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Volume markers in left ventricular
diastolic dysfunction and adverse
outcomes in peritoneal dialysis
patients: a prospective cohort
study

Shoubo Xiang?, Mingliang Zuo?*, Yan Deng?, Xian Luo?, Qianhua Dong?, Jin Chen?,
Chung-Wah Siu* & Lixue Yin?**

Left ventricular diastolic dysfunction (LVDD) is an early event associated with cardiovascular
complications and poor prognosis in chronic kidney disease patients undergoing dialysis. In this
study, we investigated whether diastolic dysfunction, measured by the E/E' ratio, affects adverse
outcomes in peritoneal dialysis (PD) patients (n =148). Our results showed that patients with an E/E’
ratio 215 were more likely to be female, have a longer dialysis vintage, have significantly higher

left atrial volume index and left atrial kinetic energy levels, have lower E’ levels and LV hypertrophy
(LVH) degree, and have higher volume markers. Kaplan—Meier curves revealed that patients with a
higher E/E' ratio had worse survival and a higher risk of heart failure than those with a lower E/E' ratio.
Subgroup analysis demonstrated that non-diabetic patients with a higher E/E’ ratio had a higher

risk of heart failure than those with a lower E/E’ ratio. Cox proportional hazard regression analysis
indicated that the ECW/ICW ratio was strongly associated with LVDD and confirmed that the E/E' ratio
was an independent risk factor for overall death. Our study suggests that monitoring the E/E' ratio in
PD patients is important for improving their prognosis.

Peritoneal dialysis (PD) is an irreplaceable renal replacement therapy for patients with end-stage kidney disease.
It is available in 75% of countries and covers approximately 11% of long-term dialysis patients'. Cardiovascular
disease (CVD) is common among patients undergoing PD and hemodialysis (HD) and is considered the leading
cause of death®. According to a recent meta-analysis, patients with PD have a higher cardiovascular mortality
rate than those with HD. Furthermore, a reported 50% of PD deaths are caused by CVD?. Therefore, identifying
the risk factors for these events is of great interest.

Cardiac remodeling occurs in dialysis patients before and after dialysis*. Although heart failure is often
associated with various comorbidities, decreased renal function is particularly important in the treatment of
heart failure’. Left ventricular diastolic dysfunction (LVDD), a sign of LV pressure overload, is common among
patients with end-stage renal disease®. Evidence to date has indicated that LVDD occurs earlier than systolic
dysfunction in PD patients and that LVDD impairment is the primary determinant of CVD symptoms in this
patient population’. LVDD can predict the rapid decline in residual renal function and future mortality in PD
patients”®. As a result, the early detection of diastolic dysfunction in patients with PD is of great clinical impor-
tance and is vital to their treatment.

It is well known that echocardiography is the most direct and effective means of assessing systolic and dias-
tolic dysfunction, in particular, the assessment of LV mass, LV ejection fraction (LVEF), transmission velocity,
and the ratio of early diastolic mitral inflow velocity to early diastolic mitral annulus velocity (E/E')’. Several
echocardiographic parameters are associated with adverse outcomes in patients with PD'’. For example, early
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LV mass index progression was independently linked to all-cause mortality and CVD events in patients with
PD. Additionally, a low LVEF increases a patient’s risk of mortality and adverse CVD outcomes compared to
individuals without heart failure!'. While some young PD patients with preserved LVEF already have diastolic
dysfunction'?, this suggests that LVEF may not be as sensitive as once thought at reflecting diastolic dysfunction
at an early stage in the disease process.

The E/E' has been shown to be a useful marker of left ventricular (LV) filling pressures, and has been shown
to correlate with left atrial (LA) pressure'®. Based on guidelines from the American Society of Echocardiography
and the European Association of Cardiovascular Imaging, a value of E/E'> 14 suggests the presence of diastolic
dysfunction'®. Previously, the E/E’ ratio has also been identified as an effective predictor of primary cardiac
events in individuals with hypertension'®. Recent studies demonstrated that the E/E’ ratio, another important
parameter of diastolic dysfunction, has strong predictive value for mortality and CVD in patients on dialysis
for chronic kidney disease (CKD)'¢, but our understanding of its prognostic value and clinical outcomes in PD
patients remains low. This study aimed to investigate the association between E/E’ ratio and adverse outcomes
in patients with PD.

Results

Baseline clinical characteristics

A total of 148 patients with PD were included in the analysis. The median patient age was 59.9 years, and 65%
of them were male. 76% of the population had hypertension and 47% had diabetes mellitus. The mean dialysis
vintage was 2.8 4.4 years. A summary of the patient’s baseline characteristics is shown in Table 1. Patients were
divided into survival and non-survival groups based on their overall survival. Patients in the non-survival group
were older, more likely to have CVD, and had a longer dialysis duration. There were significant differences in
the E/E' ratio, E', pulmonary capillary wedge pressure, LVEF, fractional shortening, and maximum left anterior
volume index (LAVI), while no significant differences were observed in medication, dry body weight, or other
parameters. The E/E' ratio differed significantly between the survival and non-survival groups. Based on an E/E’
ratio of 15'7, patients were divided into with or without LV diastolic dysfunction categories. Patients with an
E/E' ratio > 15 were more likely to be female, have a longer dialysis vintage, and have significantly higher LAVI
and LA Kkinetic energy levels and lower E' level and LVH degree. In addition, the volume markers (ECW/ICW
and OH/ECW) were significantly higher in the high E/E' group, whereas the hemoglobin and albumin levels
were similar. We have also observed that there is a greater use of ACEI/ARB in PD patients who have an E/E’
ratio of less than 15 (Table 2).

Adverse events according to E/E’ ratio

During a median follow-up of 21.8+10.8 months, 39 patients (26.4%) died. The cause of death was attributed
to issues with the cardiovascular system (CVS) (30.8%), infections (20.5%), and other factors (48.7%). Notably,
there were no significant differences in the cause of death between the group with an E/E' ratio < 15 and the group
with an E/E' ratio > 15 (Supplementary Fig. 1). Patients with higher E/E' ratios had a significantly higher risk of
all-cause mortality (19.8% vs. 38.5%, p=0.017). Kaplan-Meier curves showed that patients with a higher E/E’
ratio had a worse survival rate than those with a lower E/E' ratio (p=0.0103; Fig. 1A). Moreover, the incidence of
heart failure was significantly different between the low and high E/E' ratio groups (p <0.0001; Fig. 1B). Moreover,
the subgroup analysis showed that those without diabetes with higher E/E’ ratios had a higher risk of heart failure
than those with lower E/E' ratios (p=0.0188; Fig. 2A,B), while not for overall death (Fig. 2C,D). Additionally,
we performed Kaplan-Meier survival analysis for PD patients without CVD history, and the results also indi-
cated that higher E/E' ratios increased the risk of all-cause mortality and heart failure (Fig. 3A,B).To adjust for
confounding effects, we conducted uni- and multivariate Cox proportional hazard regression analyses (Table 3).
Age (hazard ratio [HR], 1.05; 95% confidence interval [CI], 1.03-1.10; p=0.039), E/E' ratio (HR, 1.1; 95% CI,
1.1-1.2; p=0.047) and LAVI (HR, 1.1; 95% CI, 1.0-1.1; p=0.038) were associated with all-cause mortality.

Correlation and risk factors for LVDD

Uni- and multivariate logistic regression analyses were conducted to investigate the risk factors associated with
LVDD. As shown in Table 4, there was a correlation between volume markers and LVDD. Interestingly, the ECW/
ICW ratio represents the volume status, with a significant positive correlation between the E/E' ratio (r=0.38,
P <0.0001; Fig. 4A) and LVAI (r=0.49, p <0.0001; Fig. 4B). Left atrial size is also a surrogate marker for chroni-
cally augmented LV diastolic pressure'®, and an LAVI >34 mL/m? predicted death'. Relative overhydration (OH/
ECW) showed a significant positive correlation with E/E' ratio (r=0.26, p=0.003; Fig. 4C) and LVAI (r=0.42,
p <0.0001; Fig. 4D). However, the multivariate logistic regression analysis results revealed that only ECW/ICW
(HR, 1.18; 95% CI, 1.06-1.34; p=0.027; Table 4) was a significant independent risk factor for LVDD in the
multivariate logistic regression analysis.

Discussion
This study revealed that E/E' ratio could represent an independent risk factor for heart failure and overall mortal-
ity in patients with PD. Furthermore, it was positively correlated with volume overload.

In clinical settings, E/E' ratio can be measured using ultrasonic Doppler, which assesses the systolic and
diastolic functions of the heart. In particular, the E/E' ratio plays a crucial role in determining cardiac diastolic
function. In a national echocardiography registry, diastolic dysfunction was strongly associated with heart dis-
ease-related mortality*”. When the E/E’ ratio is <8, cardiac diastolic insufficiency can generally be ruled out. In
contrast, an E/E' ratio > 15 indicates diastolic dysfunction, suggesting impaired ventricular relaxation?’. Among
the CKD population, the average E/E' ratio was approximately 9.6, while when the estimated glomerular filtration
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Total (n=148) | Survival (n=109) | Non-survival (n=39) | P value
Age (yr) 59.9+13.3 58.3+13.1 64.7+12.9 0.01
Male (%) 96 (64.8) 69 (63.3) 27 (69.2) 0.52
BMI 23335 233+3.4 23237 0.84
Dry body weight 59.5+11.3 59.9+10.9 58.6+12.6 0.56
Systolic B>, mmHg 141.8+24.3 140.0£23.3 148.0£25.8 0.08
Diastolic BB, mmHg 77.8+£12.6 76.9+12.5 80.6+12.3 0.13
Co-existing comorbidities, no. (%)
CVD, no. (%) 29(19.6) 19 (17.4) 10 (25.6) 0.023
Diabetes, no. (%) 69 (46.6) 51 (46.8) 18 (46.1) 0.92
Hypertension, no. (%) 112 (75.7) 82 (75.2) 30 (76.9) 0.87
Smoking, no. (%) 35(23.6) 24(22.0) 11(28.2) 0.41
Dialysis vintage, years 2.8+4.4 1.9+35 5.4+54 0.00
ECW/ICW ratio 0.94+0.16 0.92+0.15 0.98+0.17 0.08
OH/ECW ratio 0.12+0.10 0.11+0.10 0.14+0.10 0.25
Echocardiography
LVM], g/m? 160.9+64.7 160.4£63.5 165.5+£67.2 0.69
E/E' ratio 14.7+7.5 13.3+4.9 18.7+11.5 0.00
E', cm/s 58+2.2 6.1+2.4 49+1.8 0.001
PCWP, mmHg 21.1+£9.8 19.3+6.4 2641149 0.00
Kinetic energy, kdynes, cm/m? 9.6+8.2 9.6+7.8 9.8£9.2 0.87
PASP, mmHg 30.1+10.3 29.2+8.5 32.0+13.0 0.24
LVEF (%) 67.3+9.4 68.8+8.5 63.0+10.7 0.001
FS (%) 38.5+7.8 39.6+£7.6 355+7.9 0.008
Relative wall thickness 0.54+0.26 0.52+0.22 0.59+0.39 0.09
LAD, mm 38.5+£33.5 38.2+31.1 39.2+40.2 0.09
LAV, ml/m? 37.0+14.6 349+13.9 42.9+16.5 0.005
LVH, n(%) 99 (66.9) 73 (66.9) 26 (66.7) 0.94
Hypertrophy (Concentric/ eccentric, n) 58/32 43/24 15/8 0.79
Valve disease, n(%) 45 (30.4) 29 (26.6) 16 (41.0) 0.09
Laboratory parameters
Hemoglobin (g/dL) 9.8+1.4 9.7+1.5 10.0+£1.3 0.23
Alkaline phosphatase, U/L 100.8+70.1 104.1+78.6 91.5+46.3 0.32
Serum albumin (g/L) 36.6+3.9 36.7+4.0 36.4+3.7 0.73
Calcium*phosphorus 39+1.1 3.9+1.2 3.8+£0.9 0.67
High sensitive c-reactive protein (mg/L) 0.7+0.6 0.6+0.6 0.8+0.6 0.63
Phosphorus 1.6+0.4 1.6+0.4 1.6+0.4 0.95
iPTH, pg/L 104.9+174.3 101.7+152.3 113.9+£235.9 0.72
BNP, pg/mL 116.8+£141.9 113.9+142.8 125.1+£139.3 0.32
Medication
Statins, n(%) 68 (45.9) 49 (44.9) 19 (48.7) 0.71
Antiplatelets, n(%) 43(29.1) 29 (26.6) 14 (35.9) 0.29
ACEI/ARB, n(%) 108 (72.9) 81 (74.3) 27 (69.2) 0.58
EPO injection, n(%) 88 (59.5) 61 (55.9) 27 (69.2) 0.19

Tablel. Baseline characteristics for PD patients stratified by death. BMI body mass index, CVD cardiovascular
disease, LVMI left ventricular mass index, PCWP pulmonary capillary wedge pressure, PASP pulmonary artery
systolic pressure, LVEF left ventricular ejection fractions, FS fractional shortening, LAD left atrium diameter,
LVH left ventricular hypertrophy, iPTH Intact parathyroid hormone, BNP brain natriuretic peptide, ACEI
angiotensin-converting enzyme (ACE) inhibitors, ARB angiotensin receptor block, EPO erythropoietin.

rate was <45 mL/min, the ratio increased to 10.1. More importantly, a low estimated glomerular filtration rate was
an independent risk factor of an elevated E/E' ratio (>15)*. In addition, the E/E' ratio was positively correlated
with hypertension®. A continuous decrease in the E/E’ ratio was observed in patients undergoing dialysis. Nev-
ertheless, a previous study showed no significant difference in E/E’ between patients on HD versus PD*. A study
of patients with PD followed them for 3 years to determine the dynamic changes in LV structure and function.
In their study, only distal function parameters were statistically decreased, including the E/A ratio and e', while
the E/E' ratio increased®, indicating that PD patients with long-term structural and functional changes showed
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E/E' ratio<15 E/E' ratio>15

(n=96) (n=52) P value
Demographic data
Age, years 59.7+13.7 60.4+12.8 0.84
Male, n(%) 70 (72.9) 26 (50.0) 0.016
BMI, kg/m? 23.0£3.59 23.6+2.9 0.27
Dry body weight 59.6+12.0 59.3+9.9 0.89
Systolic BP, mmHg 139.6+24.1 147.7+24.4 0.06
Diastolic BP, mmHg 78.0+12.7 77.2+13.2 0.75
Co-existing comorbidities, no.(%)
CVD, no. (%) 18 (18.7) 11(21.1) 0.32
Diabetes, no. (%) 40 (41.7) 29 (55.8) 0.06
Hypertension, no. (%) 69 (71.9) 43 (82.7) 0.14
Smoking, no. (%) 26 (27.1) 9(17.3) 0.08
Dialysis vintage, years 2.1+43 40+4.1 0.015
ECW/ICW ratio 0.91+0.17 0.99+0.13 0.002
OH/ECW ratio 0.10+0.10 0.15+0.09 0.04
Echocardiography
LVM]I, g/m? 153.8+64.4 174.8£64.1 0.07
E, cm/s 6.4+2.2 44+1.2 0.00
PCWP, mmHg 16.3+3.1 30.2+11.5 0.00
LA Kinetic energy, kdynes, cm/m? 8.3£8.0 11.9£8.5 0.015
PASP, mmHg 28.9+9.3 30.8+12.1 0.39
LVEE % 67.5+9.2 66.9+10.1 0.68
FS, % 39.0+6.6 37.7£9.7 0.38
Relative wall thickness 0.51+0.11 0.61+0.42 0.12
LAD, mm 38.1+£32.0 39.2+36.2 0.71
LAVImax, ml/m? 349+12.9 40.9+17.9 0.02
LVH, n(%) 60 (62.5) 39 (75.0) 0.08
Hypertrophy (Concentric/ eccentric, n) 34/20 24/12 0.37
Valve disease, n(%) 30 (31.2) 15 (28.8) 0.67
Laboratory parameters
Hemoglobin, g/dL 9.9+1.5 9.6+1.3 0.68
Alkaline phosphatase, U/L 103.4+83.7 95.9+44.9 0.46
Serum albumin, g/L 36.5+4.1 36.8+3.5 0.90
Calcium*phosphorus 39+1.2 3.9+09 0.88
High-sensitive c-reactive protein, mg/L 0.6+0.5 0.7+£0.7 0.24
Phosphorus, mg/dL 1.6+0.4 1.6+0.3 0.88
iPTH, pg/L 115.1£200.1 86.1+£126.6 0.17
BNP, pg/mL 110.6 +144.7 134.2+133.9 0.06
Medication
Statins, n(%) 44(45.8) 24(46.2) 0.92
Antiplatelets, n(%) 27(28.1) 16(30.8) 0.78
ACEI/ARB, n(%) 72(75.0) 36(69.2) 0.48
EPO injection, n(%) 53(55.2) 35(67.3) 0.17
Heart failure, n(%) 6(6.3) 15(28.8) 0.000
CV mortality, n(%) 7(7.3) 5(9.6) 0.65
All-cause death, n(%) 19(19.8) 20 (38.5) 0.017

Table 2. Baseline characteristics of the study population according to E/E’ ratio at baseline. BMI body mass
index, CVD cardiovascular disease, LVMI left ventricular mass index, PCWP pulmonary capillary wedge
pressure, PASP pulmonary artery systolic pressure, LVEF left ventricular ejection fractions, FS fractional
shortening, LAD left atrium diameter, LVH left ventricular hypertrophy, iPTH Intact parathyroid hormone,
BNP brain natriuretic peptide, ACEI angiotensin-converting enzyme (ACE) inhibitors, ARB angiotensin
receptor block, EPO erythropoietin.

Scientific Reports|  (2023)13:16892 | https://doi.org/10.1038/s41598-023-43442-x nature portfolio



www.nature.com/scientificreports/

w

A All-cause mortality Heart Failure

—— EIE’ <15

-
o
o

' |

-

(=3

o
]

= ] — EIE’ <15 = ] —— EIE’ 215

% N — EIE’ 215 2 ]

a I

Y ] - ]

_E‘ 50 ; 50

g g

<] ] [ ]

o ] Log-rank test, p=0.0103 o ] Log-rank test,
o+ o+

0 20 40 60 0 20 40 60
Follow-up (months) Follow-up (months)

Figure 1. Kaplan-Meier survival curves for (A) all-cause mortality and (B) heart failure according to LV
diastolic dysfunction. LV diastolic dysfunction was defined as E/E' ratio> 15.
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Figure 2. Kaplan-Meier survival curves for heart failure and overall death according to LV diastolic
dysfunction stratified by diabetes. (A,C) non-diabetes; (B,D) diabetes; LV diastolic dysfunction was defined as
E/E' ratio> 15.

nonparallel progression and distal function may be more affected. We observed that>35% of PD patients had
an E/E' ratio > 15, suggesting that LVDD is a very common complication in patients with PD. Moreover, patients
with a higher E/E’ ratio had a relatively long dialysis duration, indicating that LVDD is closely related to dialysis
vintage. Previous reports have also indicated a positive correlation between dialysis vintage and LVEF?. The study
results indicate that dialysis duration has a significant impact on cardiac function in PD patients. However, the
E/E’ ratio was reportedly significantly decreased in pediatric PD patients after renal transplantation?, strongly
suggesting that LVDD could be partially reversed while renal function improves. Therefore, PD treatment might
involve the routine evaluation of diastolic function and E/E’ ratio levels.

As the E/E' ratio is the best indicator of cardiac diastolic function, previous studies demonstrated that the E/E’
ratio is more sensitive than the E/A ratio for detecting LVDD in patients with systemic sclerosis®®. Furthermore,
E/E' ratio is a powerful predictor of primary cardiac events in a hypertensive population®. During low-level
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Figure 3. Kaplan-Meier survival curves for (A) all-cause mortality and (B) heart failure according to LV
diastolic dysfunction for peritoneal dialysis patients excluded prior cardiovascular events. LV diastolic
dysfunction was defined as E/E' ratio > 15.

Univariate Multivariate
Covariates Hazard ratio (95CI) | P value | Hazard ratio (95%CI) | P value
Age 1.1(1.0-1.1) 0.009 1.05(1.03-1.10) 0.039
Gender 1.3 (0.6-2.5) 0.51
BMI 0.9 (0.8-1.1) 0.84
Dry body weight 0.9 (0.9-1.0) 0.53
Dialysis vintage 1.11 (1.1-1.2) 0.00 0.95 0.43
Systolic B>, mmHg 1.0 (0.9-1.1) 0.10 1.02 0.15
Diastolic BP, mmHg 1.0(0.9-1.1) 0.17
CVD 3(0.6-2.9) 0.76
Diabetes .0 (0.5-1.9) 0.97
Hypertension .0 (0.4-2.3) 0.99
Smoking .6 (0.7-3.5) 0.41
ECW/ICW ratio 2(1.0-1.3) 0.01 1.1(1.1-1.2) 0.35
OH/ECW .1(0.3-14.6) 0.27
Echocardiography
LVMI 1.0(0.9-1.1) 0.49
E/E' ratio 1.1 (1.0-1.1) 0.001 1.1(1.1-1.2) 0.047
PASP 1.0 (0.9-1.1) 0.26
LVEF 0.9 (0.8-0.9) 0.003 1.0(0.9-1.1) 0.07
FS 0.9 (0.8-0.9) 0.008
LAVImax 1.1(1.0-1.1) 0.004 1.1 (1.0-1.1) 0.038
Laboratory parameters
Hemoglobin 1.2 (1.0-1.5) 0.08
Alkaline phosphatase 1.0 (1.0-1.1) 0.34
Serum albumin 1.0 (0.9-1.1) 0.99
Calcium*phosphorus 0.9 (0.7-1.2) 0.56
High-sensitive c-reactive protein | 1.1 (0.7-1.9) 0.58
BNP 1.1 (1.1-1.2) 0.07
Statins 1.1(0.6-2.1) 0.67
Antiplatelets 1.7(0.8-3.2) 0.13
ACEI/ARB 0.9(0.5-1.8) 0.83
EPO injection 1.5(0.8-3.1) 0.16

Table 3. Univariate and multivariate Cox-regression analysis for predicting all-cause mortality in PD patients
(n=148). BMI body mass index, CVD cardiovascular disease, LVMI left ventricular mass index, PCWP
pulmonary capillary wedge pressure, PASP pulmonary artery systolic pressure, LVEF left ventricular ejection
fractions, FS fractional shortening, LAD left atrium diameter, LVH left ventricular hypertrophy, iPTH Intact
parathyroid hormone, BNP brain natriuretic peptide, ACEI angiotensin-converting enzyme (ACE) inhibitors,
ARB angiotensin receptor block, EPO erythropoietin.
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Univariate Multivariate
Covariates Hazard ratio (95%CI) | Pvalue | Hazard ratio (95%CI) | P value
Age, years 1.03 0.84
Male 2.45 0.017 0.55(0.25-1.19) 0.13
Smoking status 0.55(0.18-1.61) 0.25
Diabetes 1.95 (0.95-3.99) 0.06
BMI 1.06 (0.96-1.17) 0.27
Dry body weight 0.98 (0.92-1.02) 0.88
CVD 0.85(0.32-2.28) 0.25
Hypertension 2.16 (0.76-6.11) 0.14
Systolic BP 1.01 (1.00-1.03) 0.07
Diastolic BP 0.99 (0.97-1.02) 0.75
Dialysis vintage, years 1.11 (1.04-1.21) 0.02 1.08 (1.00-1.18) 0.06
ECW/ICW 1.23 (1.07-1.41) 0.004 1.18 (1.06-1.34) 0.027
OH/ECW 37.55 (1.14-1237) 0.04
Hemoglobin 0.95 (0.75-1.21) 0.67
Alkaline phosphatase 0.99 (0.99-1.00) 0.47
Serum albumin 0.99 (0.91-1.09) 0.90
Calcium*phosphorus 1.02 (0.75-1.39) 0.88
High-sensitive c-reactive protein 1.47 (0.82-2.64) 0.19
Total cholesterol 0.92 (0.70-1.21) 0.56
iPTH 0.99 (0.99-1.00) 0.33
BNP 1.12 (0.98-1.19) 0.10
Statins 0.91 (0.42-1.81) 0.75
Antiplatelets 0.84 (0.44-1.82) 0.61
ACEI/ARB 1.41 (0.73-3.1) 0.35
EPO injection 0.75 (0.36-1.42) 0.29

Table 4. Univariate and multivariate logistic regression analysis for LV diastolic dysfunction. BMI body mass
index, CVD cardiovascular disease, LVMI left ventricular mass index, PCWP pulmonary capillary wedge
pressure, PASP pulmonary artery systolic pressure, LVEF left ventricular ejection fractions, FS fractional
shortening, LAD left atrium diameter, LVH left ventricular hypertrophy, iPTH Intact parathyroid hormone,
BNP brain natriuretic peptide, ACEI angiotensin-converting enzyme (ACE) inhibitors, ARB angiotensin
receptor block, EPO erythropoietin.

exercise, the E/E’ ratio can be applied in the diagnosis of heart failure with preserved LVEF*. The E/E’ ratio can
predict mortality and CVD in patients with CKD disease and diastolic dysfunction®. Moreover, it is also a sensi-
tive indicator of diastolic dysfunction in PD patients®. Exercise-induced elevated E/E’ ratios may be a reliable
indicator of CV events in patients with end-stage renal disease undergoing continuous ambulatory PD*2. Our
study showed for the first time that the E/E’ ratio is associated with an increased risk of all-cause mortality. We
also summarized the E/E’ ratio and adverse outcomes, which supports the important role of E/E’ ratio in CKD
(Supplementary Table 1). Furthermore, we also found that the E/E’ ratio was associated with an increased risk of
heart failure, while a subgroup analysis found that non-diabetic patients with high E/E’ ratios had higher heart
failure rates than those with low E/E' ratios, which warrants further investigation.

Fluid overload was defined as ECW/total body water assessed using BIA. Fluid management is crucial for
reducing cardiovascular risk in patients with PD. BIA has become widely used for assessing the volume status of
dialysis patients®®. With BIA-guided fluid management, PD patients with fluid overload were significantly less
likely to suffer from fluid overload than those with traditional methods®*. A previous study showed that the left
atrial diameter, E/E’ ratio, and LVEF were significantly lower in overhydrated than normohydrated patients®.
Moreover, the E/E' ratio showed a positive correlation with brain natriuretic peptide®® as well as fluid overload
in predialysis CKD patients®. The mechanism underlying LVDD is complex. Overhydration may contribute
to LVDD by increasing LV preload. Because of excessive sodium loading, volume overload usually results in
cardiac dilation and increased LV mass, resulting in LVDD. Anemia, inflammation, and mineral disorders are
also thought to play a role in LVDD development, in addition to LVH and neurohumoral alterations (renal-
angiotensin-aldosterone system activation)®®. During the course of our study, we discovered a significant preva-
lence of anemia among the population under examination. Further analysis revealed that this anemia could
potentially be attributed to the underutilization of erythropoietin (EPO). We also observed that injections of
EPO may serve as a protective factor against LV diastolic dysfunction. Our study also demonstrated that PD
patients with a higher E/E' ratio had higher ECW/ICW and OH/ECW ratios. This finding suggests that volume
control has a beneficial effect on cardiac function.
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Figure 4. The correlation between LV diastolic dysfunction and fluid overload. (A) ECW/ICW had a positive
correlation with E/E' ratio (r=0.38, p<0.0001); (B) ECW/ICW had a positive correlation with LVAI (r=0.49,
p<0.0001); (C) OH/ECW had a positive correlation with E/E’ (r=0.26, p=0.003); (D)OH/ECW had a positive
correlation with LVAI (r=0.42, p<0.0001).

However, some limitations of this study require consideration. In this single-center retrospective study, BIS
and echocardiography were performed only once at the beginning of PD, and no relationship was established
between the dynamics of these indicators and prognosis. Further research is required to confirm this relation-
ship. In addition to the aforementioned, it should be noted that the lack of information regarding disease-specific
causes of death has significant implications for the health management of PD patients. Unfortunately, the causes
of over 50% of deaths are attributed to the "unknown", indicating a lack of investigation into the underlying
factors leading to these fatalities.

In conclusion, according to our study, diastolic dysfunction, measured by the E/E' ratio, is associated with
fluid overload, heart failure, and overall death, and routine monitoring of these parameters is essential for
patients with PD.

Materials and methods

Study population

Our study is a single-center retrospective study. We analyzed patients who received continuous ambulatory PD
treatment from the Department of Nephrology at Sichuan Provincial People’s Hospital between March 2015 and
April 2016. The study inclusion criteria were: (1) =18 years of age and have been receiving PD for more than
3 months with regular follow-up; and (2) undergo four exchanges per day on PD. During the follow-up period,
patients who underwent kidney transplantation or hemodialysis were excluded. Participants were required to pro-
vide written consent before taking part in the study. The study protocol was approved by the Institutional Review
Board of Sichuan Provincial People’s Hospital (no. 2022-415) and complied with the declaration of Helsinki.
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Clinical and biochemical parameters

During PD treatment, demographic information such as age, sex, height, weight, PD vintage, smoking status,
and comorbidities was obtained from the electronic medical record system(EMRS) of Sichuan Provincial Peo-
ple’s Hospital. Blood samples were taken in the morning after an overnight fast of at least 8 h between 7:00 a.m.
and 9:00 a.m. Laboratory measurements, including hemoglobin, serum albumin, high-sensitivity C-reactive
protein, alkaline phosphatase, calcium, phosphorus, and intact parathyroid hormone (iPTH), were obtained
using the Beckman AU5800 automatic biochemical analyzer, following the manufacturer’s protocol. In addition,
we collected data on the usage of medications such as statins, antiplatelets, and ACEI/ARB. CVD is defined as
the occurrence of coronary artery disease, arrhythmia, peripheral vascular disease, or cerebral vascular disease.

Echocardiography examination

We performed transthoracic echocardiography at baseline as described previously. All participants underwent
two-dimensional, M-mode, and Doppler imaging using a 3.5-MHz transducer (Vivid 7; GE Vingmed Ultrasound
AS, Horten, Norway). The two-dimensional and M-mode echocardiograms were used to measure chamber size,
wall thickness, and LVEF. Pulse and tissue Doppler imaging were used to determine the early transmitral flow
velocity (E) and early mitral annular velocity (E’), and the E/E' ratio calculation. The biplane Simpson’s method
was used to calculate the left atrial volume (LAV) corrected for body surface area (BSA). LV mass and relative wall
thickness were calculated as reported previously®, and the former was corrected for BSA. LA kinetic energy and
pulmonary capillary wedge pressure were also estimated***!. Pulmonary arterial systolic pressure was assessed
by adding the transtricuspid regurgitation gradient to the mean right atrial pressure.

Volume status assessment

We performed whole-body spectral bioimpedance spectroscopy (BIA) using a Body Composition Monitor
(Fresenius Medical Care, Deutschland GmbH) on all participants*>*’. Based on Cole’s model and equations for
body composition spectroscopy, we measured the intracellular to extracellular fluid volume using an emission
frequency of 5-1000 kHz. Extracellular water (ECM) and intracellular water (ICW) were calculated. Overhydra-
tion (OH) was calculated as the difference between the normal ECW and the actual ECW**. Fluid overload is
defined as a relative overhydration (OH/ECW) > 15%*.

Endpoint and follow-up

Our primary objectives were to determine the incidence of all-cause death and hospitalization due to worsen-
ing heart failure. All-cause mortality is defined as death resulting from any cause, mainly cardiovascular-related
mortality. Heart failure is defined as episodes that clearly require hospitalization, according to the Heart Failure
Society of America’s definition*. To achieve this, we manually collected data on these endpoints from the medi-
cal records of all the patients enrolled in the study. Our team of experienced nephrologists and cardiologists
then adjudicated the data to ensure its accuracy and reliability. We followed up with all participants from the
screening date until April 30, 2019, or until their death.

Statistical analysis

Descriptive data are expressed as mean + standard deviation, while continuous variables are expressed as median,
and categorical variables are expressed as frequencies or percentages. Continuous variables were analyzed using
the Mann-Whitney U test. Spearman’s correlation coefficient analysis was used to determine the linear rela-
tionship between two continuous variables. Categorical variables were compared using the chi-squared test or
Fisher’s exact test as necessary. Pearson’s correlation analysis was used to determine the relationship between
volume markers and LVDD. We conducted univariate and multivariate logistic regression analyses to identify
independent risk factors for LVDD. For the survival analysis, we used a Kaplan—Meier analysis and log-rank
test to compare survival rates between patients with and without LVDD. A Cox proportional hazard regression
model was constructed to assess the effects on all-cause mortality. The statistical analysis was performed using
IBM SPSS version 22 (Armonk, NY, USA) and GraphPad Prism version 9.5 (GraphPad Software, USA). Statisti-
cal significance was set at p <0.05.

Statement of Ethics
The participants were required to provide informed written consent prior to participating in the study. The study
protocol was approved by the Institutional Review Board of Sichuan Provincial People’s Hospital (no. 2022-415).

Data availability

The data are available from the corresponding author on reasonable request.

Received: 25 July 2023; Accepted: 24 September 2023
Published online: 06 October 2023

References
1. Himmelfarb, J., Vanholder, R., Mehrotra, R. & Tonelli, M. The current and future landscape of dialysis. Nat. Rev. Nephrol. 16,
573-585. https://doi.org/10.1038/s41581-020-0315-4 (2020).
2. Mehrotra, R., Devuyst, O., Davies, S. J. & Johnson, D. W. The current state of peritoneal dialysis. J. Am. Soc. Nephrol. 27, 3238-3252.
https://doi.org/10.1681/asn.2016010112 (2016).
3. Ng, C. H.,, Ong, Z. H,, Sran, H. K. & Wee, T. B. Comparison of cardiovascular mortality in hemodialysis versus peritoneal dialysis.
Int. Urol. Nephrol. 53, 1363-1371. https://doi.org/10.1007/s11255-020-02683-9 (2021).

Scientific Reports |

(2023) 13:16892 | https://doi.org/10.1038/s41598-023-43442-x nature portfolio


https://doi.org/10.1038/s41581-020-0315-4
https://doi.org/10.1681/asn.2016010112
https://doi.org/10.1007/s11255-020-02683-9

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

. Kaesler, N., Babler, A., Floege, J. & Kramann, R. Cardiac remodeling in chronic kidney disease. Toxins 12, 161 (2020).
. Schefold, J. C., Filippatos, G., Hasenfuss, G., Anker, S. D. & von Haehling, S. Heart failure and kidney dysfunction: Epidemiology,

mechanisms and management. Nat. Rev. Nephrol. 12, 610-623. https://doi.org/10.1038/nrneph.2016.113 (2016).

. Dohi, K. Echocardiographic assessment of cardiac structure and function in chronic renal disease. J. Echocardiogr. 17, 115-122

(2019).

. Wu, C. K. et al. Left ventricular diastolic dysfunction in peritoneal dialysis: A forgotten risk factor. Medicine 94, e819. https://doi.

0rg/10.1097/md.0000000000000819 (2015).

. Kim, J.-K. et al. Left ventricular diastolic dysfunction as a predictor of rapid decline of residual renal function in patients with

peritoneal dialysis. J. Am. Soc. Echocardiogr. 25, 411-420 (2012).

. Kakiouzi, V. et al. The prognostic value of speckle tracking echocardiography in patients with end stage renal disease on dialysis.

Int. J. Cardiovasc. Imaging 38, 2605-2614. https://doi.org/10.1007/s10554-022-02608-w (2022).

Chen, Y. et al. Prognostic values of left ventricular mass index progression in incident peritoneal dialysis patients: A prospective
cohort study. BMC Nephrol. 23, 200. https://doi.org/10.1186/s12882-022-02831-6 (2022).

Wang, A.Y.-M. et al. Heart failure with preserved or reduced ejection fraction in patients treated with peritoneal dialysis. Am. J.
Kidney Dis. 61, 975-983 (2013).

Zhu, J., Shi, E, You, T., Tang, C. & Chen, J. Global diastolic strain rate for the assessment of left ventricular diastolic dysfunction in
young peritoneal dialysis patients: A case control study. BMC Nephrol. 21, 89. https://doi.org/10.1186/s12882-020-01742-8 (2020).
Park, J. H. & Marwick, T. H. Use and limitations of E/€’ to assess left ventricular filling pressure by echocardiography. J. Cardiovasc.
Ultrasound 19, 169-173. https://doi.org/10.4250/jcu.2011.19.4.169 (2011).

Nagueh, S. F. et al. Recommendations for the evaluation of left ventricular diastolic function by echocardiography: An update from
the American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr.
29, 277-314. https://doi.org/10.1016/j.ech0.2016.01.011 (2016).

Sharp, A. S. et al. Tissue Doppler E/E’ ratio is a powerful predictor of primary cardiac events in a hypertensive population: An
ASCOT substudy. Eur. Heart J. 31, 747-752. https://doi.org/10.1093/eurheartj/ehp498 (2010).

Kim, M. K. et al. Tissue Doppler-derived E/e’ ratio as a parameter for assessing diastolic heart failure and as a predictor of mortality
in patients with chronic kidney disease. Korean J. Intern. Med. 28, 35-44. https://doi.org/10.3904/kjim.2013.28.1.35 (2013).
Kim, J. S., Yang, J. W,, Yoo, J. S., Choi, S. O. & Han, B. G. Association between E/e’ ratio and fluid overload in patients with predi-
alysis chronic kidney disease. PLoS ONE 12, e0184764. https://doi.org/10.1371/journal.pone.0184764 (2017).

Nagueh, S. F. et al. Recommendations for the evaluation of left ventricular diastolic function by echocardiography: An update from
the American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur. Heart J. Cardiovasc.
Imaging 17, 1321-1360. https://doi.org/10.1093/ehjci/jew082 (2016).

Tripepi, G. et al. Left atrial volume in end-stage renal disease: A prospective cohort study. J. Hypertens. 24, 1173-1180. https://doi.
0rg/10.1097/01.hjh.0000226208.11184.bb (2006).

Playford, D. et al. Diastolic dysfunction and mortality in 436360 men and women: The National Echo Database Australia (NEDA).
Eur. Heart ]. Cardiovasc. Imaging 22, 505-515. https://doi.org/10.1093/ehjci/jeaa253 (2021).

Moura, B. et al. Integration of imaging and circulating biomarkers in heart failure: A consensus document by the Biomarkers and
Imaging Study Groups of the Heart Failure Association of the European Society of Cardiology. Eur. J. Heart Fail. 23, 1577-1596
(2021).

Miyajima, Y. et al. Relationships between kidney dysfunction and left ventricular diastolic dysfunction: A hospital-based retrospec-
tive study. J. Nephrol. 34, 773-780. https://doi.org/10.1007/s40620-020-00940-9 (2021).

Dogan, C. S. et al. Assessment of left ventricular function by tissue Doppler echocardiography in pediatric chronic kidney disease.
Renal Fail. 37,1094-1099 (2015).

Alexandrou, M. E. et al. Cardiac geometry, function, and remodeling patterns in patients under maintenance hemodialysis and
peritoneal dialysis treatment. Ther. Apher. Dial. 26, 601-612. https://doi.org/10.1111/1744-9987.13732 (2022).

Shi, Q. et al. Nonparallel progression of left ventricular structure and function in long-term peritoneal dialysis patients. Cardiorenal.
Med. 7, 198-206. https://doi.org/10.1159/000466708 (2017).

Angkananard, T., Janma, J., Wannasiri, T., Sangthong, P. & Changsirikulchai, S. Associations of left ventricular systolic dysfunc-
tion with the factors among Thai patients on peritoneal dialysis: A cross-sectional study. BMC Nephrol. 20, 257. https://doi.org/
10.1186/512882-019-1418-7 (2019).

Ten Harkel, A. D., Cransberg, K., Van Osch-Gevers, M. & Nauta, J. Diastolic dysfunction in paediatric patients on peritoneal
dialysis and after renal transplantation. Nephrol. Dial. Transplant. 24, 1987-1991. https://doi.org/10.1093/ndt/gfp049 (2009).
Lee, S. W. et al. E/E’ratio is more sensitive than E/A ratio for detection of left ventricular diastolic dysfunction in patients with
systemic sclerosis. Clin. Exp. Rheumatol. 28, S12 (2010).

Sharp, A. S. et al. Tissue Doppler E/E' ratio is a powerful predictor of primary cardiac events in a hypertensive population: An
ASCOT substudy. Eur. Heart J. 31, 747-752 (2010).

Harada, T. et al. Utility of E/e’ ratio during low-level exercise to diagnose heart failure with preserved ejection fraction. JACC
Cardiovasc. Imaging https://doi.org/10.1016/j.jcmg.2022.10.024 (2023).

Rosello, A. et al. Study of diastolic function in peritoneal dialysis patients. Comparison between pulsed and Tissue Doppler.
Nefrologia 27, 482-488 (2007).

Shin, J. H. et al. Treadmill exercise-induced E/e’ elevation as a predictor of cardiovascular event in end-stage renal disease on
peritoneal dialysis. Korean J. Intern. Med. https://doi.org/10.3904/kjim.2016.254 (2016).

van der Sande, E M., van de Wal-Visscher, E. R., Stuard, S., Moissl, U. & Kooman, J. P. Using bioimpedance spectroscopy to assess
volume status in dialysis patients. Blood Purif. 49, 178-184. https://doi.org/10.1159/000504079 (2020).

Tian, N. et al. Bioimpedance guided fluid management in peritoneal dialysis: A randomized controlled trial. Clin. J. Am. Soc.
Nephrol. 15, 685-694. https://doi.org/10.2215/cjn.06480619 (2020).

Hong, Y. A. et al. The effect of strict volume control assessed by repeated bioimpedance spectroscopy on cardiac function in
peritoneal dialysis patients. Sci. Rep. 9, 17679. https://doi.org/10.1038/s41598-019-53792-0 (2019).

Park, Y. S. et al. B-Type Natriuretic peptide levels and cardiac dysfunction in children on peritoneal dialysis. Perit. Dial. Int. 39,
210-219 (2019).

Kim, J.-S., Yang, J.-W., Yoo, J. S., Choi, S. O. & Han, B.-G. Association between E/e ratio and fluid overload in patients with predi-
alysis chronic kidney disease. PLoS ONE 12, e0184764 (2017).

Ogawa, T. & Nitta, K. Clinical impact of left ventricular diastolic dysfunction in chronic kidney disease. Contrib. Nephrol. 195,
81-91. https://doi.org/10.1159/000486938 (2018).

Lang, R. M. 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. J. Am. Soc. Echocardiogr. 28,
1-39.e14. https://doi.org/10.1016/j.ech0.2014.10.003 (2015).

Stefanadis, C., Dernellis, J., Lambrou, S. & Toutouzas, P. Left atrial energy in normal subjects, in patients with symptomatic mitral
stenosis, and in patients with advanced heart failure. Am. J. Cardiol. 82, 1220-1223. https://doi.org/10.1016/s0002-9149(98)00610-9
(1998).

Siu, C. W. et al. Hemodynamic changes in hyperthyroidism-related pulmonary hypertension: A prospective echocardiographic
study. J. Clin. Endocrinol. Metab. 92, 1736-1742. https://doi.org/10.1210/jc.2006-1877 (2007).

Scientific Reports |

(2023) 13:16892 | https://doi.org/10.1038/s41598-023-43442-x nature portfolio


https://doi.org/10.1038/nrneph.2016.113
https://doi.org/10.1097/md.0000000000000819
https://doi.org/10.1097/md.0000000000000819
https://doi.org/10.1007/s10554-022-02608-w
https://doi.org/10.1186/s12882-022-02831-6
https://doi.org/10.1186/s12882-020-01742-8
https://doi.org/10.4250/jcu.2011.19.4.169
https://doi.org/10.1016/j.echo.2016.01.011
https://doi.org/10.1093/eurheartj/ehp498
https://doi.org/10.3904/kjim.2013.28.1.35
https://doi.org/10.1371/journal.pone.0184764
https://doi.org/10.1093/ehjci/jew082
https://doi.org/10.1097/01.hjh.0000226208.11184.bb
https://doi.org/10.1097/01.hjh.0000226208.11184.bb
https://doi.org/10.1093/ehjci/jeaa253
https://doi.org/10.1007/s40620-020-00940-9
https://doi.org/10.1111/1744-9987.13732
https://doi.org/10.1159/000466708
https://doi.org/10.1186/s12882-019-1418-7
https://doi.org/10.1186/s12882-019-1418-7
https://doi.org/10.1093/ndt/gfp049
https://doi.org/10.1016/j.jcmg.2022.10.024
https://doi.org/10.3904/kjim.2016.254
https://doi.org/10.1159/000504079
https://doi.org/10.2215/cjn.06480619
https://doi.org/10.1038/s41598-019-53792-0
https://doi.org/10.1159/000486938
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/s0002-9149(98)00610-9
https://doi.org/10.1210/jc.2006-1877

www.nature.com/scientificreports/

42. Van Biesen, W. et al. Fluid status in peritoneal dialysis patients: The European Body Composition Monitoring (EuroBCM) study
cohort. PLoS One 6, e17148. https://doi.org/10.1371/journal.pone.0017148 (2011).

43. Luo, Y. J. & Wang, T. What is the upper limitation of volume in Chinese peritoneal dialysis patients?. Blood Purif. 31, 289-295.
https://doi.org/10.1159/000322615 (2011).

44. Hur, E. et al. Effect of fluid management guided by bioimpedance spectroscopy on cardiovascular parameters in hemodialysis
patients: A randomized controlled trial. Am. J. Kidney Dis. 61, 957-965. https://doi.org/10.1053/j.ajkd.2012.12.017 (2013).

45. Han, B. G. et al. Association between OH/ECW and echocardiographic parameters in CKD5 patients not undergoing dialysis.
PLoS One 13, €0195202. https://doi.org/10.1371/journal.pone.0195202 (2018).

46. Bozkurt, B. et al. Universal definition and classification of heart failure: a report of the Heart Failure Society of America, Heart
Failure Association of the European Society of Cardiology, Japanese Heart Failure Society and Writing Committee of the Universal
Definition of Heart Failure: Endorsed by the Canadian Heart Failure Society, Heart Failure Association of India, Cardiac Society
of Australia and New Zealand, and Chinese Heart Failure Association. Eur. J. Heart Fail. 23, 352-380. https://doi.org/10.1002/
efhf2115 (2021).

Acknowledgements
We thank the medical staff at the Department of Nephrology, The First Affiliated Hospital of Chongqing Medi-
cal University.

Author contributions
S.X. prepared and wrote the paper, Y.D., X.L. and L.Y. analyzed the data and drew the figures, Q.D., J.C. and C.-
W.S. collected the data. M.Z. conceived the idea of the study and revised the paper.

Funding
This work was financially supported by the Sichuan Science and Technology Program, China (2020YFQ0060).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-43442-x.

Correspondence and requests for materials should be addressed to M.Z. or L.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:16892 | https://doi.org/10.1038/s41598-023-43442-x nature portfolio


https://doi.org/10.1371/journal.pone.0017148
https://doi.org/10.1159/000322615
https://doi.org/10.1053/j.ajkd.2012.12.017
https://doi.org/10.1371/journal.pone.0195202
https://doi.org/10.1002/ejhf.2115
https://doi.org/10.1002/ejhf.2115
https://doi.org/10.1038/s41598-023-43442-x
https://doi.org/10.1038/s41598-023-43442-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Volume markers in left ventricular diastolic dysfunction and adverse outcomes in peritoneal dialysis patients: a prospective cohort study
	Results
	Baseline clinical characteristics
	Adverse events according to EE′ ratio
	Correlation and risk factors for LVDD

	Discussion
	Materials and methods
	Study population
	Clinical and biochemical parameters
	Echocardiography examination
	Volume status assessment
	Endpoint and follow-up
	Statistical analysis
	Statement of Ethics

	References
	Acknowledgements


