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ABSTRACT

Background. We evaluated the mesenteric elasticity in patients undergoing continuous ambulatory peritoneal dialysis
(CAPD) using shear wave elastography (SWE) and investigated its relationships with peritoneal function.
Methods. Patients were recruited in our peritoneal dialysis (PD) centre between 15 July 2019 and 31 December 2021 and
followed up to 31 March 2022. Twelve chronic kidney disease (CKD) patients and nineteen healthy people were included
as controls. Correlation, linear regression and Cox regression analyses were applied.
Results. Of the 218 PD patients, 104 (47.8%) were male. Their mean age was 48.0 ± 13.2 years and the median PD
duration was 59.0 months [interquartile range (IQR) 17.0–105]. The median mesenteric SWE value was 8.15 kPa (IQR
5.20–16.1). The mesenteric SWE values of patients with a PD duration of <3 months [5.20 kPa (IQR 3.10–7.60)] were not
significantly different from those of CKD patients [4.35 kPa (IQR 2.63–5.20), P = .17] and healthy controls [3.60 kPa (IQR
2.90–5.10), P = .13] but were lower than those of patients with a PD duration of 3 months–5 years [6.40 kPa (IQR 4.10–10.5),
P < .001], 5–10 years [11.9 kPa (IQR 7.40–18.2), P < .001] and >10 years [19.3 kPa (IQR 11.7–27.3), P < .001]. Longer PD
duration (β = 0.58, P < .001), high effluent interleukin-6 (β = 0.61, P = .001) and low effluent cancer antigen 125
(β = −0.34, P = .03) were independently associated with low mesenteric elasticity. The mesenteric SWE value was
independently correlated with the dialysate:plasma creatinine ratio (β = 0.39, P = .01) and negatively correlated with the
total daily fluid volume removed (β = −0.17, P = .03). High mesenteric SWE values were an independent risk factor for
death-censored technique failure [adjusted hazard ratio 4.14 (95% confidence interval 1.25–13.7), P = .02).
Conclusions. SWE could be used to non-invasively characterize peritoneal textural changes, which were closely
associated with changes in peritoneal function.
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LAY SUMMARY

Long-term peritoneal dialysis (PD) leads to structural and functional changes of the peritoneum. Accurate
assessment of PD-related peritoneal damage can help predict PD technique failure and develop timely interventions.
In this study we used shear wave elastography (SWE) to detect the morphology and texture changes of the
peritoneum. A total of 218 patients were enrolled with a median follow-up of 16.1 months. We measured the stiffness
of the mesentery by SWE, which was closely related to the small solute transport and fluid clearance functions of the
membrane. High mesenteric SWE values, which indicate low peritoneal elasticity, may predict PD technique failure.
This study provides a new and non-invasive method for assessing PD-related peritoneal changes.

Keywords: dialysate:plasma creatinine ratio, fluid removed, mesenteric elasticity, shear wave elastography, technique
failure

INTRODUCTION

The thin, highly vascularized peritoneum that encloses the
peritoneal cavity has been used as a dialysis membrane for peri-
toneal dialysis (PD) [1]. The morphological integrity and func-
tional stability of the peritoneum are critical for efficient dialy-
sis and the survival of patients undergoing maintenance PD [2].
Long-term PD can cause structural changes in the peritoneum,
involving the gradual thickening and hardening of the peri-
toneum, which can result in reductions in solute and fluid re-
moval or complications such as cardiovascular diseases [3]. Peri-
toneal fibrosis is themost common post-PD pathological change
in the peritoneum [4].A rigid peritoneumcan surround the small
intestine, ultimately resulting in encapsulating peritoneal scle-
rosis (EPS), which is a rare but life-threatening complication of
PD [5]. Therefore the early identification of PD-related peritoneal
damage and timely intervention may help prolong the utility of
the technique and improve the prognosis of PD patients.

The assessment and monitoring of PD-related peritoneal
damage in clinical practice is challenging [6–8]. Recent studies
have shown that pathological changes such as inflammation,
fibrosis or malignant lesions can cause changes in tissue
elasticity [9]. Shear wave elastography (SWE) enables not only
two-dimensional imaging of abdominal structures but also
real-time quantitative measurement of absolute tissue stiffness
[10]. SWE has been successfully used for the assessment of
liver fibrosis and the differentiation of benign and malignant
breast or thyroid nodules [11–13]. However, the use of SWE for
the assessment of peritoneal changes has not been reported.
Therefore, in the present study we used SWE to measure the
stiffness of the mesentery and evaluated its relationships with
peritoneal function.

MATERIALS AND METHODS

Study sample

We performed a single-centre study of patients undergoing
continuous ambulatory peritoneal dialysis (CAPD) who were
≥18 years of age and underwent SWE examination at our PD cen-
tre between 15 July 2019 and 31 December 2021. Patients who
were <18 years of age, those who had been switched to PD af-
ter acute kidney injury or long-term (>3 months) haemodial-
ysis (HD) or following renal transplant failure or who had
experienced peritonitis within the 4 weeks preceding the mea-
surementwere excluded.All the enrolled patients were followed
up to 31March 2022. In addition, 12 chronic kidney disease (CKD)
patients and 19 healthy peoplewere included for non-PD patient
controls.

The studywas approved by the Clinical Research Ethics Com-
mittee of the First Affiliated Hospital of Sun Yat-sen Univer-
sity (ethical review [2019]388) and was performed in compliance
with the Declaration of Helsinki. All the participants provided
written informed consent.

Demographic, clinical and biochemical data

The participantswere undergoingmaintenance CAPD treatment
using standard lactate–glucose dialysis solutions (1.5%, 2.5% or
4.25% dextrose; Baxter, Guangzhou, China). The following data
were collected at the time of SWE: demographic data, includ-
ing age, sex, body mass index (BMI), history of diabetes mel-
litus, comorbidities and the primary renal disease; PD-related
information, including the duration of PD, the mean dialysate
glucose concentration, weekly Kt/V, creatinine clearance (CCL),
total volume of fluid removed daily, ultrafiltration (UF) vol-
ume, residual measured glomerular filtration rate (mGFR) and
4-hour dialysate:plasma creatinine concentration ratio (D:PCr)
(the weekly Kt/V and CCL data were obtained using PD Ade-
quest 2.0, Baxter, Deerfield, IL, USA); and biochemical data, in-
cluding haemoglobin, high-sensitivity C-reactive protein, serum
albumin, corrected calcium, phosphorus, urea nitrogen, cre-
atinine and intact parathyroid hormone concentrations, and
interleukin-6 (IL-6) and cancer antigen 125 (CA-125) concentra-
tions in the dialysate.Daily UFwithin 1week prior to the SWEex-
amination were acquired from the patients’ dialysis diary. That
week’s average daily UF was calculated as their UF data. The
Charlson comorbidity index (CCI) was used to assess the partic-
ipants’ comorbidities [14]. Computed tomography (CT) images
obtained within 6 months of the SWE examination were re-
viewed. The CT scores for EPS were calculated according to the
literature [15]. PD death-censored technique failure was defined
as transfer to HD for at least 3 months [16].

Mesenteric SWE examinations

Real-time SWE examinations were performed by a sonologist
(Y.C.) with>10 years of experience in abdominal and bowel ultra-
sonography andwho has completed several high-quality clinical
studies on SWE [13, 17–18]. Examinations were performed us-
ing an Aixplorer ultrasound system (SuperSonic Imagine, Aix-
en-Provence, France) and an SL10-2 probe (2–10 MHz) for elas-
ticity measurements. The sonologist was blinded to the clinical,
laboratory and radiological findings of each participant. Prior to
the examination, ∼500 ml of dialysate was retained in the ab-
domen of the participant, who had fasted for >6 hours. Dur-
ing the examination, the participant adopted a supine position.
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We first examined the whole abdomen to evaluate the abnormal
morphology of the peritoneum and bowels, including calcifica-
tion, wall thickening and encapsulated effusions. The mesen-
tery was selected to perform SWE measurements instead of the
parietal peritoneum, as the thickness of the latter is usually
inadequate for placement of the region of interest (ROI). The
pre-experimental test (Supplementary Tables S1 and S2) and
methods for bowel wall SWE examinations are provided in the
Supplementary materials. Based on the pre-experimental re-
sults, we subsequently measured the mesenteric SWE value in
the lower right quadrant for all enrolled patients. Each partic-
ipant held his/her breath for ∼5 seconds. The large blood ves-
sels, ascites and hollow organs were avoided. The rectangular
ROI was set as 1.0 cm × 0.5 cm to 2.0 cm × 1.0 cm in size. After
the image stabilized (elastic filling >2/3 uniformity), a quantifi-
cation box (Q-box) was drawn 1–2 cm below the mesenteric sur-
face, with a diameter of ∼0.5–2 cm. Three measurements were
obtained in each participant and the mean SWE values were
calculated. Measurements were classified as failed when no or
weak signals were obtained for all acquisitions [13, 17–19].

Statistical analysis

Numerical data are expressed asmean± standard deviation (SD)
or median [interquartile range (IQR)]. Differences in numerical
variableswere compared byKruskal–Wallis H test and rateswere
compared by chi-squared test. Relationships were assessed us-
ing Spearman’s correlation. Linear regression analysis was used
to identify factors influencing mesenteric SWE values and the
relationships between ultrasonographic parameters and peri-
toneal function. Variables with P-values <.05 in univariate anal-
ysis were included using the enter method and the results are
expressed as β values and 95% confidence intervals (CIs). Re-
ceiver operating characteristics (ROC) analysis was used to iden-
tify the optimal cut-off mesenteric SWE value for the prediction
of technique failure. Univariate and multivariate Cox regression
models were used to explore the influence of mesenteric SWE
values on technique failure. P-values <.05 were statistically sig-
nificant. Statistical analyses were performed using SPSS version
20.0 (IBM, Armonk, NY, USA).

RESULTS

Clinical characteristics

A total of 222 eligible patients underwent SWE examinations
during the study period. Examination failure occurred in four
participants because of excessive thickening of the abdominal
wall and therefore these individuals were excluded, such that
data from a total of 218 participants were analysed. The mean
age of the participants was 48.0 ± 13.2 years, 104 (47.8%) were
male and 34 (15.6%) had concomitant diabetesmellitus (Table 1).
Their mean BMI was 22.0 ± 2.93 kg/m2 and the median dura-
tion of PD was 59.0 months (IQR 17.0–105). The prevalence of
chronic glomerulonephritis, diabetic nephropathy and hyper-
tensive nephropathy was 65.6%, 11.0% and 6.88%, respectively.
The mean ages of the healthy control group and the CKD group
were 47.8 ± 18.7 years and 46.0 ± 14.6 years, respectively, and
the male ratios were 52.6% and 41.7%, respectively.

Abdominal ultrasonographic parameters, SWE values
and their relationships

The median mesentery and bowel wall SWE values for the
participants were 8.15 kPa (IQR 5.20–16.1) and 8.75 kPa (IQR

Table 1: Basic characteristics of subjects at the time of SWE
measurement.

Variable n Values

Demographics
Male, n (%) 218 104 (47.8)
Age (years), mean ± SD 218 48.0 ± 13.2
BMI (kg/m2), mean ± SD 218 22.0 ± 2.93
Primary kidney disease, n (%) 218
Chronic glomerulonephritis 143 (65.6)
Diabetic nephropathy 24 (11.0)
Hypertensive nephropathy 15 (6.88)
Other 36 (16.5)

Diabetes 218 34 (15.6)
CCI score, median (IQR) 218 3.00 (2.00–4.00)
Vintage (months), median (IQR) 208 59.0 (17.0–105)
PD-related parameters
Solution glucose concentration
(%), median (IQR)

218 1.70 (1.50–2.00)

Daily exchange volume (L),
median (IQR)

218 8.00 (8.00–10.0)

D:PCr, mean ± SD 99 0.67 ± 0.11
UF from standard PET (ml/4 hours) 99 225 (170–320)
Weekly Kt/V, median (IQR) 204 2.10 (1.87–2.37)
CCL (l/week/1.73 m2), median (IQR) 204 59.0 (52.2–72.5)
UF (ml/24 hours), median (IQR) 207 550 (250–750)
Residual mGFR (ml/min × 1.73
m2), median (IQR)

213 0.22 (0.00–2.62)

Biochemical data at the time of SWE measurement
Haemoglobin (g/dl), median (IQR) 218 11.5 (9.98–12.6)
hs-CRP (mg/l), median (IQR) 214 2.21 (0.75–7.81)
Urea nitrogen (mg/dl), median
(IQR)

218 47.3 (40.4–57.3)

Creatinine (μmol/L), mean ± SD 218 959 ± 262
Albumin (g/l), median (IQR) 218 35.8 (33.1–38.3)
Corrected calcium (mg/dl),
mean ± SD

218 9.58 ± 0.70

Phosphate (mmol/l), mean ± SD 218 1.55 ± 0.40
iPTH (pg/ml), median (IQR) 218 375 (204–703)
Effluent IL-6 (pg/ml), median (IQR) 176 30.7 (18.8–70.8)
Effluent CA-125 (U/ml), median
(IQR)

176 12.3 (7.93–18.1)

Renin–angiotensin inhibitor use,
n (%)

213 157 (73.7)

hsCRP: high-sensitivity C-reactive protein; iPTH: intact parathyroid hormone.

6.33–12.8), respectively. Fifty (22.9%) of the participants had
bowel wall thickening, 40 (18.3%) had mesenteric or bowel wall
calcification and 4 had encapsulated effusions (Figure 1). The
SWE value of the mesentery was positively associated with
bowel wall thickening, mesenteric/bowel wall calcification and
the SWE value of the bowel wall (P < .01; Supplementary
Table S3).

Comparison of abdominal ultrasonographic parameters
and SWE values with CT

Twenty-six PD participants underwent abdominal CT within
6 months of their SWE examination. Compared with CT, SWE
could not only measure the peritoneal morphological changes,
but was also able to evaluate the elasticity of the mesentery
(Supplementary Table S4). These patients’ mesenteric SWE val-
ues were significantly positively correlated with their CT scores
for EPS [15] (r = 0.76, P < .001).
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Figure 1: SWE images and CT manifestations of three participants undergoing CAPD. (A–C) Images of a 38-year-old male patient with a duration of PD of 115 months
and no history of peritonitis. (A) His mean mesentery SWE value was 27.1 kPa, (B) part of the small intestinal wall (<25%) was thickened by 0.57 cm and the mean SWE

value of the intestinal wall was 28.4 kPa and (C) abdominal CT during the same period showed intestinal wall thickening and calcification andmesenteric hyperplasia.
(D–F) Images of a 44-year-old female participant with a duration of PD of 138months and a history of one episode of peritonitis. (D) Hermeanmesenteric SWE valuewas
21.1 kPa; (E) the parietal peritoneum of the right lower abdominal wall was thickened and hardened, with calcification; and (F) CT also showed peritoneal thickening.
(H–J) Images of a 57-year-old male participant with a duration of PD of 23 months and no history of peritonitis. (H, J) No mesenteric hyperplasia or thickening of the

intestinal wall was present and (I) the mean SWE values of the mesentery and intestinal wall were 3.3 kPa and 3.1 kPa, respectively.

Factors associated with peritoneal changes assessed
using SWE

The SWE values of the mesentery and bowel wall positively cor-
relatedwith the duration of PD (r= 0.61,P< .001).Differences be-
tween the PD vintage <3 months group [5.20 kPa (IQR 3.10–7.60)]
and the healthy control group [3.60 kPa (IQR 2.90–5.10), P = .13]
as well as the CKD group [4.35 kPa (IQR 2.63–5.20), P = .17] were
not statistically significant, butwere lower than those of patients
with a PD duration of 3 months–5 years [6.40 kPa (IQR 4.10–10.5),
P< .001; see Figure 2A and Table 2], 5–10 years [11.9 kPa (IQR 7.40–
18.2), P < .001] and >10 years [19.3 kPa (IQR 11.7–27.3), P < .001].
In addition, the prevalence of bowel wall thickening and
mesenteric/bowel wall calcification increased with the duration
of PD (Table 2).

The prevalence of bowel wall thickening and mesen-
teric/bowel wall calcification in patients with anuria was

significantly higher than in those with urine output (37.4% ver-
sus 9.17%,P< .001 and 32.7% versus 4.59%,P< .001; respectively).
The SWE values of the mesentery were significantly higher in
anuric patients [6.95 kPa (IQR 4.30–10.1) versus 11.8 kPa (IQR
6.28–20.2), P < .01].

Participants with bowel wall thickening and calcification had
higher effluent concentrations of IL-6 than participants without
these changes (P < .01; Figure 2B). The SWE values of themesen-
tery (r= 0.44,P< .001) and bowelwall (r= 0.38,P< .001) positively
correlated with the effluent concentration of IL-6.

The prevalence of bowel wall thickening and calcification
was higher in participants with a history of peritonitis than
in those with no such history (36.1% versus 17.8%, P = .004
and 37.7% versus 10.8%, P < .001; respectively; Figure 2C).
The SWE values of the mesentery and bowel wall were also
higher in participants with a history of peritonitis (P < .05;
Figure 2D).
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Figure 2: Relationship between ultrasonographic parameters and indicators of peritoneal injury. (A) Comparison ofmesenteric SWE values in the healthy control group,
CKD group and patients with different PD vintages. (B) Patients with bowel wall thickening [52.9 pg/ml (IQR 30.3–129) versus 28.6 (18.6–54.6), P = .001] and calcification

[94.7 pg/ml (IQR 48.2–235) versus 28.1 (18.6–44.5), P < .001] had higher effluent IL-6 concentrations than those without these changes. (C) The prevalence of bowel
thickening and calcification was higher in participants with a history of peritonitis than in those without (36.1% versus 17.8%, P = .004; 37.7% versus 10.8%, P < .001,
respectively). (D) The mesenteric [14.9 kPa (IQR 7.83–20.6) versus 7.10 (4.50–11.8), P < .001] and bowel wall [10.2 kPa (IQR 7.40–14.2) versus 7.80 (6.00–11.2), P = .01] SWE
values were also higher in participants with a history of peritonitis.

Table 2: The abdominal SWE manifestations of the study population and different PD vintage groups.

Doppler indexes All (N = 218)
<3 months
(n = 21)

≥3 months–
<5 years
(n = 91)

≥5–< 10 years
(n = 79)

≥10 years
(n = 27) P-value

SWE value of mesentery,
median (IQR)

8.15 (5.20–16.1) 5.20 (3.10–7.60) 6.40 (4.10–10.5) 11.9 (7.40–18.2) 19.3 (11.7–27.3) <.001

Mesenteric/bowel wall
calcification, n (%)

40 (18.3) 0 (0) 3 (3.16) 21 (26.6) 16 (59.3) <.001

Bowel wall thickening, n (%) 50 (22.9) 2 (9.52) 8 (8.79) 28 (35.4) 12 (44.4) <.001
SWE value of bowel wall,
median (IQR)

8.75 (6.33–12.8) 6.10 (5.50–8.20) 7.55 (6.00–10.1) 10.4 (7.33–15.2) 11.4 (9.25–21.3) <.001

Encapsulated fluid, n (%) 4 (1.83) 0 (0) 2 (1.54) 2 (2.53) 0 (0) 0.76

Differences between numerical variables were compared by Kruskal–Wallis H test and rates were compared by chi-squared test.
Significant values in bold.

Table 3 shows the results of the univariate and multivariate
regression analyses of the factors associated with the SWE value
for the mesentery. A long duration of PD (β = 0.58, P < .001), high
effluent IL-6 concentration (β = 0.61, P = .001) and low effluent
CA-125 concentration (β = −0.34, P = .03) were independently
associated with a high mesenteric SWE value.

Relationships between peritoneal changes assessed
using SWE and peritoneal function

The mesenteric SWE value positively correlated with D:PCr
(r = 0.32, P = .001; Supplementary Figure S1). After adjustment

for age, sex and effluent IL-6 and CA-125 concentrations, we
found that the mesenteric SWE value was independently asso-
ciated with D:PCr (β = 0.39, P = .01; Table 4). After adjustment
for age, sex, residualmGFR, solution glucose concentration, daily
exchange volume and the effluent IL-6 and CA-125 concentra-
tions, the mesenteric SWE value was also independently cor-
related with peritoneal Kt/V (β = 0.24, P = .01; Supplementary
Table S5).

No catheter-related UF dysfunction or dialysate leakage oc-
curred in the participants. Univariate analysis showed that the
mesenteric SWE value was negatively associated with UF from
standard positron emission tomography [β = −0.24 (95%CI−0.43
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Table 3: Univariable and multivariate analysis of predictive clinical variables for SWE value of the mesentery.

Univariate model Multivariate model 1 Multivariate model 2

Variables β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value

Demographic and PD profile
Maler −0.28 (−0.55 to −0.02) .04 −0.05 (−0.26–0.16) .65 −0.16 (−0.38–0.06) .16
Age 0.13 (−0.004–0.26) .06 0.02 (−0.09–0.13) .71 −0.03 (−0.14–0.10) .53
Diabetes 0.04 (−0.33–0.41) 83 – – – –
PD duration 0.64 (0.53–0.74) <.001 0.57 (0.45–0.70) <.001 0.58 (0.45–0.71) <.001
Residual renal function
Residual mGFR −0.37 (−0.49 to −0.24) <.001 −0.01 (−0.13–0.11) .87 −0.002 (−0.14–0.13) .98
Inflammation and dialysate biomarkers
Number of peritonitis episodes 0.33 (0.22–0.43) <.001 0.18 (0.08–0.28) <.001 – –
Effluent IL-6 0.37 (0.23–0.50) <.001 – – 0.61 (0.31–0.90) <.001
Effluent CA-125 0.27 (0.13–0.42) <.001 – – −0.34 (−0.63 to −0.05) .03

Univariable and multivariable linear regression analyses were used.
Significant values in bold.

Table 4: Association between SWE value of the mesentery and D:PCr.

Univariate model Multivariate model

Variables β (95% CI) P-value β (95% CI) P-value

Male 0.56 (0.18–0.95) .005 0.70 (0.29–1.12) .001
Age 0.15 (−0.05–0.36) .14 0.09 (−0.12–0.31) .38
Effluent IL-6 18.0 (3.97–32.0) .01 12.1 (−3.06–27.2) .12
Effluent CA-125 0.55 (−0.60–1.70) .34 0.19 (−0.92–1.30) .73
SWE value of the mesentery 0.38 (0.18–0.58) .001 0.39 (0.11–0.68) .01

Univariable and multivariable linear regression analyses were used.

Significant values in bold.

to −0.04), P = .02]. After adjustment for age, sex, residual urine
volume status and effluent IL-6 concentration, the mesenteric
SWE value independently negatively correlated with the to-
tal volume of fluid removed daily across all the participants
(β = −0.17, P = .03; Table 5) and the UF volume in those with
anuria (β = −0.28, P = .02).

During a median follow-up period of 16.1 months (IQR 12–
28.3), 23 patients were transferred to HD. The reasons are shown
in Supplementary Table S6. ROC analysis generated an optimum
cut-off mesenteric SWE value of 9.30 kPa for the prediction of
death-censored technique failure (sensitivity 82.6%, specificity
57.9%, area under the ROC curve 0.75, P < .001). Univariate [haz-
ard ratio 4.74 (95% CI 1.61–14.0), P < .01] and multivariate [ad-
justed hazard ratio 4.14 (95% CI 1.25–13.7), P = .02; Table 6] Cox
regression revealed that mesenteric SWE values >9.30 kPa were
a risk factor for death-censored technique failure.

DISCUSSION

In the present study we have pioneered the use of SWE for the
assessment of mesenteric textural changes. A long duration of
PD, high effluent IL-6 concentration and low effluent CA-125
were found to be independently associated with lowmesenteric
elasticity. In addition, the SWE value of the mesentery was in-
dependently correlated with D:PCr and peritoneal Kt/V and neg-
atively correlated with the total volume of fluid removed daily
across all the participants. Finally, lowmesenteric elasticity was
found to be a risk factor for technique failure.

Biopsy is the gold standard method of assessing peritoneal
pathological changes. However, it is unsuitable for longitudi-

nal monitoring or routine follow-up purposes. CT is regarded as
a reliable alternative method for the assessment of peritoneal
changes and is especially useful for the diagnosis of EPS [15, 20].
Ultrasonography, a non-invasive and radiation-free method, has
also been widely used in patients undergoing PD. In 1998, Faller
et al. [21] characterized the abdominal ultrasonographic features
of 131 healthy children, 8 paediatric patients whowere undergo-
ing HD and 18 paediatric patients who were undergoing CAPD
and found those undergoing CAPD had a significantly thicker
peritoneum and showed less peritoneal movement than either
of the other two groups. Caltik et al. [22] asserted that the ul-
trasonographic measurement of peritoneal thickness is useful
for the assessment of structural and functional changes in the
peritoneum of patients undergoing PD. Temiz et al. [23] found
that the lower quadrant of the parietal peritoneum was thicker
than that of the upper quadrant in PD patients by abdominal
ultrasonography. They speculated that it was due to more expo-
sure of the lower quadrant to the dialysis solution caused by the
postural state of patients and the effect of gravity. In this study
we observed that the mesenteric stiffness of the lower quadrant
was higher than the upper quadrant by SWE examinations, con-
firming that the peritoneal changes in PD patients did not occur
synchronously. Areas of the peritoneum with more exposure to
peritoneal fluid may develop earlier or more severe peritoneal
changes than areas with less exposure.

Fibrosis is one of the most important factors that leads to a
decrease in tissue elasticity [9]. Long-term exposure to acidic
dialysate, advanced glycation end-products and uraemic toxins
leads to interstitial fibroblast activation, collagen fibre secretion
and interstitial fibrosis [4]. It has been reported that during the
first 2 years, structural changes in the peritoneum were
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uncommon except for the occurrence of mesothelial–
mesenchymal transition (MMT); if PD treatment is administered
for >2 years, an increase in fibrotic tissue can be found in the
peritoneum [24]. Williams et al. [25] performed a comprehensive
comparison of the peritoneal biopsies of patients undergoing
long-term PD, uraemic patients and healthy individuals and
confirmed that submesothelial thickening and fibrosis were
directly related to the duration of PD therapy. The present
results indicate that the elasticity of the mesentery and bowel
wall decrease as the PD vintage increases; the mesenteric SWE
values of CKD patients and healthy controls were not signif-
icantly different from those with a PD vintage of <3 months
and were significantly lower than other patients with longer PD
vintages. Therefore, we think that the progression of peritoneal
fibrosis after PD is one of the important reasons attributed to
the positive relationship between mesenteric SWE values and
PD vintage.

Local inflammation is an important component of themech-
anism of PD-associated peritoneal damage [26]. The present re-
sults indicate that the effluent IL-6 concentration and peritoni-
tis are closely associated with mesenteric stiffness. The reasons
for this may be that inflammation in the peritoneum can re-
sult in hypervascularization of the peritoneal membrane, which
may increase local vascular density and results in elevated tis-
sue SWE values [27–29]. In addition, inflammation also promotes
peritoneal fibrosis by mechanisms such as MMT [4]. We also
found that the effluent CA-125 concentration negatively corre-
lated with the mesenteric SWE value. Dialysate CA-125 concen-
tration is a marker of mesothelial cell mass, and its decline rep-
resents the integrity of the peritoneum being destroyed [30]. The
loss of peritoneal mesothelial cells, together with the accumu-
lation of matrix collagen fibres, and vascular disease are typi-
cal pathological findings in the peritoneum after the long-term
use of a bio-incompatible dialysate. These findings imply that
abdominal SWE values reflect the changes in the peritoneum
during PD.

We further analysed the relationship between mesenteric
SWE values and peritoneal function and found that mesenteric
SWE values were positively correlated with D:PCr. In the clini-
cal setting, the solute D:PCr concentration ratio was used to es-
timate the mass transfer area coefficient, reflecting the trans-
port capacity of the peritoneal membrane. Changes in the D:P
ratio of a low molecular-weight solute such as creatinine can be
considered to represent changes in the vascular peritoneal sur-
face area [31]. Studies showed that the more abundant the neo-
vascularization, the less elasticity [32]. It may partially explain
the positive relationship between mesenteric SWE values and
D:PCr. We also found that mesenteric SWE values were nega-
tively correlated with fluid clearance. The latest guidelines sug-
gest that UF insufficiency is principally caused by two mecha-
nisms: a high peritoneal solute transfer rate and a decrease in
the peritoneal osmotic conductance of glucose [33]. The former
is mainly determined by local peritoneal inflammation, associ-
ated with increased vascular peritoneal surface area, whereas
the latter is mainly caused by changes in the properties of the
peritoneum that relate to progressive fibrosis [33]. As discussed
earlier, pathological changes like neovascularization and fibro-
sis decrease the elasticity of the mesentery, which may account
for the negative correlation between the mesenteric SWE values
and fluid clearance.

Owing to the relatively few outcome events that occurred
during the short study period, we only adjusted age, sex, PD vin-
tage and UF in the analysis of potential factors influencing the
incidence of technique failure. We found that low mesenteric



76 X. Diao et al.

Table 6: Univariate and multivariate Cox regression analysis of mesentery SWE values and technique failure.

Univariate model Multivariate model

Variables Unadjusted HR (95% CI) P-value Adjusted HR (95% CI) P-value

Age 1.23 (0.81–1.87) .33 1.08 (0.69–1.70) .74
Male 1.39 (0.61–3.16) .43 1.77 (0.76–4.11) .19
PD vintage 1.56 (1.06–2.29) .02 1.23 (0.80–1.91) .35
Ultrafiltration 0.99 (0.65–1.54) .99 – –
SWE value of mesentery 4.74 (1.61–14.0) .005 4.14 (1.25–13.7) .02

Significant values in bold.

elasticity is an independent risk factor for technique failure,
which was consistent with the previously published finding that
changes in the peritoneum affect prognosis [34, 35].

The present study had some limitations. First, sufficient peri-
toneal samples were not obtained for further analysis of the
pathological changes in PD patients. Second, although our pre-
liminary test confirmed that the mesenteric SWE value of the
right lower quadrant was significantly correlated with the av-
erage mesenteric SWE value of the four quadrants, we only
measured local mesenteric stiffness, which may not be repre-
sentative of overall peritoneal stiffness. Third, because of the
experimental design, we were able to identify relationships
among various factors, but causality could not be inferred.
Fourth, since no patient in this study used icodextrin or other
biocompatible dialysis fluids, the generalizability of the results
of this study to the population using these dialysis fluids is lim-
ited. Also, this is a single-centre study and the results needmul-
ticentre validation. Future research efforts should also include
the measurement of peritoneal elasticity in multiple quadrants
to compare the clinical significance of local peritoneal stiffness
and the overall changes in the peritoneum.

CONCLUSION

In conclusion, we have pioneered the use of SWE for the assess-
ment of mesenteric textural changes in the present study. We
demonstrated that the peritoneal elasticity of patients with PD
was closely related to their peritoneal function. In the future,
SWE may help us to determine peritoneal damage after PD and
may even have a predictive role in prognosis.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.

FUNDING
This study received funding fromGuangdong Provincial Key Lab-
oratory of Nephrology (grant 2020B1212060028) and NHC Key
Laboratory of Clinical Nephrology (Sun Yat-Sen University).

AUTHORS’ CONTRIBUTIONS
X.D. and X.Y. were responsible for the research idea and study
design. Y.C., J.L., M.X. and Y.P. were responsible for data ac-
quisition. X.D., H.W. and Y.C. were responsible for data analy-
sis/interpretation and statistical analysis. X.Y., X.X., X.Y., H.M.
and F.H. were responsible for supervision or mentorship.

DATA AVAILABILITY STATEMENT
The datasets generated during and/or analysed during the cur-
rent study are available from the corresponding author upon
reasonable request.

CONFLICT OF INTEREST STATEMENT
None declared.

REFERENCES

1. Hamada C, Tomino Y. Recent understanding of peritoneal
pathology in peritoneal dialysis patients in Japan. Blood Purif
2021;50:719–28. http://dx.doi.org/10.1159/000510282

2. Bajo MA, Del PG, Teitelbaum I. Peritoneal membrane preser-
vation. Semin Nephrol 2017;37:77–92. http://dx.doi.org/10.
1016/j.semnephrol.2016.10.009

3. Ryckelynck JP, Ficheux M, Castrale C et al. Adequacy in peri-
toneal dialysis. Contrib Nephrol 2012;178:195–9. http://dx.doi.
org/10.1159/000337852

4. Zhou Q, Bajo MA, Del PG et al. Preventing peritoneal mem-
brane fibrosis in peritoneal dialysis patients. Kidney Int
2016;90:515–24. http://dx.doi.org/10.1016/j.kint.2016.03.040

5. Brown EA, Bargman J, van Biesen W et al. Length of time
on peritoneal dialysis and encapsulating peritoneal scle-
rosis – position paper for ISPD: 2017 update. Perit Dial Int
2017;37:362–74. http://dx.doi.org/10.3747/pdi.2017.00018

6. Barreto DL, Sampimon DE, Struijk DG et al. Early detection
of imminent encapsulating peritoneal sclerosis: free water
transport, selected effluent proteins, or both? Perit Dial Int
2019;39:83–89. http://dx.doi.org/10.3747/pdi.2017.00194

7. Krediet RT. Ultrafiltration failure is a reflection of peri-
toneal alterations in patients treated with peritoneal dialy-
sis.Front Physiol 2018;9:1815.http://dx.doi.org/10.3389/fphys.
2018.01815

8. Ossorio M, Bajo MA, Del Peso G et al. Sustained low peri-
toneal effluent CCL18 levels are associated with preserva-
tion of peritoneal membrane function in peritoneal dial-
ysis. PLoS One 2017;12:e0175835. http://dx.doi.org/10.1371/
journal.pone.0175835

9. Sigrist R, Liau J, Kaffas AE et al. Ultrasound elastog-
raphy: review of techniques and clinical applications.
Theranostics 2017;7:1303–29. http://dx.doi.org/10.7150/thno.
18650

10. Kennedy P, Wagner M, Castera L et al. Quantitative elastog-
raphy methods in liver disease: current evidence and fu-
ture directions. Radiology 2018;286:738–63. http://dx.doi.org/
10.1148/radiol.2018170601

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfac192#supplementary-data
http://dx.doi.org/10.1159/000510282
http://dx.doi.org/10.1016/j.semnephrol.2016.10.009
http://dx.doi.org/10.1159/000337852
http://dx.doi.org/10.1016/j.kint.2016.03.040
http://dx.doi.org/10.3747/pdi.2017.00018
http://dx.doi.org/10.3747/pdi.2017.00194
http://dx.doi.org/10.3389/fphys.2018.01815
http://dx.doi.org/10.1371/journal.pone.0175835
http://dx.doi.org/10.7150/thno.18650
http://dx.doi.org/10.1148/radiol.2018170601


Assessing peritoneal changes by SWE 77

11. Gao Y, Zheng J, Liang P et al. Liver fibrosis with two-
dimensional US shear-wave elastography in participants
with chronic hepatitis B: a prospective multicenter study.
Radiology 2018;289:407–15. http://dx.doi.org/10.1148/radiol.
2018172479

12. Aghaghazvini L, Maheronnaghsh R, Soltani A et al. Diag-
nostic value of shear wave sonoelastography in differenti-
ation of benign from malignant thyroid nodules. Eur J Ra-
diol 2020;126:108926. http://dx.doi.org/10.1016/j.ejrad.2020.
108926

13. Chen YJ,Mao R, Li XH et al.Real-time shear wave ultrasound
elastography differentiates fibrotic from inflammatory stric-
tures in patients with Crohn’s disease. Inflamm Bowel Dis
2018;24:2183–90. http://dx.doi.org/10.1093/ibd/izy115

14. Fried L, Bernardini J, Piraino B. Charlson comorbidity index
as a predictor of outcomes in incident peritoneal dialysis
patients. Am J Kidney Dis 2001;37:337–42. http://dx.doi.org/
10.1053/ajkd.2001.21300

15. Vlijm A, Stoker J, Bipat S et al. Computed tomographic find-
ings characteristic for encapsulating peritoneal sclerosis: a
case-control study. Perit Dial Int 2009;29:517–22. http://dx.
doi.org/10.1177/089686080902900508

16. ChoY, See EJ,Htay H et al.Early peritoneal dialysis technique
failure: review.Perit Dial Int 2018;38:319–27.http://dx.doi.org/
10.3747/pdi.2018.00017

17. ChenYJ,Chen BL, LiangMJ et al.Longitudinal bowel behavior
assessed by bowel ultrasound to predict early response to
anti-TNF therapy in patients with Crohn’s disease: a pilot
study. Inflamm Bowel Dis 2022;28(Suppl 2):S67–75. http://dx.
doi.org/10.1093/ibd/izab353

18. Mao R, Chen Y, Xie X et al.Gastrointestinal ultrasound in in-
flammatory bowel disease: experience from the Chinese IBD
Elite Union. Gut 2019;68:1535–6. http://dx.doi.org/10.1136/
gutjnl-2018-317070

19. Shiina T, Nightingale KR, Palmeri ML et al. WFUMB guide-
lines and recommendations for clinical use of ultrasound
elastography: part 1: basic principles and terminology. Ul-
trasound Med Biol 2015;41:1126–47. http://dx.doi.org/10.1016/
j.ultrasmedbio.2015.03.009

20. Tarzi RM, Lim A, Moser S et al. Assessing the validity of an
abdominal CT scoring system in the diagnosis of encapsu-
lating peritoneal sclerosis. Clin J Am Soc Nephrol 2008;3:1702–
10. http://dx.doi.org/10.2215/CJN.01820408

21. Faller U, Stegen P, Klaus G et al. Sonographic determination
of the thickness of the peritoneum in healthy children
and paediatric patients on CAPD. Nephrol Dial Trans-
plant 1998;13:3172–7. http://dx.doi.org/10.1093/ndt/13.12.
3172

22. Caltik A, Akyuz SG, Bulbul M et al. Can sonographic peri-
toneal thickness be used to followpediatric patients on peri-
toneal dialysis? Pediatr Nephrol 2013;28:811–7. http://dx.doi.
org/10.1007/s00467-012-2389-0

23. Temiz G, Sahin G, Mukerrem G et al. Ultrasonographic
evaluation of peritoneal membrane thickness and com-
parison with the effectiveness and duration of CAPD.
Int Urol Nephrol 2013;45:1761–6. http://dx.doi.org/10.1007/
s11255-013-0504-1

24. Krediet RT, Struijk DG. Peritoneal changes in patients
on long-term peritoneal dialysis. Nat Rev Nephrol 2013;9:
419–29. http://dx.doi.org/10.1038/nrneph.2013.99

25. Williams JD, Craig KJ, Topley N et al.Morphologic changes in
the peritoneal membrane of patients with renal disease. J
AmSocNephrol 2002;13:470–9.http://dx.doi.org/10.1681/ASN.
V132470

26. Li PK-T, Ng JK-C, Mcintyre CW. Inflammation and peritoneal
dialysis. Semin Nephrol 2017;37:54–65. http://dx.doi.org/10.
1016/j.semnephrol.2016.10.007

27. Catar R,Witowski J, Zhu N et al. IL-6 trans-signaling links in-
flammation with angiogenesis in the peritoneal membrane.
J Am Soc Nephrol 2017;28:1188–99. http://dx.doi.org/10.1681/
ASN.2015101169

28. Baroni G, Schuinski A, de Moraes TP et al. Inflammation and
the peritoneal membrane: causes and impact on structure
and function during peritoneal dialysis. Mediators Inflamm
2012;2012:912595. http://dx.doi.org/10.1155/2012/912595

29. Krediet RT, van Diepen A, Coester AM et al. Peritoneal vas-
culopathy in the pathophysiology of long-term ultrafiltra-
tion failure: a hypothesis based on clinical observations.Clin
Nephrol 2019;91:1–8. http://dx.doi.org/10.5414/CN109596

30. Aufricht C, Beelen R, Eberl M et al. Biomarker research to
improve clinical outcomes of peritoneal dialysis: consen-
sus of the European Training and Research in Peritoneal
Dialysis (EuTRiPD) network. Kidney Int 2017;92:824–35. http:
//dx.doi.org/10.1016/j.kint.2017.02.037

31. Krediet RT. Peritoneal physiology—impact on solute and
fluid clearance. Adv Ren Replace Ther 2000;7:271–9. http://dx.
doi.org/10.1053/jarr.2000.16269

32. Zhang Y, Cao J, Zhou J et al. Plaque elasticity and intraplaque
neovascularisation on carotid artery ultrasound: a compar-
ative histological study. Eur J Vasc Endovasc Surg 2021;62:358–
66. http://dx.doi.org/10.1016/j.ejvs.2021.05.026

33. Morelle J, Stachowska-Pietka J, Oberg C et al. ISPD recom-
mendations for the evaluation of peritoneal membrane dys-
function in adults: classification, measurement, interpre-
tation and rationale for intervention. Perit Dial Int 2021;41:
352–72.

34. Mehrotra R, Ravel V, Streja E et al. Peritoneal equilibra-
tion test and patient outcomes. Clin J Am Soc Nephrol
2015;10:1990–2001. http://dx.doi.org/10.2215/CJN.03470315

35. Boudville N, de Moraes TP. 2005 Guidelines on targets
for solute and fluid removal in adults being treated with
chronic peritoneal dialysis: 2019 update of the literature
and revision of recommendations. Perit Dial Int 2020;40:
254–60. http://dx.doi.org/10.1177/0896860819898307

http://dx.doi.org/10.1148/radiol.2018172479
http://dx.doi.org/10.1016/j.ejrad.2020.108926
http://dx.doi.org/10.1093/ibd/izy115
http://dx.doi.org/10.1053/ajkd.2001.21300
http://dx.doi.org/10.1177/089686080902900508
http://dx.doi.org/10.3747/pdi.2018.00017
http://dx.doi.org/10.1093/ibd/izab353
http://dx.doi.org/10.1136/gutjnl-2018-317070
http://dx.doi.org/10.1016/j.ultrasmedbio.2015.03.009
http://dx.doi.org/10.2215/CJN.01820408
http://dx.doi.org/10.1093/ndt/13.12.3172
http://dx.doi.org/10.1007/s00467-012-2389-0
http://dx.doi.org/10.1007/s11255-013-0504-1
http://dx.doi.org/10.1038/nrneph.2013.99
http://dx.doi.org/10.1681/ASN.V132470
http://dx.doi.org/10.1016/j.semnephrol.2016.10.007
http://dx.doi.org/10.1681/ASN.2015101169
http://dx.doi.org/10.1155/2012/912595
http://dx.doi.org/10.5414/CN109596
http://dx.doi.org/10.1016/j.kint.2017.02.037
http://dx.doi.org/10.1053/jarr.2000.16269
http://dx.doi.org/10.1016/j.ejvs.2021.05.026
http://dx.doi.org/10.2215/CJN.03470315
http://dx.doi.org/10.1177/0896860819898307

