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Machine learning-based
investigation of the relationship
between immune status and left
ventricular hypertrophy in patients
with end-stage kidney disease
Min Yang1,2, Bo Peng1,2, Quan Zhuang1,2, Junhui Li1,2,
Pengpeng Zhang1,2, Hong Liu1,2, Yi Zhu1,2 and Yingzi Ming1,2*
1Transplantation Center, The Third Xiangya Hospital, Central South University, Changsha, China,
2Engineering and Technology Research Center for Transplantation Medicine of National Health
Commission, Changsha, China

Background: Left ventricular hypertrophy (LVH) is the most frequent cardiac
complication among end-stage kidney disease (ESKD) patients, which has been
identified as predictive of adverse outcomes. Emerging evidence has suggested
that immune system is implicated in the development of cardiac hypertrophy in
multiple diseases. We applied machine learning models to exploring the relation
between immune status and LVH in ESKD patients.
Methods: A cohort of 506 eligible patients undergoing immune status assessment
and standard echocardiography simultaneously in our center were retrospectively
analyzed. The association between immune parameters and the occurrence of
LVH were evaluated through univariate and multivariate logistic analysis. To
develop a predictive model, we utilized four distinct modeling approaches:
support vector machine (SVM), logistic regression (LR), multi-layer perceptron
(MLP), and random forest (RF).
Results: In comparison to the non-LVH group, ESKD patients with LVH exhibited
significantly impaired immune function, as indicated by lower cell counts of
CD3+ T cells, CD4+ T cells, CD8+ T cells, and B cells. Additionally, multivariable
Cox regression analysis revealed that a decrease in CD3+ T cell count was an
independent risk factor for LVH, while a decrease in NK cell count was
associated with the severity of LVH. The RF model demonstrated superior
performance, with an average area under the curve (AUC) of 0.942.
Conclusion: Our findings indicate a strong association between immune
parameters and LVH in ESKD patients. Moreover, the RF model exhibits excellent
predictive ability in identifying ESKD patients at risk of developing LVH. Based on
these results, immunomodulation may represent a promising approach for
preventing and treating this disease.
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Background

End-stage kidney disease (ESKD) is a growing global health concern (1). Left

ventricular hypertrophy (LVH) is the most common cardiac abnormality and an adverse

prognostic indicator for clinical cardiovascular outcomes including morbidity and

mortality in ESKD patients (2–5). Although numerous studies have revealed that
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hypertension, fluid overload, oxidative stress and chronic

inflammation directly or indirectly impinge upon cardiac

hypertrophy and remodeling in ESKD patients (4, 6, 7), the

pathogenesis of LVH is complicated and not fully understood

yet. Emerging evidence suggests that involvement of immune

system is associated with the development and progression of

cardiac hypertrophy and remodeling (8–10). Furthermore,

impaired immune function has been described in ESKD

patients, attributed to factors such as uremia and lymphocyte

apoptosis (11, 12). Therefore, immune cells may play critical

roles in LVH, potentially providing a novel therapeutic target

for prevention and treatment.

Immune function monitoring is a simple and effective to reflect

the immune status, including the proportion and cell counts of

circulating immune cell subsets. Recent studies have

demonstrated that circulating immune cell subsets (T, B, NK

cells) are associated with cardiac hypertrophy and remodeling in

various pathological conditions. For instance, in pressure

overload-induced cardiac hypertrophy, CD4+ T cells including

Th1 and Th17 cells play dominant roles in the process with

different subsets exerting diverse influences (9, 10). In animal

models of uremic cardiomyopathy, systemic accumulation of

proinflammatory T cells has been shown to cause cardiac

hypertrophy and remodeling (13). In ischemic cardiomyopathy

animal model, regulatory T-lymphocytes dysfunction is tightly

linked to adverse cardiac remodeling (14, 15). B lymphocytes

have been found to be associated with cardiac hypertrophy and

remodeling in ESKD patients (16). Additionally, the activation of

NK cell plays critical roles in cardiac remodeling after myocardial

infarction (17). Nevertheless, analyzing single immunological

indicator may not be sufficient to capture the full picture of

immune status.

Machine Learning (ML) is a powerful tool that can identify

patterns in large sets of data to generate predictive models with

greater precision. Traditional statistical methods may be limited

in their ability to capture the complexities of large datasets,

particularly those with high dimensionality or nonlinear

relationships. In our study, we have chosen to employ a

machine-learning-based approach due to the inherent

complexity of the immune system and the need to analyze a

large number of variables simultaneously (18). The

identification of biomarkers associated with immune function

requires the integration of multiple variables and the

exploration of complex relationships between them, which are

ideally suited to machine learning methods. Our previous

investigations have demonstrated that applying ML models is

conducive to improving prognosis of renal transplantation

recipients with infective complications and acute-on-chronic

liver failure patients following liver transplantation (19, 20).

Therefore, the application of ML may help us better understand

the association of immune cells and cardiac hypertrophy and

remodeling in ESKD.

In this study, we retrospectively analyzed the immune

monitoring results of ESKD patients in our center and applied

ML models to explore the association between these results and

LVH in ESKD patients.
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Methods

Study design and population

The retrospective, case–control study recruited 825 ESKD

patients were recruited from the Transplantation Center, The

Third Xiangya Hospital, Central South University between July 1,

2019, and December 31, 2021. The patients who underwent

immune status assessment and standard echocardiography

simultaneously were included in the study. The exclusion criteria

included: (1) history of solid organ transplantation; (2) history of

infection within a week; (3) history of malignant tumor. The study

was reviewed and approved by the Institutional Review Board of

Third Xiangya Hospital, Central South University (No. 22255).
Definition of LVH and its severity

Experienced physicians assessed left ventricular internal diameter

(LVID), ventricular septal thickness (VST), posterior wall thickness

(PWT) and left ventricular end diastolic diameter (LVEDD) from

echocardiography M-mode tracings. From these measurements, left

ventricular mass (LVM) was calculated using the formula 0.8 ×

1.04 × [(LVID +VST + PWT)3–LVEDD3] + 0.6. The LVM index

(LVMI) was then determined as the ratio of LVM to body surface

area. The presence of left ventricular hypertrophy (LVH) was

determined based on an LVMI greater than 115 g/m2 in men and

greater than 95 g/m2 in women. Based on the LVMI, the severity of

LVH was classified as mild, moderate, or severe. Mild LVH was

defined as an LVMI between 96 and 108 g/m2 for women and

between 116 and 131 g/m2 for men. Moderate LVH was defined as

an LVMI between 109 and 121 g/m2 for women and between 132

and 148 g/m2 for men. Severe LVH was defined as an LVMI greater

than 121 g/m2 for women and greater than 148 g/m2 for men (21).
Immune monitoring panel

The assessment of immune status was carried out using BD

Multitest 6-color TBNK reagent with BD Trucount tubes, in order

to determine the percentages and absolute counts of various

circulating immune cell subsets, namely CD4+ T cells, CD8+ T

cells, CD19+ B cells and NK cells. The assay protocol was carried

out in accordance with the manufacturer’s instructions (BD

Biosciences, USA). Anticoagulant whole blood (50 µl) was

introduced into BD TruCOUNT Tubes (BD Biosciences), followed

by the addition of a monoclonal antibody mixture (20 µl). After

incubation in the dark for 15 min, the cells were analyzed using

the BD FACSCanto clinical software (BD Biosciences, San Jose, CA).
Model building

To investigate the association between the immune status and

LVH in ESKD patients, we employed four ML classifiers, namely,

SVM, LR, MLP, and RF. The ML models were trained using
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fivefold cross-validation with Python programming language (version

3.6) and Scikit-learn package (version 0.22) (19). To evaluate their

performance, k-fold cross-validation (with k = 5) was applied to 532

patients. The patients were randomly divided into five subgroups,

with one subgroup used for validation and the remaining four for

derivation. The appropriate hyperparameters were selected, and the

average area under the curve (AUC) was computed through five

independent runs. The final algorithms were developed using the

full dataset of the eligible group. The RF model, which included ten

trees, was trained on a diverse portion of the database and

predictions were obtained through majority voting.
Statistical analysis

Continuous data were presented as mean ± standard deviation

(SD) and compared using appropriate tests such as Student’s t-test,

Welch’s t-test, or the Mann–Whitney U test. Categorical data were

compared using Pearson’s chi-squared (χ2) test or Fisher’s exact

test, as appropriate. The associations between immune status and
FIGURE 1

The study flow and exclusion criteria. 506 ESKD patients with immune monito
Based on the definition for LVH, patients were classified into either the LVH gr
subgroups based on the severity of LVH: mild (n= 74), moderate (n= 60), an
mass index; LVH, left ventricular hypertrophy.
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LVH and its severity were analyzed using univariate,

multivariate, and multiple ordinal logistic regression analysis. The

performance of the models was evaluated by calculating the AUC

of the receiver operating characteristic (ROC) curve and The

ROC curves were compared using the DeLong test. The statistical

analysis was conducted using SPSS version 22.0 (SPSS, Inc.,

Chicago, IL, USA) and GraphPad Prism 9.0, and a P-value of

<0.05 was considered statistically significant.
Results

Patient characteristics

In our center, a total of 532 patients with ERSD underwent

immune status assessment and standard echocardiography from

July 2019 to December 2021. After excluding 26 patients, 506

patients were enrolled for data analysis. According to American

Society of Echocardiography (ASE) criteria, 258 patients of them

were classified into the LVH subgroup. We further subdivided
ring panel and standard echocardiography simultaneously were enrolled.
oup or non-LVH group. The LVH group was further subdivided into three
d severe (n= 125). ESKD, end-stage kidney disease; LVMI, Left ventricular
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the LVH subgroup into mild (n = 74), moderate (n = 60), and

severe (n = 125) LVH subgroups based on LVMI. The study flow

and criteria are depicted in Figure 1.

Table 1 summarized the clinical characteristics of the LVHandnon-

LVH groups. The LVH group exhibited lower hemoglobin, white blood

cell counts, neutrophil counts, and lymphocyte counts than the non-

LVH group (P = 0.001, all). Additionally, the LVH group had longer

dialysis time (P = 0.007), as well as higher systolic (P = 0.002) and

diastolic (P < 0.001) blood pressure. The use of ACEI (angiotensin

converting enzyme inhibitions) or ARB (angiotensin receptor

blockers) was also more prevalent in the LVH group (P < 0.001). As

expected, the LVH group had higher LVID (5.29 ± 0.62 vs.

4.61 ± 0.52), VST (1.26 ± 0.20 vs. 1.05 ± 0.18), PWT (1.20 ± 0.22 vs.

0.98 ± 0.15), LVM (241.90 ± 62.18 vs. 147.23 ± 35.69), and LVH

(145.41 ± 31.81 vs. 87.43 ± 16.69) than the non-LVH group (P < 0.001,

all) consistent with the definition of LVH. However, there was no
TABLE 1 Clinical characteristics of the LVH and Non-LVH group in ESKD pati

Parameters All (n = 507)
Age, years ± SD 41.20 ± 11.22

Male, n (%) 362 (71.4%)

BMI, (Kg/m2) 22.98 ± 4.27

Diabetes, n (%) 50 (9.9%)

Hemodialysis, n (%) 325 (64.1%)

Dialysis time (months), mean ± SD 16.07 ± 25.47

Systolic blood pressure (mmHg), mean ± SD 144.72 ± 19.72

Diastolic blood pressure (mmHg), mean ± SD 92.49 ± 13.13

Antihypertensive drug use, n (%) 483 (95.3%)

ACEI or ARB use, n (%) 386 (76.1%)

LVID (cm), mean ± SD 4.96 ± 0.69

VST (cm), mean ± SD 1.16 ± 0.21

PWT (cm), mean ± SD 1.10 ± 0.22

LVD (cm), mean ± SD 195.50 ± 69.53

LVH(g/m2), mean ± SD 117.00 ± 38.64

Hb (g/L), mean ± SD 105.80 ± 22.75

WBC (109/L), mean ± SD 6.41 ± 2.20

Lym (109/L), mean ± SD 1.21 ± 0.47

Comparison between the LVH and non-LVH group.

ESKD, end-stage kidney disease; LVH, left ventricular hypertrophy; SD, standard deviat

angiotensin receptor blockers; LVMI, Left ventricular mass index; LVID, Left ventricular

LVD, left ventricular end diastolic diameter (LVEDD); LVM, Left ventricular mass; Hb, h

TABLE 2 Immune monitoring panel of the LVH and Non-LVH group in ERSD

Parameters All
(n = 507)

CD3+ T cells/TBNK, mean ± SD (%) 72.34 ± 8.47

CD3+ T cells, n ± SD (cells/µl) 1,004.81 ± 423.03

CD8+ T cells/TBNK, mean ± SD (%) 27.52 ± 7.14

CD8+ T cells, n ± SD (cells/µl) 378.54 ± 191.01

CD4+ T cells/TBNK, mean ± SD (%) 42.35 ± 7.50

CD4+ T cells, n ± SD (cells/µl) 579.58 ± 254.06

NK cells/TBNK, mean ± SD (%) 13.82 ± 7.54

NK cells, n ± SD (cells/µl) 185.88 ± 126.49

B cells/TBNK, mean ± SD (%) 11.61 ± 17.29

B cells, n ± SD (cells/µl) 149.38 ± 98.78

CD4/CD8 ratio, mean ± SD 1.69 ± 0.68

Comparison between the LVH and non-LVH group.

ESKD, end-stage kidney disease; LVH, left ventricular hypertrophy; NK cells, natural ki
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statistical difference in age, sex, body mass index (BMI), diabetes,

hemodialysis and antihypertensive drug use between the two groups.
Immune status in LVH patients with ERSD

Table 2 and Figure 2 revealed that the LVH group exhibited a

poorer immune profile compared to the non-LVH group, as

evidenced by significantly lower cell counts of CD3+ T cells (933.57 ±

376.47 vs. 1,079.20 ± 455.72), CD4+ T cells (537.65 ± 223.13 vs.

623.37 ± 276.50), CD8+ T cells (355.35 ± 175.65 vs. 402.75 ± 203.38),

and B cells (140.24 ± 95.47 vs. 158.92 ± 101.44). However, the cell

counts of NK cells and the percentages of each subset did not differ

significantly between the two groups. It was worth noting that the

CD4/CD8 ratio, a known immune biomarker, did not show a

significant difference (P = 0.43) between the LVHand non-LVHgroups.
ents.

LVH (n = 258) Non-LVH (n = 248) P-value
41.40 ± 11.41 41.00 ± 11.04 0.70

176 (68.2%) 186 (75.0%) 0.09

22.75 ± 3.67 23.22 ± 4.82 0.22

24 (9.3%) 26 (10.5%) 0.66

174 (67.4%) 151 (60.9%) 0.12

19.09 ± 29.12 12.94 ± 20.62 0.007

148.65 ± 20.18 140.64 ± 20.18 <0.001

94.24 ± 12.84 90.67 ± 13.19 0.002

249 (96.5%) 234 (94.4%) 0.29

217 (84.1%) 169 (68.1%) <0.001

5.29 ± 0.63 4.61 ± 0.57 <0.001

1.26 ± 0.20 1.05 ± 0.18 <0.001

1.20 ± 0.22 0.98 ± 0.15 <0.001

241.90 ± 62.18 147.23 ± 35.69 <0.001

145.41 ± 31.81 87.43 ± 16.69 <0.001

102.40 ± 23.23 109.34 ± 21.72 0.001

6.09 ± 2.20 6.74 ± 2.15 0.001

1.14 ± 0.42 1.28 ± 0.51 0.001

ion; BMI, Body mass index; ACEI, angiotensin converting enzyme inhibitions; ARB,

internal diameter; VST, ventricular septal thickness; PWT, posterior wall thickness;

emoglobin; WBC, white blood cell; Lym, lymphocyte.

patients.

LVH
(n = 259)

Non-LVH
(n = 248)

P-value

72.78 ± 8.93 73.92 ± 7.93 0.13

933.57 ± 376.47 1,079.20 ± 455.72 <0.001

27.55 ± 7.17 27.48 ± 7.12 0.92

355.35 ± 175.65 402.75 ± 203.38 0.005

42.03 ± 7.81 42.69 ± 7.15 0.32

537.65 ± 223.13 623.37 ± 276.50 <0.001

14.05 ± 7.97 13.57 ± 7.07 0.48

178.95 ± 125.64 193.12 ± 127.23 0.21

12.47 ± 23.79 10.71 ± 4.46 0.25

140.24 ± 95.47 158.92 ± 101.44 0.033

1.66 ± 0.65 1.71 ± 0.71 0.43

ller cells; TBNK, T, B, and NK cells.
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FIGURE 2

The proportion and cell counts of circulating immune cells in the LVH and Non-LVH group in ESKD patients. ESKD, end-stage kidney disease; LVH: left
ventricular hypertrophy. ∗∗∗∗ means P < 0.001, ∗∗ means P < 0.05, and ∗ means P < 0.1.
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Risk factors for LVH in ERSD patients

To identify the risk factors of LVH in ERSD patients, logistic

analysis was performed using the results of immune parameters.

As presented in Table 3, univariate logistic analysis revealed that

lower cell counts of CD3+ T cells (unadjusted OR 0.999; 95% CI

0.990–1.000; P < 0.001), CD8+ T cells (unadjusted OR 0.996; 95%
Frontiers in Cardiovascular Medicine 05
CI 0.995–0.998; P = 0.006), CD4+ T cells (unadjusted OR 0.999;

95% CI 0.998–0.999; P < 0.001) and B cells (unadjusted OR

0.998; 95% CI 0.996–1.000; P < 0.001) were significantly

associated with LVH in ERSD patients. Multivariate analysis

further revealed that lower cell counts of CD3+ T cells

(unadjusted OR 0.995; 95% CI 0.991–1.000; P = 0.031) were

independent risk factors for LVH in ERSD patients.
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TABLE 3 Univariate and multivariate odds ratios for LVH diagnosis in ERSD patients.

Parameters Univariate analysis Multivariate analysis

OR (95% CI) P-value OR (95% CI) P-value
CD3+ T cells/TBNK, mean ± SD (%) 0.984 (0.964–1.005) 0.125

CD3+ T cells, n ± SD (cells/µl) 0.999 (0.999–1.000) <0.001 0.995 (0.991–1.000) 0.031

CD8+ T cells/TBNK, mean ± SD (%) 1.002 (0.978–1.027) 0.879

CD8+ T cells, n ± SD (cells/µl) 0.996 (0.995–0.998) 0.006 1.005 (1.000–1.009) 0.05

CD4+ T cells/TBNK, mean ± SD (%) 0.988 (0.965–1.011) 0.316

CD4+ T cells, n ± SD (cells/µl) 0.999 (0.998–0.999) <0.001 1.003 (0.999–1.007) 0.143

NK cells/TBNK, mean ± SD (%) 1.009 (0.986–1.032) 0.462

NK cells, n ± SD (cells/µl) 0.999 (0.998–1.001) 0.217

B cells/TBNK, mean ± SD (%) 1.014 (0.982–1.047) 0.388

B cells, n ± SD (cells/µl) 0.998 (0.996–1.000) <0.001 1.001 (0.998–1.003) 0.547

CD4/CD8 ratio, mean ± SD 0.899 (0.696–1.161) 0.414

OR, odds ratio; NK cells, natural killer cells; TBNK, T, B, and NK cells; CI, confidence interval.

Yang et al. 10.3389/fcvm.2023.1187965
Immune status related with the severity of
LVH in ERSD patients

The results of the immune parameters were compared across three

LVH subgroups. Statistical differences were observed in the cell counts

of each subset, while there were no significant differences in the

percentages of each subset and the CD4/CD8 ratio (Table 4).

Figure 3 presents the comparisons between each pair of subgroups,

indicating that there were statistically significant differences in the

cell counts of each subset between the mild and severe groups (P <

0.05). The moderate group had higher cell counts of NK cells but

lower cell counts of B cells compared to the severe group, with both

differences being statistically significant (P < 0.05).

The lymphocyte subset was divided into higher and lower groups

based on themedian cell count values in ERSD patients with LVH. The

stacked bar chart in Figure 4 shows the LVH subgroup percentages for

each group. Compared to the higher groups, the lower groups had a

lower frequency of mild LVH and a higher frequency of severe LVH.

A significant Chi-square test demonstrated that the distribution of

LVH subgroups varied in the higher and lower groups of CD3+ T

cells, CD4+ T cells, and NK cells (P < 0.05).

The lymphocyte subset was divided into the higher and

lower group by median values of cell counts in ERSD patients

with LVH. The percentages of the LVH subgroup (mild,
TABLE 4 Immune monitoring panel in ERSD patients with different severity o

Parameters Mild LVH (n = 73) Mode
CD3+ T cells/TBNK, mean ± SD (%) 71.67 ± 8.86

CD3+ T cells, n ± SD (cells/µl) 1,045.19 ± 419.88

CD8+ T cells/TBNK, mean ± SD (%) 27.08 ± 6.58

CD8+ T cells, n ± SD (cells/µl) 400.67 ± 207.40

CD4+ T cells/TBNK, mean ± SD (%) 41.47 ± 7.50

CD4+ T cells, n ± SD (cells/µl) 598.30 ± 236.36

NK cells/TBNK, mean ± SD (%) 14.74 ± 7.90

NK cells, n ± SD (cells/µl) 213.64 ± 136.19

B cells/TBNK, mean ± SD (%) 11.72 ± 4.74

B cells, n ± SD (cells/µl) 169.29 ± 129.50

CD4/CD8 ratio, mean ± SD 1.64 ± 0.56

Comparison among the mild, moderate and severe LVH group.

ESKD, end-stage kidney disease; LVH, left ventricular hypertrophy; NK cells, natural ki
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moderate and severe) were plotted in Figure 4 as stacked bar

charts. Compared with the higher groups, the lower groups had

respectively lower frequency of perpetration for the mild LVH

and the higher for the severe LVH. A significant Chi-square test

showed that the distribution of LVH subgroup frequencies varied

in the higher and lower group of CD3+ T cells, CD4+ T cells and

NK cells (P < 0.05).

To identify the risk factors of the severity of LVH, logistic

regressions was performed with the cell counts of each subset,

which showed statistically significant differences as presented in

Table 5. The multiple ordinal logistic regressions revealed that

lower cell counts of NK cells (unadjusted OR 0.997; 95% CI

−0.005 – −0.001; P = 0.003) were independent risk factors for the

severity of LVH among ERSD patients.
Machine learning models based on immune
monitoring

Four ML models, namely SVM, LR, MLP, and RF, were

trained and compared to enhance the predictive performance. The

receiver operating characteristic curves’ area under the

curve (AUROC) was evaluated for each model, resulting in

AUROCs of 0.68, 0.62, 0.52, and 0.94 for SVM, LR, MLP, and RF,
f LVH.

rate LVH (n = 60) Severe LVH (n = 125) P-value
72.19 ± 9.04 73.66 ± 8.91 0.274

933.73 ± 357.60 868.40 ± 346.51 0.006

27.01 ± 7.62 28.15 ± 7.28 0.469

348.72 ± 156.73 333.05 ± 160.26 0.03

42.02 ± 7.08 42.35 ± 8.38 0.747

544.23 ± 214.16 499.34 ± 213.67 0.01

15.67 ± 8.94 12.90 ± 7.41 0.06

201.18 ± 133.55 148.46 ± 108.08 0.01

9.78 ± 3.98 11.72 ± 6.64 0.089

125.08 ± 64.52 130.79 ± 80.84 0.008

1.73 ± 0.75 1.64 ± 0.66 0.671

ller cells; TBNK, T, B, and NK cells.
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FIGURE 3

The proportion and cell counts of circulating immune cells among the mild, moderate and severe LVH group in ESKD patients. ESKD, end-stage kidney
disease; LVH, left ventricular hypertrophy. ∗∗∗∗ means P < 0.001, ∗∗ means P < 0.05, and ∗ means P < 0.1.
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FIGURE 4

Column stacking chart of the proportion of the LVH severity in the higher or lower group of lymphocyte count. LVH, left ventricular hypertrophy. ∗∗∗∗
means P < 0.001, ∗∗ means P < 0.05, and ∗ means P < 0.1.

TABLE 5 Multiple ordinal logistic regression for the LVH severity in ERSD
patients.

Parameters B S.E. Wald P-
value

OR 95% CI

CD3+ T cells, n ± SD
(cells/µl)

−0.003 0.003 0.964 0.326 0.997 −0.01–0.003

CD8+ T cells, n ± SD
(cells/µl)

0.003 0.004 0.756 0.384 1.003 −0.004–0.01

CD4+ T cells, n ± SD
(cells/µl)

0.003 0.003 0.61 0.435 1.003 −0.004–0.01

NK cells, n ± SD
(cells/µl)

−0.003 0.001 8.732 0.003 0.997 −0.005–−0.001

B cells, n ± SD (cells/µl) −0.001 0.002 0.729 0.393 0.999 −0.005–−0.001

OR, odds ratio; NK cells, natural killer cells; CI, confidence interval.

Yang et al. 10.3389/fcvm.2023.1187965
respectively (as shown in Figure 5). The DeLong test showed a

significant difference in the AUC value of the RF model compared

with other ML models (P < 0.001, all). The RF model

demonstrated the best performance among the ML models. The

final RF model’s result was derived from a majority vote by ten

trees, and one tree of the final algorithm was displayed in Figure 6.
Discussion

This study successfully investigated the relationship between

immune status and LVH in ESKD patients. Poor immune

function was observed in ESKD patients with LVH, as evidenced

by decreased CD3+ T cell, CD8+ T cell, CD4+ T cell, and CD19+

B cell counts. Moreover, the study found that the number of

CD3+ T cells was an independent risk factor for LVH in ESKD

patients, while the number of NK cells was an independent risk
Frontiers in Cardiovascular Medicine 08
factor for the severity of LVH. Using the results of the immune

parameters, the RF model was able to accurately identify ESKD

patients at risk of LVH. These findings might pave the way for

promising therapeutic options for adverse cardiac hypertrophy

and remodeling.

ESKD patients have a high risk of developing LVH, with a

reported prevalence of 46.4%–65% (6, 22), which is consistent

with the findings of our study (51.0%). The prevalence and

severity of LVH tend to increase with the deterioration of

chronic kidney disease (CKD) stages (4). During ESKD, oxidative

stress and inflammation are constantly present and are

considered to be closely involved in the pathogenesis of LVH.

They can activate and recruit circulating lymphocytes and

inflammatory myeloid cells to sites of inflammation by

overproducing cytokines and increasing pro-inflammatory and

oxidative stress mediators (23). This may explain the significant

decrease in circulating immune cells observed in ESKD patients

with LVH in our study. Furthermore, reduced renal function is

closely related to dysfunctional immune system, which has a

substantial impact on the development and severity of LVH in

ESKD patients (24).

Circulating and heart-infiltrating T cell subsets played a pivotal

role in the pathogenesis of adverse cardiac remodeling. T

lymphocytes could be divided into CD8+ T cells and CD4+

T cells according to their function and molecular phenotype. In

our study on ESKD patients, we found that the numbers of

circulating T cell subsets, including CD3+ T cells, CD8+ T cells,

and CD4+ T cells, were negatively correlated with the occurrence

and severity of LVH. The decrease of circulating T cell subsets

was considered to be closely related to adverse cardiac

remodeling. Previous studies have shown that a decrease in
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FIGURE 5

The ROC curves and average AUC of the machine learning models. K-fold cross validation (k = 5) was used to estimate and compare the performance of
different machine learning models. After five rounds of training/validation rotation, the average AUC was calculated. (A) The support vector machine (SVM)
model. (B) The logistic regression (LR) model. (C) The multi-layer perceptron (MLP) model. (D) The random forest (RF) model. ROC curve, receiver
operating characteristic curve; AUC, area under the curve.
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circulating CD4+ or CD8+ T cells is closely associated with LVH in

children with CKD and HIV patients (13, 25). Additionally,

hypertensive patients with LVH have been shown to have an

increased percentage of Th17 cells (9). In a study of mouse

models with heart failure, CD4+ Foxp3+ Tregs were found to

expand robustly in the heart and circulation for adverse cardiac

remodeling, resulting in the suppression of circulating CD4+ T

cells and systemic inflammation (14). Conversely, increased

cardiac T cell infiltration has been reported in hypertrophic

cardiac tissues. Numerous reports have indicated that heart-

infiltrating Treg cells are negative modulators that alleviate

pressure overload-induced cardiac hypertrophy and remodeling,

while infiltrating Th1 and Th17 cells mainly promote the
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pathological development (10). NKT cells are a unique subset of

T lymphocytes with properties of both T and NK cells,

displaying a broad range of immune effector functions. In mice,

the majority of NKT cells are invariant natural killer T (iNKT)

cells, capable of recognizing lipids presented on CD1d molecules.

iNKT cells modulate tissue inflammation through the secretion

of diverse cytokines, growth factors, and chemokines (26, 27).

iNKT cells have been shown to exhibit cardioprotective effects in

murine models of myocardial infarction and hypertensive cardiac

disease by reducing left ventricular remodeling through the

production of anti-inflammatory cytokines like IL-4 and IL-10

(26, 28). Thus, activating NKT cells may offer a promising

therapeutic strategy for hypertensive cardiac disease.
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FIGURE 6

A one-tree example of random forest (RF) model. A total of ten trees were developed and one of them was shown in the figure. The final result was
obtained through majority voting from ten trees.
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B cell subsets might play a role in the pathogenesis of cardiac

remodeling in ESKD patients. Specifically, our study showed that

ESKD patients with lower B cell counts were at higher risk of

LVH and LVH patients with lower B cells counts have higher risk

of developing severe LVH. Furthermore, in clinical settings,

peripheral B lymphocyte levels were found to be negatively

correlated with left ventricular mass (LVM), and patients with

higher levels of B cells exhibited better heart function and a lower

risk of all-cause mortality (16). Interestingly, in a mouse model of

heart failure, the absence of B cells was found to result in less

hypertrophy and better preservation of left ventricular function

(29). In addition, a study found that the depletion of B cells by

rituximab could inhibit pressure overload-induced cardiac

remodeling and dysfunction in mice (30). Despite these findings,

the role of B cell subsets in regulating cardiac remodeling remains

controversial, and further research is needed to explore the

association between B cell subsets and cardiac remodeling.

NK cell subsets might contribute to the improvement of

cardiac remodeling in ESKD patients. As key players in the

innate immune system and immune regulation, NK cells have a

significant impact on disease severity. Specifically, our results

showed that ESKD patients who developed left ventricular

hypertrophy (LVH) with lower NK cell counts were at a higher

risk of severe LVH. Peripheral NK cell numbers could decrease

due to cytotoxic activity and infiltration in affected tissues, which

could exacerbate or improve disease severity. Studies showed that

a reduction in circulating NK cells could contribute to the

worsening of cardiac remodeling after myocardial infarction (17).

Furthermore, research had demonstrated that the crosstalk

between natural killer cells and allogeneic human cardiac-derived

stem/progenitor cells were beneficial for reducing inflammation

and ameliorating adverse cardiac remodeling (31, 32).
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Our study investigated the association between immune cell

subsets and incident LVH in a cohort of patients. We found that

immune dysfunction, as measured by peripheral CD4+ T cells,

CD8+ T cells, CD19+ B cells, and NK cells, was associated with a

higher risk of LVH. However, our findings differ slightly from

prior studies investigating the association between immune cell

subsets and cardiac hypertrophy and remodeling. Several possible

explanations may account for these differences. Firstly, the

composition and role of immune cell subsets may vary

significantly during different stages of myocardial hypertrophy

and remodeling. Most clinical and animal studies have focused

on altered immune function during the acute phase of the

disease, unlike the chronic phase investigated in our study.

Secondly, circulating immune cells may not accurately reflect the

immune status of cardiac tissue, which differs from tissue-

infiltrating immune cells. Finally, the decline of specific immune

cells in the circulation may be associated with their more

effective migration into heart tissue due to cell differentiation

and migration. The exact mechanism underlying these

differences remains unclear and requires further investigation.

Our study demonstrates the utility of machine learning

algorithms in identifying the association between immune cells

and LVH in ESKD patients. Furthermore, these algorithms

enable personalized medicine by predicting disease outcomes

based on an individual’s unique immune cell profile. This

approach can improve the efficacy and efficiency of treatment by

tailoring it to the individual patient. Overall, our study highlights

the efficacy of machine learning-based approaches for analyzing

complex immune system datasets and their potential to identify

novel biomarkers and advance personalized medicine.

Our study had several limitations that need to be

acknowledged. Firstly, this was a retrospective review of a single-
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1187965
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Yang et al. 10.3389/fcvm.2023.1187965
center experience, and therefore, the generalizability of our findings

may be limited. Future studies with large, multicenter prospective

designs are needed to confirm our results. Secondly, we only

investigated the numbers and proportions of peripheral immune

cells, but their cytokine profiles or antigen specificities, which are

crucial for assessing the function of each immune cell’s role in

LVH pathogenesis, were not examined. Therefore, further studies

are needed to explore the functional characteristics of these

immune cells. Moreover, changes in peripheral lymphocyte

subsets may not accurately reflect their changes in heart tissue

due to the difficulty of obtaining heart biopsy samples for LVH.

Finally, our study did not assess the impact of therapeutic

interventions on immune cell subsets in ESKD patients with

LVH. Despite these limitations, our study provides valuable

preliminary insights into peripheral lymphocyte subsets in ESKD

patients with LVH and can help guide further research in this field.
Conclusion

Our study employed machine learning models to investigate

the relation between immune status and LVH in ESKD patients.

Our results demonstrated that the RF model was the most

effective in identifying patients at risk of LVH. With the

emergence of big data, analyzing multiple parameters has

become an effective approach to comprehensively understand

complex diseases. Identifying the underlying pathways of this

finding could offer potential targets for immunomodulatory

therapy to prevent and treat LVH in ESKD patients at high risk.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving human participants were reviewed and

approved by the Institutional Review Board of Third Xiangya

Hospital, Central South University. The patients/participants

provided their written informed consent to participate in this study.
Frontiers in Cardiovascular Medicine 11
Author contributions

YM conducted critical analysis, interpreted the data, and

drafted the manuscript. MY and QZ managed the sample

processing and cohort. MY and JL collected clinical data and

acquired samples. PZ, HL, and YZ provided guidance on the

experiment and technical support. BP and YM conceived and

designed the study. All authors contributed to the article and

approved the submitted version.
Funding

This study was supported by the National Natural Science

Foundation of China (81771722) and the Hunan Provincial

Natural Science Foundation (2021JJ40959). The funders had no

role in study design, data collection, analysis and interpretation,

writing and submission of the manuscript.
Acknowledgments

We thank all the individuals for their participation in this
study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Desai N, Lora CM, Lash JP, Ricardo AC. Ckd and esrd in US hispanics. Am
J Kidney Dis. (2019) 73(1):102–11. doi: 10.1053/j.ajkd.2018.02.354

2. Methven S, Steenkamp R, Fraser S. UK renal registry 19th annual report: chapter
5 survival and causes of death in UK adult patients on renal replacement therapy in
2015: national and centre-specific analyses. Nephron. (2017) 137(Suppl 1):117–50.
doi: 10.1159/000481367

3. Silberberg JS, Barre PE, Prichard SS, Sniderman AD. Impact of left ventricular
hypertrophy on survival in end-stage renal disease. Kidney Int. (1989) 36(2):286–90.
doi: 10.1038/ki.1989.192

4. Maqbool S, Shafiq S, Ali S, Rehman MEU, Malik J, Lee KY. Left ventricular
hypertrophy (LVH) and left ventricular geometric patterns in patients with chronic
kidney disease (CKD) stage 2–5 with preserved ejection fraction (EF): a systematic
review to explore ckd stage-wise lvh patterns. Curr Probl Cardiol. (2023) 48
(4):101590. doi: 10.1016/j.cpcardiol.2023.101590

5. Chen Y, Dai S, Ge X, Shang D, Xie Q, Hao C, et al. Prognostic values of left
ventricular mass index progression in incident peritoneal dialysis patients: a
prospective cohort study. BMC Nephrol. (2022) 23(1):200. doi: 10.1186/s12882-022-
02831-6

6. Yu TH, Tang WH, Lu YC, Wang CP, Hung WC, Wu CC, et al. Association
between hippuric acid and left ventricular hypertrophy in maintenance hemodialysis
patients. Clin Chim Acta. (2018) 484:47–51. doi: 10.1016/j.cca.2018.05.022

7. Duni A, Liakopoulos V, Rapsomanikis KP, Dounousi E. Chronic kidney disease
and disproportionally increased cardiovascular damage: does oxidative stress explain
frontiersin.org

https://doi.org/10.1053/j.ajkd.2018.02.354
https://doi.org/10.1159/000481367
https://doi.org/10.1038/ki.1989.192
https://doi.org/10.1016/j.cpcardiol.2023.101590
https://doi.org/10.1186/s12882-022-02831-6
https://doi.org/10.1186/s12882-022-02831-6
https://doi.org/10.1016/j.cca.2018.05.022
https://doi.org/10.3389/fcvm.2023.1187965
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Yang et al. 10.3389/fcvm.2023.1187965
the burden? Oxid Med Cell Longevity. (2017) 2017:9036450. doi: 10.1155/2017/
9036450

8. Liu X, Shi GP, Guo J. Innate immune cells in pressure overload-induced cardiac
hypertrophy and remodeling. Front Cell Dev Biol. (2021) 9:659666. doi: 10.3389/fcell.
2021.659666

9. Xu L, Chen G, Liang Y, Zhou C, Zhang F, Fan T, et al. T helper 17 cell responses
induce cardiac hypertrophy and remodeling in essential hypertension. Pol Arch Intern
Med. (2021) 131(3):257–65. doi: 10.20452/pamw.15811.

10. Liu Y, Lu H, Zhang C, Hu J, Xu D. Recent advances in understanding the roles of
T cells in pressure overload-induced cardiac hypertrophy and remodeling. J Mol Cell
Cardiol. (2019) 129:293–302. doi: 10.1016/j.yjmcc.2019.01.005

11. Saad K, Elsayh KI, Zahran AM, Sobhy KM. Lymphocyte populations and
apoptosis of peripheral blood B and T lymphocytes in children with End stage
renal disease. Renal Fail. (2014) 36(4):502–7. doi: 10.3109/0886022X.2013.875833

12. Xiong J, Qiao Y, Yu Z, Huang Y, Yang K, He T, et al. T-Lymphocyte subsets
alteration, infection and renal outcome in advanced chronic kidney disease. Front
Med (Lausanne). (2021) 8:742419. doi: 10.3389/fmed.2021.742419

13. Winterberg PD, Robertson JM, Kelleman MS, George RP, Ford ML. T cells play
a causal role in diastolic dysfunction during uremic cardiomyopathy. J Am Soc
Nephrol. (2019) 30(3):407–20. doi: 10.1681/ASN.2017101138

14. Bansal SS, Ismahil MA, Goel M, Zhou G, Rokosh G, Hamid T, et al.
Dysfunctional and proinflammatory regulatory T-lymphocytes are essential for
adverse cardiac remodeling in ischemic cardiomyopathy. Circulation. (2019) 139
(2):206–21. doi: 10.1161/CIRCULATIONAHA.118.036065

15. Bansal SS, Ismahil MA, Goel M, Patel B, Hamid T, Rokosh G, et al. Activated T
lymphocytes are essential drivers of pathological remodeling in ischemic heart failure.
Circ Heart Fail. (2017) 10(3):e003688. doi: 10.1161/CIRCHEARTFAILURE.116.
003688

16. Lin J, Tang B, He G, Feng Z, Hao W, Hu W. B lymphocytes subpopulations are
associated with cardiac remodeling in elderly patients with advanced chronic kidney
disease. Exp Gerontol. (2022) 163:111805. doi: 10.1016/j.exger.2022.111805

17. Ayach BB, Yoshimitsu M, Dawood F, Sun M, Arab S, Chen M, et al. Stem cell
factor receptor induces progenitor and natural killer cell-mediated cardiac survival and
repair after myocardial infarction. Proc Natl Acad Sci U S A. (2006) 103(7):2304–9.
doi: 10.1073/pnas.0510997103

18. Cohen IR, Efroni S. The immune system computes the state of the body: crowd
wisdom, machine learning, and immune cell reference repertoires help manage
inflammation. Front Immunol. (2019) 10:10. doi: 10.3389/fimmu.2019.00010

19. Peng B, Gong H, Tian H, Zhuang Q, Li J, Cheng K, et al. The study of the
association between immune monitoring and pneumonia in kidney transplant
recipients through machine learning models. J Transl Med. (2020) 18(1):370.
doi: 10.1186/s12967-020-02542-2

20. Yang M, Peng B, Zhuang Q, Li J, Liu H, Cheng K, et al. Models to predict the
short-term survival of acute-on-chronic liver failure patients following liver
Frontiers in Cardiovascular Medicine 12
transplantation. BMC Gastroenterol. (2022) 22(1):80. doi: 10.1186/s12876-022-
02164-6

21. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al.
Recommendations for cardiac chamber quantification by echocardiography in
adults: an update from the American society of echocardiography and the European
association of cardiovascular imaging. Eur Heart J Cardiovasc Imaging. (2015) 16
(3):233–70. doi: 10.1093/ehjci/jev014

22. Xu Y, Chen Y, Li D, Li J, Liu X, Cui C, et al. Hypertension, fluid overload and
micro inflammation are associated with left ventricular hypertrophy in maintenance
hemodialysis patients. Renal Fail. (2013) 35(9):1204–9. doi: 10.3109/0886022X.2013.
819765

23. Andrade-Oliveira V, Foresto-Neto O, Watanabe IKM, Zatz R, Câmara NOS.
Inflammation in renal diseases: new and old players. Front Pharmacol. (2019)
10:1192. doi: 10.3389/fphar.2019.01192

24. Lin J, Tang W, Liu W, Yu F, Wu Y, Fang X, et al. Decreased B1 and B2
lymphocytes are associated with mortality in elderly patients with chronic kidney
diseases. Front Med (Lausanne). (2020) 7:75. doi: 10.3389/fmed.2020.00075

25. Okeke NL, Alenezi F, Bloomfield GS, Dunning A, Clement ME, Shah SH, et al.
Determinants of left ventricular hypertrophy and diastolic dysfunction in an hiv
clinical cohort. J Card Fail. (2018) 24(8):496–503. doi: 10.1016/j.cardfail.2018.06.003

26. Wang HX, Li WJ, Hou CL, Lai S, Zhang YL, Tian C, et al. Cd1d-dependent
natural killer T cells attenuate angiotensin ii-induced cardiac remodelling via Il-10
signalling in mice. Cardiovasc Res. (2019) 115(1):83–93. doi: 10.1093/cvr/cvy164

27. Sun K, Li YY, Jin J. A double-edged sword of immuno-microenvironment in
cardiac homeostasis and injury repair. Signal Transduct Target Ther. (2021) 6(1):79.
doi: 10.1038/s41392-020-00455-6

28. Obata Y, Ishimori N, Saito A, Kinugawa S, Yokota T, Takada S, et al. Activation
of invariant natural killer T cells by alpha-galactosylceramide ameliorates
doxorubicin-induced cardiotoxicity in mice. Eur J Prev Cardiol. (2020) 27
(19):2358–61. doi: 10.1177/2047487319901208

29. Cordero-Reyes AM, Youker KA, Trevino AR, Celis R, Hamilton DJ, Flores-
Arredondo JH, et al. Full expression of cardiomyopathy is partly dependent on B-
cells: a pathway that involves cytokine activation, immunoglobulin deposition, and
activation of apoptosis. J Am Heart Assoc. (2016) 5(1):e002484. doi: 10.1161/jaha.
115.002484.

30. Ma XL, Lin QY, Wang L, Xie X, Zhang YL, Li HH. Rituximab prevents and
reverses cardiac remodeling by depressing B cell function in mice. Biomed
Pharmacother. (2019) 114:108804. doi: 10.1016/j.biopha.2019.108804

31. Boukouaci W, Lauden L, Siewiera J, Dam N, Hocine HR, Khaznadar Z, et al.
Natural killer cell crosstalk with allogeneic human cardiac-derived stem/progenitor cells
controls persistence. Cardiovasc Res. (2014) 104(2):290–302. doi: 10.1093/cvr/cvu208

32. Sobirin MA, Kinugawa S, Takahashi M, Fukushima A, Homma T, Ono T, et al.
Activation of natural killer T cells ameliorates postinfarct cardiac remodeling and
failure in mice. Circ Res. (2012) 111(8):1037–47. doi: 10.1161/CIRCRESAHA.112.
270132
frontiersin.org

https://doi.org/10.1155/2017/9036450
https://doi.org/10.1155/2017/9036450
https://doi.org/10.3389/fcell.2021.659666
https://doi.org/10.3389/fcell.2021.659666
https://doi.org/10.20452/pamw.15811
https://doi.org/10.1016/j.yjmcc.2019.01.005
https://doi.org/10.3109/0886022X.2013.875833
https://doi.org/10.3389/fmed.2021.742419
https://doi.org/10.1681/ASN.2017101138
https://doi.org/10.1161/CIRCULATIONAHA.118.036065
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003688
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003688
https://doi.org/10.1016/j.exger.2022.111805
https://doi.org/10.1073/pnas.0510997103
https://doi.org/10.3389/fimmu.2019.00010
https://doi.org/10.1186/s12967-020-02542-2
https://doi.org/10.1186/s12876-022-02164-6
https://doi.org/10.1186/s12876-022-02164-6
https://doi.org/10.1093/ehjci/jev014
https://doi.org/10.3109/0886022X.2013.819765
https://doi.org/10.3109/0886022X.2013.819765
https://doi.org/10.3389/fphar.2019.01192
https://doi.org/10.3389/fmed.2020.00075
https://doi.org/10.1016/j.cardfail.2018.06.003
https://doi.org/10.1093/cvr/cvy164
https://doi.org/10.1038/s41392-020-00455-6
https://doi.org/10.1177/2047487319901208
https://doi.org/10.1161/jaha.115.002484
https://doi.org/10.1161/jaha.115.002484
https://doi.org/10.1016/j.biopha.2019.108804
https://doi.org/10.1093/cvr/cvu208
https://doi.org/10.1161/CIRCRESAHA.112.270132
https://doi.org/10.1161/CIRCRESAHA.112.270132
https://doi.org/10.3389/fcvm.2023.1187965
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Machine learning-based investigation of the relationship between immune status and left ventricular hypertrophy in patients with end-stage kidney disease
	Background
	Methods
	Study design and population
	Definition of LVH and its severity
	Immune monitoring panel
	Model building
	Statistical analysis

	Results
	Patient characteristics
	Immune status in LVH patients with ERSD
	Risk factors for LVH in ERSD patients
	Immune status related with the severity of LVH in ERSD patients
	Machine learning models based on immune monitoring

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


