis
stack covering the entire LV (8 mm slices with 2 mm gap).

Native and post-T1 mapping was performed using a modified
Look-Locker Inversion Recovery (MOLLI) technique with the
following parameters: TR: 257.3 ms; TE: 0.95 ms; FA: 35°% FOV:
420 mm; matrix: 256x144; Bandwidth: 1085 Hz/Px; Echo Spacing:
2.24 ms, in three short-axis slices (basal, mid-ventricular, and apical
levels). Post-contrast T1 mapping was acquired 10-15 minutes after
intravenous administration of gadolinium diethylenetriamine
penta-acetic acid (Gd-DTPA; MultiHance; Bracco) at a dose of
0.2 mmol/kg, according to standard CMR recommendations. T2
map using a T2-prepared sequence with the following parameters:
TR: 224.8 ms; TE: 1.22 ms; FA: 12°, FOV: 420 mm; matrix: 192x116;
Bandwidth: 1184 Hz/Px; Echo Spacing: 2.94 ms and matched to the
native T1 map. LGE images were acquired 10-15 minutes after Gd-
DTPA injection using the phase-sensitive inversion recovery (PSIR)
sequence with the following parameters: TR: 740 ms; TE: 1.06 ms;
FA: 40° FOV: 420 mm; matrix: 256x144.
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CMR analysis

All CMR images were analyzed using CVI42 software (CMR42,
v. 5.15.4, Circle Cardiovascular Imaging, Calgary, Canada) by a
radiologist with 5 years of CMR experience who was blinded to the
clinical information.

The short-axis cine stack was loaded into the functional SAX
module and the endocardial and epicardial borders were manually
delineated at the LV end-systolic and end-diastolic phases. LV and
right ventricular (RV) functional parameters, including left
ventricular ejection fraction (LVEF), left ventricular end-diastolic
volume (LVEDV), left ventricular end-systolic volume (LVESV),
left ventricular stroke volume (LVSV), left ventricular mass, right
ventricular ejection fraction (RVEF), right ventricular end-diastolic
volume (RVEDV), right ventricular end-systolic volume (RVESV),
right ventricular stroke volume (RVSV) and LV mass, were
automatically calculated by the software. The papillary muscles
were included in the LV volume.

The LV global strain parameters including global radial strain
(GRS), global circumferential strain (GCS) and global longitudinal
strain (GLS), were calculated by the feature-tracking module using
short-axis, 2-chamber, and 4-chamber long-axis cine images. Native
T1 and extracellular volume (ECV) were obtained on native and
post-T1 mapping using tissue T1 mapping module. T2 values were
calculated by manually tracing the endocardial and epicardial
borders using the tissue T2 mapping module, and the global T2
values were obtained.

The initial assessment of LGE images was conducted through a
visual examination. In the event of LGE being present, its extent was
quantified using the tissue signal intensity module with a five-
standard-deviation (5-SD) threshold above remote normal
myocardium, and expressed as a percentage of LV mass.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7
(Version 7.00, GraphPad Software, Inc.) and SPSS (Version 23.0,
Released 2015, IBM Corp). The normality of the data was tested using
the D’Agostino & Pearson normality test, and the results were
presented as either the mean with SD or the median with
interquartile range, depending on the characteristics of the data set.
Categorical data are presented as numerical values and as
percentages. Parameters among the controls, SLE without LN
group and SLE with LN group were compared by one-way analysis
of variance (ANOVA) for normally distributed variables or the
Kruskal-Wallis test for non-normally distributed variables. When
the overall test was significant, post hoc pairwise comparisons were
performed using Tukey’s test (after ANOVA) or Dunn’s test (after
Kruskal-Wallis). Categorical variables were compared using the y?
test or Fisher’s exact test, as appropriate. Univariable and
multivariable linear regression were employed to ascertain the
independently associated factors of the LV LGE extent, ECV, T1
and T2 values. Univariable and multivariable linear regression
analyses were performed among SLE patients to identify factors
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associated with LV LGE extent, native T1, ECV, and native T2. For
each outcome, candidate covariates were entered into the
multivariable model if they showed a univariable association at P <
0.10 and/or were deemed clinically relevant, including hypertension,
sex, age, disease duration, LVEF, LV mass index, and LN status, with
attention to collinearity. Model fit was summarized using R. P value
less than 0.05 was considered statistically significant.

Results
Studied population

Overall, 122 subjects (102 patients with SLE and 20 controls)
who met the inclusion and exclusion criteria were included. Among
the patients with SLE, 36 (35%) were classified as having LN, and 66
(65%) were classified as SLE without LN. Among the 36 patients in
the LN group, 16 (44.4%) had biopsy-proven LN, while the
remaining patients met the clinical definition based on
proteinuria >0.5 g/24 h.

Patient characteristics

The characteristics of the study participants are shown in
Table 1. Age, sex, disease duration, systolic blood pressure and
diastolic blood pressure did not differ significantly between SLE
patients with and without LN (P > 0.05). However, hypertension
was more common in SLE patients with LN than in those without
LN (P < 0.05). As expected, immune and renal parameters such as
neutrophils, erythrocyte sedimentation rate, creatinine and urea
nitrogen levels were higher in the LN group than in the non-LN
group (P < 0.05).

In terms of lipid profiles, triglyceride levels were higher and
high-density lipoprotein cholesterol levels were lower in SLE
patients with LN than in those without LN (P < 0.05). In
addition, proteinuria was present in 29 LN patients (81%) and
was significantly more frequent in the LN groups (P < 0.001). In the
LN group, hemoglobin, hematocrit, serum albumin, blood calcium,
and blood sodium levels were significantly lower than those in the
non-LN group (P < 0.05).

Moreover, C4 levels were significantly lower in SLE patients
with LN than in those without LN (P < 0.05). Cardiac enzymes,
including creatine kinase and creatine kinase-MB, were within the
normal range in both SLE groups and did not differ significantly (P
> 0.05). However, lactate dehydrogenase levels were higher in the
LN group than in the non-LN group (P < 0.05). Additionally, SLE
patients with LN were more likely to receive prednisone medication
than SLE patients without LN (P < 0.05).

Cardiac function and LV strains

The cardiac MRI findings for the included subjects are shown in
Table 2. The SLE patients with LN were comparable in LVEDV, LVESV,
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TABLE 1 Baseline characteristics in SLE with or without LN.

SLE without LN

10.3389/fimmu.2026.1749478

Variables Control (n=20) s SLE with LN (n=36) P value*
Age, years 45.95 + 15.00 43.76 £ 13.99 38.36 + 13.77 0.089
Female, n (%) 16(80.00) 61(92.42) 32(88.89) 0.286
Disease duration, years - 1.00(0.17,6.00) 3.00(0.16,10.00) 0.213
Hypertension, n (%) - 8(12.12) 16(44.44) <0.001
Systolic blood pressure (mmHg) - 123.6 + 14.11 125.8 + 17.87 0.502
Diastolic blood pressure (mmHg) - 80.43 + 12.72 80.89 + 15.08 0.871
Clinical
Laboratory results
White cell count (x10°/L) - 4.93(3.27,7.17) 4.83(3.55, 7.30) 0.844
Neutrophils (%) - 68.55(61.50, 79.63) 76.15(68.50, 82.85) 0.028
Hemoglobin (g/dl) - 114.0 + 22.65 103.6 + 20.36 0.004
Hematocrit (%) - 36.81 +8.93 31.64 +5.89 <0.001
CRP (mg/L) - 3.00(1.02, 13.85) 6.30(2.00, 18.40) 0.150
ESR (mm/1*" hour) - 33.00(12.00, 62.25) 41.00(20.75, 104.8) 0.030
Urinary protein positive, n (%) - 11(18.64) 29(80.56) <0.001
Creatinine (mg/mL) - 54.95 + 13.86 83.66 + 33.19 <0.001
Urea nitrogen (pg/mL) - 5.57(4.17, 7.46) 6.59(5.04, 9.98) 0.033
Serum albumin (g/L) - 38.9(35.6, 40.5) 28.8(25.2, 36.1) <0.001
Glutamic-pyruvic transaminase (U/L) - 21.00(15.00, 38.00) 20.00(12.25, 36.00) 0.355
Glutamic oxaloacetic transaminase (U/L) - 25.00(19.50, 33.50) 25.00(19.00, 42.75) 0.706
Blood glucose (mg/dL) - 5.08(4.56, 6.00) 4.72(4.08, 5.49) 0.043
Total cholesterol (mmol/L) - 422 +0.95 4.55 + 1.77 0.894
Triglyceride (mmol/L) - 1.40(1.06, 2.06) 1.90(1.46, 2.74) 0.016
HDL-cholesterol (mmol/L) - 1.22 £ 0.44 1.02 £ 0.35 0.026
Blood calcium (mmol/L) - 2.17 £ 0.11 1.99 + 0.19 <0.001
Blood phosphorus (mmol/L) - 1.15 + 0.22 1.18 + 0.25 0.308
Blood potassium (mmol/L) - 3.71 £ 0.35 3.84 + 0.62 0.761
Blood sodium (mmol/L) - 141.9(140.5, 144.2) 140.2(137.3, 144.1) 0.041
Serum C3 (mg/L) - 0.74 £ 0.28 0.63 + 0.31 0.111
Serum C4 (mg/L) - 0.13 £ 0.08 0.09 + 0.07 0.045
ANA positive, n (%) - 63(95.45) 33(97.06) >0.999
Anti-dsDNA positive, n (%) - 32(52.46) 19(59.38) 0.661
ANCA positive, n (%) - 24(40.00) 13(39.39) >0.999
ACA-IgG positive (U/L) - 11.26(2.58, 15.89) 7.54(4.18, 83.71) 0.709
Creatine Kinase (U/L) - 38.00(24.75, 67.00) 49.50(29.75, 91.50) 0.194
CK-MB (U/L) - 10.00(8.00, 13.00) 10.00(9.00, 15.00) 0.459
Lactate dehydrogenase (U/L) - 207.0(170.0, 259.0) 252.0(199.0, 351.0) 0.011
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TABLE 1 Continued

SLE without LN

10.3389/fimmu.2026.1749478

Variables Control (n=20) (n=66) SLE with LN (n=36) P value*
Medicine, n (%)
Prednisone - 50(50.00) 32(88.89) <0.001
Hydroxychloroquine 54(81.82) 34(94.44) 0.129
Methotrexate - 2(3.03) 2(5.56) 0.612
Tacrolimus - 0(0) 1(2.78) 0.352
Rebamipide - 24(36.36) 15(41.67) 0.671

Values are mean + SD, number (%), or median (25th-75th percentile). Numbers in boldface indicate P values <0.05.

*P value across the 3 groups.

SLE, systemic lupus erythematosus; LN, lupus nephritis; CRP, c-reactive protein; ESR, erythrocyte sedimentation; HDL, high-density lipoprotein; ANA, antinuclear antibody; ANCA,
Antineutrophil Cytoplasmic Autoantibodies; ACA-IgG, anti cardiolipin antibody-immunoglobulin G; CK-MB, creatine kinase-MB.

LVSV, LVEF, LV mass, LVMI, RVEDV, RVESV, RVSV, RVCO, and
RVEEF, with no significant difference among the three groups (P > 0.05).
LVCO was higher in SLE patients with LN than in those without LN,
although values remained within the normal range (P < 0.05).

Moreover, we compared LV strain parameters among controls,
SLE without LN, and SLE with LN. GRS and GCS were comparable
between control group, SLE without LN, and SLE with LN groups
(P > 0.05). In contrast, GLS was least negative in SLE patients with
LN, more negative in SLE patients without LN, and most negative in
controls (P < 0.05) (Figure 1).

Diffuse myocardial involvement

In the present study, 30 SLE patients (29.41%) had LGE. Among
the SLE patients with LN, 11 patients (30.56%) were LGE positive.
However, the presence of LGE was comparable between SLE
patients with LN and those without LN (P > 0.05). In addition,
the extent of LGE did not differ significantly between the SLE
patients with LN and those without LN (P > 0.05).

Notably, native T1, ECV, and native T2 values were highest in
the SLE with LN group, intermediate in the SLE without LN group,
and lowest in the control group (P < 0.05) (Figure 2). The
multivariable linear regression analysis showed that the presence
of LN was independently associated with increased native T1 (B =
0.244, P < 0.05) and ECV values (B = 0.224, P < 0.05). Furthermore,
the presence of hypertension was also associated with increased
LGE extent (B = 0.265, P < 0.05) (Table 3). Overall, mapping values
were higher in the LN group, and similar directions were observed
in exploratory analyses stratified by hypertension status (Table 4).

Impact of LGE on the myocardium

In the SLE patients with LGE group, although the extent of LGE
was higher in SLE patients with LN than in SLE patients without
LN, the difference was not statistically significant (P > 0.05)
(Table 5). In addition, there were no significant differences in
GRS, GCS and GLS between SLE patients with LGE and those
without LGE (P > 0.05). However, regardless of the subgroup of SLE
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patients with or without LGE, native T1, ECV, and T2 were higher
in patients with LN, intermediate in patients without LN, and lower
in the control group (P < 0.05).

Impact of hypertension on the
myocardium

In the SLE group, 24 patients (23.53%) had hypertension. To
disentangle the effects of LN from hypertension, we performed
hypertension-stratified analyses of mapping parameters and LGE.
Compared with SLE patients without LN, SLE patients with LN
tended to have a higher degree of LGE, but the difference was not
statistically significant (P > 0.05). Similarly, there were no
significant differences in GRS, GCS, and GLS across the groups (P
> 0.05). Notably, in the SLE with or without hypertension subgroup,
there was a stepwise increase in native T1, ECV, and T2 values
respectively (P < 0.05) (Table 4). When stratified by hypertension
status, native T1, ECV, and T2 values were numerically higher in
LN patients in both strata (Table 4). In multivariable regression
analyses, hypertension was independently associated with a greater
LGE extent (B = 0.265, P < 0.05) (Table 3).

Discussion

The present study showed that SLE patients with LN were
associated with worsened clinical hematological indicators and a
higher prevalence of hypertension. SLE patients with LN had higher
native T1, ECV, and T2 values, despite preserved LVEF. These
CMR findings indicate that LN could be associated with more
severe diffuse myocardial involvement. The elevated native T1 and
ECV are possible surrogates for interstitial expansion, which may
include fibrosis, edema, or inflammation, while the elevated T2
more specifically suggests myocardial edema. Furthermore,
hypertension was associated with an increase in the extent of LGE
in SLE.

LN is a common manifestation in SLE patients, with an
incidence rate of 35% in the present study. However, previous
meta-analysis demonstrated that LN is associated with increased
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TABLE 2 Baseline cardiac MRI characteristics in SLE with or without LN.

10.3389/fimmu.2026.1749478

Variables Control (n=20) SLE without LN (n=66)  SLE with LN (n=36) P value*
CMR
HR, 71.70 + 12.76 74.03 + 13.44 74.05 + 11.14 0.823
Pericardial effusions 0(0) 9(13.64) 10(27.78) 0.079
LV morphology & function
LVEDV, ml 102.0 + 229 104.8 + 304 116.7 + 255 0.074
LVESV, ml 3828 + 12.17 37.54 + 17.16 43.15 + 15.40 0.091
LVSV, ml 63.50 + 13.97 67.19 + 1833 73.59 + 18.92 0.094
LVCO, ml 4.51 + 1.20 4.94 + 1.51 531 + 111§ 0.044
LVEF, % 62.55 + 6.76 64.34 + 7.38 63.24 + 9.63 0.480
LV mass, g 63.62(52.15, 76.39) 64.44(55.52, 77.48) 71.28(62.98, 84.05) 0.073
LVMI, g/ml 0.63(0.56, 0.71) 0.62(0.55, 0.68) 0.63(0.57, 0.66) 0.985
LV strain
GRS, % 40.01 + 12.65 35.68 + 11.17 34.99 + 9.1 0.367
GCS, % -18.88 + 2.56 -19.47 + 2.83 -19.27 + 3.04 0.506
GLS, % -14.92 + 3.04 -14.40 + 2.80 -12.37 +5.15 0.045
RV morphology & function
RVEDV, ml 104.1 + 26.46 113.5 + 27.80 115.4 + 28.10 0.330
RVESV, ml 48.52 + 13.65 51.31 + 18.95 51.96 + 19.62 0.934
RVSV, ml 55.58 + 15.27 62.20 + 15.43 63.45 + 20.18 0.238
RVCO, 3.90 + 1.20 4.55 + 1.21 4.59 + 1.43 0.128
RVEEF, % 50.53 + 13.97 55.49 + 9.16 55.06 + 12.15 0.575
LV myocardial LGE
LGE present, n (%) - 19(28.79) 11(30.56)) 0.851
LGE extent, % - 0(0, 1.48) 0(0, 2.45) 0.535

Values are mean + SD, number (%), or median (25th-75th percentile). Numbers in boldface indicate P values <0.05.

*P values are for overall comparisons across the three groups.
1P < 0.05 for pairwise comparisons versus the control group.

# P < 0.05 for pairwise comparisons between the SLE with LN group and the SLE without LN group.

SLE, systemic lupus erythematosus; LN, lupus nephritis; MRI, magnetic resonance imaging; CMR, cardiac magnetic resonance; HR, heart rate; LV, left ventricular; LVEDV, left ventricular end-
diastolic volume; LVESV, left ventricular end-systolic volume; LVSV, left ventricular stroke volume; LVCO, left ventricular cardiac output; LVEF, left ventricular ejection fraction; GRS, global
radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; RV, right ventricular; RVEDV, right ventricular end-diastolic volume; RVESV, right ventricular end-systolic
volume; RVSV, Right ventricular stroke volume; RVCO, right ventricular cardiac output; RVEF, right ventricular ejection fraction; LGE, late gadolinium enhancement.

cardiovascular risk and mortality in patients with SLE (13). In line
with previous studies, our study confirms that SLE patients with LN
have a higher incidence rate of hypertension than patients without
LN (2, 14). Laboratory profiles in the LN group were consistent with
greater systemic and renal involvement, including higher
inflammatory/immune markers and impaired renal indices,
together with lower hemoglobin/hematocrit, albumin, and
complement levels, which provide clinical context for the
observed CMR differences.

In our cohort of SLE patients with LN, immune-inflammatory
markers including neutrophils and erythrocyte sedimentation were
elevated. Our results were consistent with previous findings that
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suggest SLE patients with LN are more likely to have elevated
immune-inflammatory markers, which have been linked to
atherosclerosis (13, 15). In addition, SLE patients with LN had
lower hemoglobin, serum C4, and hematocrit than SLE patients
without LN, which was negatively correlated with disease activity
(16). Significantly, lactate dehydrogenase was elevated in SLE
patients with LN compared with those without LN, although the
mean values remained within the normal range. Collectively, these
findings suggest that SLE patients with LN exhibit exacerbated
immune dysregulation and a heightened systemic inflammatory
response compared to those without LN (17). Furthermore, the
relatively high prevalence of ANCA positivity in patients with LN

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1749478
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al. 10.3389/fimmu.2026.1749478

GRS GCS GLS
SLE patients with LN .
SLE patients without LN .
N .

FIGURE 1
Representative three-dimensional global longitudinal strain in the left ventricle (LV) of systemic lupus erythematosus (SLE) patients with or without
lupus nephritis (LN) and control. GRS: global radial strain; GCS: global circumferential strain; GLS: global longitudinal strain.

Native T1 ) ) Native 2

SLE patients with LN

SLE patients without LN

Control

FIGURE 2

Distribution of native T1, T2 values and extracellular volume (ECV) of systemic lupus erythematosus (SLE) patients with or without lupus nephritis (LN)
and controls. Note that global native T1, ECV, and native T2 were higher in systemic lupus erythematosus (SLE) patients with lupus nephritis (LN),
intermediate in SLE patients without LN and lowest in control.
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TABLE 3 Linear regression analyses of LV LGE extent and CMR mapping parameters in SLE patients.
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may reflect overlapping immune dysregulation or underlying
subclinical vasculitic features. This observation warrants further
investigation into its potential clinical relevance.

LV strain derived from CMR feature tracking was considered as
a promising tool that may be more sensitive than LVEF for
detecting subtle LV systolic dysfunction (18). In the present
study, SLE patients with LN had less negative GLS than those
without LN, although GRS and GCS were normal. Because this
difference was of borderline statistical significance, it should be
interpreted cautiously as a subtle alteration in longitudinal
deformation. Previous studies have shown that SLE patients with
LN have more severe GLS impairment than patients with extra-
renal SLE (6, 19). However, GLS in previous studies have usually
been derived from echocardiography. Our study is the first to use
LV strain derived from CMR feature tracking to assess the
changes in myocardial mechanics in SLE patients with LN. In
addition, our findings are consistent with prior ultrasound-
based studies suggesting that GLS may detect subclinical
dysfunction when LVEF is preserved (20, 21). Importantly, this
subtle GLS difference occurred alongside more pronounced diffuse
mapping abnormalities in LN patients, supporting the concept of
subclinical myocardial involvement beyond conventional
functional measures.

Notably, previous studies demonstrated that GLS is related to
myocardial microvascular dysfunction, fat replacement, and fibrosis
(22-24). Our study showed that SLE patients with LN had higher
ECV, native T1, and were associated with a higher prevalence of
hypertension compared with those without LN, although their LGE
and the extent of LGE were comparable. Our findings
suggest diffuse myocardial involvement in SLE, and mapping
abnormalities may be more pronounced in patients with
LN. These observations are consistent with the higher
cardiovascular risk that has been reported in LN populations (5,
7,13, 25). Further subgroup analysis showed that SLE patients with
LN had a higher incidence rate of hypertension, which may be
associated with additional myocardial remodeling (26). Moreover,
multivariable analysis showed that the presence of hypertension was
primarily linked to LGE extent, whereas LN status was more closely
related to diffuse mapping abnormalities., which is consistent with
previous findings (27). A clinically relevant observation is a
differential pattern between diffuse and focal myocardial changes:
LN status was primarily associated with diffuse mapping
abnormalities (native T1/ECV/T2), which persisted irrespective of
hypertension status, whereas hypertension was more closely related
to focal myocardial injury as reflected by greater LGE extent.
Notably, within the LGE-negative subgroup, LN persists as a
significant determinant of elevated ECV and native T1 values in
SLE patients. The greater elevations in ECV and native T1 in LN
versus non-LN patients may reflect more pronounced diffuse
myocardial involvement in LN.

Further analysis revealed that both native T1 and ECV were
abnormally increased in LGE-negative SLE patients regardless of
LN status. This finding demonstrates that a subset of SLE patients
lacking conventional LGE evidence of focal fibrosis already exhibits
diftuse myocardial abnormalities on mapping, which may precede
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TABLE 4 Impact of hypertension on LV myocardium in patients with SLE.

SLE patients with hypertension SLE patients without hypertension

Healthy controls

Variables

(n=20) Without LN With LN px Without LN With LN px
(n=8) (n=16) (n=58) (n=20)
LV strain
GRS 40.01 + 12,65 3493 + 11.75 35.93 + 9.38 0.662 | 3579 +11.19 34.11 + 9.05 0.326
GCS -18.88 + 2.56 -20.53 + 3.07 -19.10 + 3.72 0.441 -19.32 + 2.79 -19.34 + 2.33 0.776
GLS -14.92 + 3.04 -14.10 + 3.47 -12.89 + 3.02 0.151 -14.44 + 2.72 -11.88 + 6.63 0.154
LV LGE
LGE
present 0(0) 2(25.00) 7(43.75) 0.371 17(29.31) 4(20.00) 0.418
LGE extent | — 135 +3.25 4.72 + 6.89 0.266 | 0.56 + 1.25 0.95 + 1.88 0.483
LV tissue characterization
Native T1 1256 + 41 1259 + 64 1325 + 48t% <0.001 | 1290 + 83 1334 + 601% 0.004
ECV 26.20 + 3.03 27.50 + 2.87 30.06 + 3.76F 0.004 | 28.55 + 3.64+ 30.90 + 5.19¢ <0.001
Native T2 | 39.60 + 2.94 41.88 +3.09 4325 + 3,511 0.005 | 42.00 + 3.76+ 44.05 + 4.941% 0.002

Values are mean + SD, number (%), or median (25th-75th percentile). Numbers in boldface indicate P values <0.05.
*P values are for overall comparisons across the three groups.
FP < 0.05 for pairwise comparisons versus the control group.
$ P < 0.05 for pairwise comparisons between the SLE with LN group and the SLE without LN group.
LV, left ventricular; SLE, systemic lupus erythematosus; LN, lupus nephritis; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; LGE, late gadolinium

enhancement; ECV, extracellular volume.

detectable focal LGE. Prior research predominantly focused on SLE
cohorts with detectable LGE, whereas our data emphasize the
clinical relevance of subclinical myocardial remodeling in LGE-
negative individuals. These results suggest that further research is

TABLE 5 Impact of LGE on LV myocardium in patients with SLE.

Healthy controls

SLE patients with LGE

SLE patients without LGE

needed to clarify whether refined risk stratification and
management strategies could be beneficial in SLE (7, 28-30). On
the other hand, we performed a subgroup analysis of SLE with and
without hypertension to explore the potential confounding effect of

Variables (n=20) Without LN With LN Without LN With LN
(n=19) (n=11) (n=47) (n=25)
LV strain
GRS 40.01 £ 12.65 37.13 + 14.29 31.57 £ 9.67 0.259 35.12 + 9.81 36.48 + 8.65 0.306
GCS -18.88 + 2.56 -19.42 £ 3.17 -19.25 + 4.00 0.867 -19.49 + 2.65 -19.28 £ 2.63 0.684
GLS -14.92 + 3.04 -14.11 £ 2.65 -10.09 + 8.41 0.093 -14.51 + 2.88 -13.36 = 2.50 0.168
LV LGE
LGE
extent - 3.62 £ 2.46 7.90 £ 6.47 0.101 - - -
LV tissue characterization
Native T1 1256 + 41 1324 + 661 1334 + 637 <0.001 1270 + 82 1328 + 5214 <0.001
ECV 26.20 + 3.03 31.05 + 2.06F 3391 £ 5.99% <0.001 | 27.36 + 3.49 29.04 + 2.821 0.013
Native T2 39.60 + 2.94 43.06 £ 2.981 44.18 + 5.071 0.001 41.57 £ 3.84 43.48 + 4.051 0.003

Values are mean + SD, number (%), or median (25th-75th percentile). Numbers in boldface indicate P values <0.05.
*P values are for overall comparisons across the three groups.
1P < 0.05 for pairwise comparisons versus the control group.
$ P < 0.05 for pairwise comparisons between the SLE with LN group and the SLE without LN group.
LGE, late gadolinium enhancement; LV, left ventricular; SLE, systemic lupus erythematosus; LN, lupus nephritis; GRS, global radial strain; GCS, global circumferential strain; GLS, global

longitudinal strain; ECV, extracellular volume.

Frontiers in Immunology

09

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1749478
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al.

hypertension. Of note, our study found that native T1 and ECV
were also elevated in the group of SLE patients without
hypertension, which means that LN may be associated with more
pronounced diffuse myocardial involvement in SLE patients
without hypertension.

In the pathophysiology of cardiac disease in SLE, immune
complexes leading to myocardial oedema play a very important
role in the mechanism of myocardial injury (31, 32). T2 mapping-
CMR has been recommended as a non-invasive technique that can
sensitively detect myocardial edema in the early subclinical
myocardial involvement in SLE (5). Our study found that SLE
patients with LN had elevated T2 values, indicating more severe
myocardial edema in these patients. Previous studies showed that
even in SLE patients with inactive disease, myocardial edema can be
detected by T2 mapping-CMR (33, 34). Importantly, the SLE subjects
with LN had more edema on T2 mapping-CMR and tended to have a
greater extent of LGE. Given that SLE patients tend to be younger,
intensive therapy to prevent LN complications may play a critical role
in reducing long-term adverse cardiovascular events.

The prevalence of heart disease in SLE were high and usually
without obvious cardiovascular symptoms, although the second
peak of death which caused by cardiovascular disease in SLE
patients (35, 36). In the present study, we confirmed that SLE
patients with LN have more pronounced diffuse myocardial
abnormalities on mapping (including higher T2 values consistent
with edema and higher T1/ECV indicating interstitial expansion),
which were more pronounced than those without LN, regardless of
the presence of LGE or hypertension. In addition, GLS is reduced in
patients with SLE and LN, which may provide additional
information for myocardial mechanical injury. This may highlight
that CMR may help with early detection of subclinical myocardial
involvement, including myocardial fibrosis, edema, and systolic
dysfunction in SLE patients with LN (5, 37). In addition, the
cardiac damage in SLE patients with LN should be considered.
Further prospective research with longitudinal follow-up is
needed to determine the prognostic value of these
multiparametric CMR indicators and to clarify their relationship
with future cardiovascular outcomes in SLE, particularly in patients
with LN.

Limitations

This study had several limitations. First, it was a single-center,
cross-sectional study with no follow-up, and therefore the
associations observed cannot reliably establish causality. Second, a
previous study found that the RV functional, rather than the LV,
was involved; our study did not evaluate the histological parameters
of the right ventricle, such as T1, T2 mapping, and strain (28).
Because the thinner right ventricular wall may interfere with
objective observation. Third, the number of LGE-positive patients
was relatively small, and LGE extent is a semi-continuous, zero-
inflated measure (with many participants showing no detectable
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LGE), which may limit statistical power and warrants cautious
interpretation of analyses involving LGE extent. Fourth, residual
confounding cannot be excluded in this retrospective cross-
sectional study, particularly from immunosuppressive therapy and
other medication exposures, renal dysfunction, and disease activity,
which were not fully captured. Moreover, not all LN cases were
biopsy-confirmed, and renal pathology details (class/activity/
chronicity) and longitudinal characterization of renal activity
were not uniformly available, which may introduce heterogeneity
in LN phenotyping. Finally, our study did not conduct
histopathological validation, and the pathological mechanism of
severe myocardial injury in SLE patients with LN is currently
unclear, and animal experiments are needed to verify this in
the future.

Conclusion

In conclusion, LN status in SLE was associated with a higher
prevalence of hypertension and a pattern of diffuse myocardial
involvement on CMR (higher native T1/ECV and T2) with a
modest reduction in GLS. Future prospective studies are
warranted to determine the prognostic significance of these CMR
abnormalities and to evaluate the potential value of structured
cardiac assessment strategies in this population.
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