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Abstract
Background
Newly formed membrane (NFM) on the peritoneal membrane proper is a unique pathological hallmark of encapsulating peritoneal sclerosis (EPS), but its definition and diagnostic significance have not been well described. This study investigated the pathological features of NFM in EPS and prevalence of NFM in peritoneal biopsy at catheter removal.

Methods
This multicenter retrospective, observational study was conducted by the Japanese Society of Peritoneal Dialysis and enrolled ten patients with and 52 without EPS at peritoneal biopsy during enterolysis surgery or catheter removal. All patients were treated using conventional, acidic peritoneal dialysis (PD) solutions. Thirty of the 52 non-EPS patients perform peritoneal lavage once daily after completing PD to prevent the development of EPS and 22 discontinued PD without lavage. NFM was defined as additional membrane structure on the peritoneum that is properly characterized by exudative or fibrous matrices and fibroblast-like cells. Immunostaining of fibrin and podoplanin was performed for the evaluation of NFM.

Results
NFM was confirmed histologically in eight of the ten patients with EPS. It was also detected in 13 of the 30 patients (43.3%) in the post-PD lavage group and in one of the 22 patients (4.5%) in the non-lavage group. The NFM histology showed various stages of EPS pathology, from early exudative changes with fibrin deposition (stage I; n = 5), progressing to proliferative and fibrosing changes with podoplanin-positive fibroblast-like cells (stage II; n = 9), and finally resulting in adhesive and fibrous scar formation (stage III; n = 8). Immunostaining of fibrin and podoplanin was helpful for evaluating the stage of the NFM.

Conclusions
NFM contributes the encapsulation of intestines and is a pathological hallmark of EPS, but can be detected microscopically in patients without EPS, especially those with peritoneal lavage after PD. New membrane formation starts insidiously in peritoneal membrane damaged by PD treatment, but does not necessarily lead to the development of EPS.
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Background
Encapsulating peritoneal sclerosis (EPS) is a rare but serious complication of peritoneal dialysis (PD) [1–4]. The diagnosis of EPS is based on clinical signs of obstructive ileus and pathological evidence of encapsulation of entire abdominal organs (cocoon formation) [5]. Histological evaluation of peritoneal tissues in EPS revealed that fibrin deposition, increased fibrosis, inflammatory cell infiltration, and angiogenesis were characteristic of EPS [6–9]; however, they were nonspecific inflammatory findings, and none were pathognomonic for the diagnosis of EPS. Macroscopic findings of abdominal organs suggested a newly formed encapsulating membrane, mainly in the visceral peritoneum, was unique to EPS [10]. Histologically, the structure of encapsulating membrane was described as organized fibrosing tissue formed on the peritoneal membrane proper with swollen fibroblast-like cells immunohistochemically positive for podoplanin [11, 12]. These observations suggested that a definite pathological diagnosis of EPS requires macroscopic and/or histological confirmation of an encapsulating membrane. However, we have occasionally observed a newly formed membrane (NFM) similar to the encapsulating membrane of EPS in peritoneal biopsy specimens obtained from non-EPS patients with peritoneal lavage after PD withdrawal. Peritoneal lavage is frequently performed in Japan, especially in long-term PD patients, to prevent the development of EPS. It is believed to prevent EPS by elimination of exudates that lead to the formation of encapsulating membranes [13, 14].
The purpose of this study was to investigate the pathological features of encapsulating membranes as a diagnostic criterion of EPS and to evaluate the prevalence and significance of NFMs in peritoneal biopsies obtained at catheter removal. We also sought to identify the factors associated with new membrane formation, focusing on the extent of simple peritoneal sclerosis induced by PD and the effects of peritoneal lavage. We found that encapsulating membranes were diagnostic for EPS but that NFMs were frequently observed microscopically in biopsies of patients with peritoneal lavage after PD discontinuation but did not develop EPS. The presence of microscopic NFMs in peritoneal biopsies at catheter removal indicated increased peritoneal permeability and exudation but did not predict the subsequent development of EPS.

Methods
Patients
The Peritoneal Biopsy Program in Japan was conducted from 1994 to 2006. A total of 1928 peritoneal biopsy samples were collected from 227 medical institutes. Of these, 569 were excluded because of uncertain clinical information. Of the remaining 1359 samples, 230 were obtained at the initiation of PD and 1129 were obtained after PD of 66.4 ± 44.4 months duration. Patients with peritonitis within 1 month before PD withdrawal (n = 360) were excluded, and 79 of the remaining 769 samples were from patients with medical records indicating that they had been diagnosed with EPS or suspected EPS. We confirmed the diagnosis of EPS based on the Japanese guidelines for EPS [5] and International Society for Peritoneal Dialysis statement [15]. Clinical signs and symptoms of gastrointestinal obstruction were an essential diagnostic criterion of EPS. Image findings suggesting peritoneal membrane thickening or encapsulation of abdominal organs, bowel obstruction, or cocoon formation were supportive findings for the diagnosis. To ensure the diagnosis of EPS, only peritoneal biopsy samples obtained at enterolysis surgery were selected for inclusion of the EPS group (n = 10, five men and five women; PD duration of 124.5 ± 34.2 months). Consequently, most biopsy samples of the EPS patients were obtained from the adhering visceral peritoneum.
We selected 52 non-EPS patients with a PD duration of more than 60 months as matched-duration controls for the EPS group. The non-EPS patients were divided into two groups by the performance of peritoneal lavage treatment after PD withdrawal. The peritoneal lavage group included 30 patients, 19 men and 11 women, 58.5 ± 9.5 years of age, a PD duration of 98.4 ± 33.7 months, and a lavage duration of 12.8 ± 5.1 months. The non-EPS patients without peritoneal lavage included 22 patients, 13 men and nine women, 44.1 ± 17.5 years of age, and PD duration of 91.4 ± 30.3 months. All biopsy samples of non-EPS patients were taken at catheter removal from the parietal peritoneum. No patient in the non-EPS groups, either with or without lavage, had clinical signs and symptoms of EPS. The reasons for PD discontinuation in the lavage group were ultrafiltration failure (n = 7), under-dialysis (n = 1), cerebral infarction (n = 1), EPS prevention (n = 2), and unknown (n = 19). Peritoneal lavage was usually performed once a day by exchange of PD solution with low glucose concentration (n = 25) or icodextrin (n = 5) solution for several months to years. The mean duration of peritoneal lavage was12.8 ± 5.1 months. The clinical status of the non-lavage group varied, including patients who stopped PD because of ultrafiltration failure (n = 6), transplantation (n = 4), under-dialysis (n = 1), catheter-related problems (n = 3), malignancy (n = 2), and unknown (n = 1). Other patients were biopsied at catheter exchange (n = 4) or on exploratory laparotomy for the evaluation of peritoneal condition (n = 1). All patients in the EPS and non-EPS groups were treated using conventional acidic PD solutions. The study design was approved by the ethics committee of Juntendo Medical University (No. 370, May 2009). Written informed consent was obtained from all study subjects.

Histopathological analysis
Peritoneal biopsy specimens were cut from the parietal peritoneum using a scalpel or peeled from the encapsulated visceral peritoneum and processed by routine histological procedures as previously described [16]. The adequacy of specimens for histological evaluation was determined in terms of size, site, and direction of the samples as described in the previous report [16]. All specimens included in the study were regarded as adequate for the evaluation of the peritoneal thickness, vasculopathy at post-capillary venules (PCVs), and presence or absence of NFM and its histological features. Two pathologists (KH and KK) reviewed the samples together to arrive at a consensus evaluation. The extent of fibrosis and vascular sclerosis was evaluated as previously described [16]. In brief, to evaluate peritoneal fibrosis, we calculated average thickness (μm) at five random points within the submesothelial compact zone (SMC) between the basal border of the surface mesothelial cells and upper border of the peritoneal adipose tissue. To evaluate vascular sclerosis, average ratio of lumen to vessel diameter was calculated at three to five randomly selected PCVs with external diameters ranging 25–50 μm. NFMs were defined as formation of an additional membrane structure on the surface of the peritoneal membrane proper and comprised of fibrin exudation, collagenous fibrotic tissue, fibroblast-like cells, and capillary vessels. NFMs differ from peritoneal membrane proper, with simple peritoneal fibrosis and do not contain dense bundle of collagen, fascia, fat, or small arteries and veins that are seen in peritoneal tissue. The histological staging of NFMs included an early exudative phase with fibrin deposition and podoplanin-positive fibroblast-like cells (stage I), a proliferative and fibrosing phase with podoplanin-positive fibroblast-like cells but without fibrin deposition (stage II), and an adhesive and fibrous scarring phase without fibrin deposition or podoplanin-positive fibroblast-like cells (stage III). Immunostaining of fibrin and podoplanin was helpful for evaluating the stage of NFMs (Fig. 2j).

Immunohistochemistry
Mouse monoclonal anti-fibrin (MAB1901, Chemicon International) and human anti-podoplanin (#11-003, AngioBio, Del Mar, CA, USA) were used as primary antibodies. The Envision+ System (Dako Cytomation) was used for detection of antibody binding and was visualized using diaminobenzidine tetrahydrochloride (0.02%). Cell nuclei were counterstained with hematoxylin.

Statistical analysis
Data were reported as means ± standard deviation. Differences were assessed for significance by χ
                           2 tests, Student’s t tests, Mann–Whitney U test, or Kruskal–Wallis test, depending on whether the variables were categorical or continuous. Correlation coefficients were assessed for significance using the F test. In all analyses, p < 0.05 was considered significant.


Results
Clinical and histological data of the ten EPS-developed cases
The clinical and histological findings of each patient in the EPS group are shown in Table 1. The average PD duration was 124.5 ± 34.2 months. The biopsy samples were obtained during enterolysis surgery, which was performed at 23.6 ± 19.2 months after PD discontinuation to dissect intestinal adhesions. Peritoneal lavage was performed in three patients (no. 1, 3, and 4) for several months (7, 15, and 2 months, respectively) before enterolysis surgery to prevent or reduce abdominal adhesions. NFMs were identified microscopically in eight patients (80%) and macroscopically during surgery in two patients (20%). In these two patients (no. 6 and 9), NFMs were not confirmed in the biopsy specimens. Histologically, most NFMs were stage I (n = 5), followed by stage II (n = 2), and stage III (n = 1), showing a predominance of early exudative stages in the encapsulating membrane formation. The stage III NFM was obtained from patient 2, who had the longest PD duration (166 months) and the longest post-PD duration (74 months). The extent of PD-related peritoneal sclerosis was evaluated by the thickness of the SMC and the lumen/vessel diameter ratio (L/V ratio) of the PCVs in the peritoneal membrane proper that was attached to the NFM in the biopsy specimens. The increased thickness of the SMC (636.2 ± 409.4 μm) and the decreased L/V ratio (0.33 ± 0.22) suggested a tendency of advanced peritoneal sclerosis in the EPS patients.Table 1Clinical and pathological characteristics of the EPS patients (n = 10)


	Patient no.
	Age
	Sex
	PD duration (m)
	Post-PD duration (m)
	Peritoneal lavage (m)
	NFM (stage)
	SMC (μm)
	L/V ratio

	1
	55
	F
	79
	15
	7
	I
	389.2
	0.352

	2
	57
	M
	166
	74
	–
	III
	283
	0.166

	3
	68
	F
	80
	26
	15
	I
	622
	0.196

	4
	56
	F
	144
	11
	2
	I
	1269.6
	0.186

	5
	57
	M
	116
	16
	–
	I
	614.4
	0.234

	6
	60
	M
	151
	35
	–
	n.d.
	259.4
	0.9

	7
	56
	F
	165
	18
	–
	II
	389
	0.192

	8
	60
	F
	142
	18
	–
	II
	985.6
	0.382

	9
	52
	M
	84
	9
	–
	n.d.
	247
	0.442

	10
	46
	M
	118
	14
	–
	I
	1302.8
	0.263

	 	56.7 ± 5.7
	M5
F5
	124.5 ± 34.2
	23.6 ± 19.2
	3/10 (30%)
8.0 ± 6.6
	8/10 (80%)
[5/2/1]
	636.2 ± 409.4
	0.33 ± 0.22


Mean ± sd

                                    NFM newly formed membrane, SMC submesothelial compact zone, L/V lumen/vessel diameter, n.d. not detected



                        

Pathology of NFMs in EPS patients
Figure 1 shows an NFM in an EPS patient (no. 4) obtained during enterolysis surgery. Microscopically, the NFM was identified as a fibrotic structure on the visceral peritoneum proper of the intestine (Fig. 1a). The thickness of the NFM was approximately 200–500 μm and characterized by interlacing homogenous fibrous bundles with fibroblast-like cells (Fig. 1b). Fibrin deposition was observed on the membrane surface by Masson trichrome staining (Fig. 1b) and confirmed by immunohistochemical staining (Fig. 1c). Podoplanin was strongly positive on the cellular membranes of intercalating fibroblast-like cells and the inner surface of vessel-like clefts in the NFM (Fig. 1d).[image: A41100_2017_115_Fig1_HTML.gif]
Fig. 1Histological findings of an NFM in a representative EPS patient. An NFM is a fibrous membrane-like structure attached to the surface of the visceral peritoneum proper (PM). a The NFM is located on the visceral peritoneal membrane and has the histological appearance of simple peritoneal sclerosis with severe fibrosis and obstructive vasculopathy (Masson stain, ×100, and bar = 200 μm). b The NFM is characterized by surface fibrin deposition and an interlacing of homogenous fibrous bundles with fibroblast-like cells (Masson stain, ×200, and bar = 100 μm). c Fibrin is deposited on the surface of the NFM and confirmed by immunohistochemical fibrin staining (IHC for fibrin, ×200, and bar = 100 μm). d Podoplanin is strongly positive on the cell membranes of intercalating fibroblast-like cells in the NFM (IHC for podoplanin, ×200, and bar = 100 μm)




                        

Histological staging of NFMs
Histological observation revealed several stages of NFMs (Fig. 2), an early exudative phase (stage I), fibrosing phase (stage II), and late scarring phase (stage III). In the early exudative phase (stage I), fibrin was deposited, as detected by Masson trichrome staining (Fig. 2a) and confirmed by fibrin immunostaining (Fig. 2b). Podoplanin-positive fibroblasts were abundantly distributed in the NFM (Fig. 2c). In the fibrosing phase (stage II), fibrous matrices were dominant, with many collagen fibers and sparsely distributed fibroblast-like cells (Fig. 2d). In this stage, no fibrin deposition was detected immunohistochemically (Fig. 2e), whereas podoplanin was weakly positive in the fibroblast-like cells (Fig. 2f). In the scarring phase (stage III), the NFM was characterized by loose fibrous matrices covering the peritoneal surface and sometimes forming peritoneal adhesions with few cellular components (Fig. 2g). Neither fibrin (Fig. 2h) nor podoplanin (Fig. 2i) was detected in this phase. NFM stage was determined by Masson trichrome staining of fibrin and podoplanin or by immunohistochemistry (Fig. 2j). Other histological findings such as hemorrhage, inflammatory cell infiltration, and capillary proliferation were preferentially observed in the earlier stages (stages I and II). The mesothelial lining of the peritoneal surface was occasionally seen in later stages (stages II and III), but usually not in stage I.[image: A41100_2017_115_Fig2_HTML.gif]
Fig. 2Histological staging of NFMs. Histological observation revealed several stages of NFM. In the early exudative phase (stage I), fibrin deposition is apparent, as indicated by the bright red color in Masson trichrome staining (a) and confirmed by fibrin immunostaining (b). Podoplanin-positive fibroblasts are abundantly distributed in the encapsulating membrane (c). In the fibrotic phase (stage II), fibrosis is dominant, with many collagen fibers and sparsely distributed fibroblasts (d). In this stage, no fibrin deposition is detected immunohistochemically (e), whereas podoplanin is weakly positive in the fibroblast-like cells (f). In the scarring phase (stage III), the NFM is characterized by loose fibrous matrices covering the peritoneal surface, occasionally forming peritoneal adhesions with scant cellular components. Mesothelial cell coverage is observed on some areas of the peritoneal surface (g). Both fibrin (h) and podoplanin (i) were no longer detected in this phase. NFM staging was determined by the detection of fibrin and podoplanin by Masson trichrome staining or immunohistochemistry (j). All figures are ×200 and bars = 100 μm




                        

NFMs were observed in non-EPS patients
NFMs were frequently observed in EPS patients and considered necessary for a diagnosis of EPS. However, NFMs were also identified microscopically in peritoneal samples of non-EPS patients, especially those with peritoneal lavage after PD discontinuation (Fig. 3). The NFM was usually identified histologically as a thin membrane on the peritoneal membrane proper and distinguished from the peritoneum proper by the presence of exudative features, swollen fibroblast-like cells, and absence of the expected vascular structure of arteries and veins present in the peritoneum proper (Fig. 3a, c, e). The detection of a layer of elastic fibers by Masson trichrome staining was helpful to distinguish the peritoneum proper from the new membrane because elastic fibers occur in the submesothelial zone of the peritoneal membrane but not in the NFM (Fig. 1a). Podoplanin immunostaining was also helpful to confirm the NFM because its expression in fibroblast-like cells was a characteristic finding in the NFM (Fig. 3b, d).[image: A41100_2017_115_Fig3_HTML.gif]
Fig. 3Histological findings of NFMs in non-EPS patients. NFMs were observed microscopically in the peritoneal biopsies of non-EPS patients with peritoneal lavage treatment after completing PD. NFMs were attached to the peritoneal membrane proper and distinguished from the peritoneal membrane (PM) by the presence of exudative or fibrous features (a, c, e). The presence of an elastic fiber layer detected by elastic-Masson trichrome staining was helpful to distinguish the NFM from the PM because the elastic fiber layer was located in the upper part of PM but not in the NFM (a). Podoplanin immunostaining was helpful to identify the NFM and determine its histological stage. Podoplanin expression in fibroblast-like cells is characteristic of the NFM (b, d). Negative podoplanin expression in fibroblast-like cells indicates stage III NFM (scarring phase) (e, f). Absence of the original vascular structure including artery and vein complexes is another index of NFM (a, c, e). NFMs in non-EPS patients shifted to later histological stages: stage II (seven cases) and stage III (seven cases), compared with NFMs in EPS patients: stage I (five cases), stage II (two cases), and stage III (one case). a Elastic-Masson staining, ×200. c, e Masson staining, ×200. b, d, f IHC for podoplanin, ×200, bar = 100 μm




                        

Comparison of clinical and histological findings in EPS and non-EPS with or without peritoneal lavage
All patients in the three groups were treated with conventional acidic PD solutions (Table 2). The non-EPS patients without lavage were younger (44.1 ± 17.5 years of age) than both the EPS patients (56.7 ± 5.7 years old) and the non-EPS patients with lavage (58.5 ± 9.5 years old). The PD duration was longer in the EPS patients (124.5 ± 34.2 months) than in both the non-EPS patients with lavage (94.8 ± 33.7 months) and in those without lavage (91.4 ± 30.3 months). Peritoneal lavage was performed in three of the EPS patients to prevent peritoneal adhesions before peritoneal dissecting surgery. The category data of peritoneal equilibration test (PET) was available in 30 of non-EPS patients (16 with lavage and 14 without lavage), suggesting no difference between patients with and without peritoneal lavage.Table 2Clinical and pathological characteristics of EPS patients (n = 10), non-EPS patients with lavage (n = 30), and non-EPS patients without lavage (n = 22)


	 	EPS patients (n = 10)
	Non-EPS patients with lavage (n = 30)
	Non-EPS patients without lavage (n = 22)
	
                                            p value

	Age
	56.7 ± 5.7‡
	58.5 ± 9.5*
	44.1 ± 17.5*‡
	<0.0041*
<0.011‡
<0.0001 (KW)

	Gender
	M5/F5
	M19/F11
	M13/F9
	NS (Χ2 test)

	PD duration (m)
	124.5 ± 34.2*‡
	94.8 ± 33.7*
	91.4 ± 30.3‡
	<0.031*
<0.021‡
<0.0001 (KW)

	Lavage (%)
	3/10 (30%)
	30/30 (100%)
	0/22 (0%)
	ND

	PET category: H/HA/LA/L
	ND
	4/7/4/1
	4/5/5/0
	NS (Χ2 test)

	Average thickness of SMC (μm)
	636.2 ± 409.4‡
	603.8 ± 386.6*
	336.0 ± 116.3*‡
	<0.0031*
<0.05‡
0.063 (KW)

	Average L/V ratio
	0.33 ± 0.22‡
	0.39 ± 0.20*
	0.53 ± 0.24*‡
	<0.028*
<0.031‡
0.048 (KW)

	Prevalence of NFM
	8/10 (80%)
	13/30 (43.3%)
	1/22(4.5%)
	<0.0001
(Χ2 test)

	Stage of NFMs (I/II/III)
	5/2/1
	0/6/7
	0/1/0
	ND


Mean ± sd

                                    PET peritoneal equilibration test, H high, HA high average, LA low average, L low, SMC submesothelial compact zone, L/V lumen/vessel diameter, NFM newly formed membrane, NS not significant, ND not done, KW Kruskal–Wallis



                        
Histological evaluation of the background peritoneum revealed that the average thickness of the SMC in EPS patients (636.2 ± 409.4 μm) and in the non-EPS patients with lavage (603.8 ± 386.6 μm) was greater than in non-EPS patients without lavage (336.0 ± 116.3 μm). It also revealed that the average L/V in EPS patients (0.33 ± 0.22) was smaller than that of the non-EPS patients without lavage (0.53 ± 0.24). The average L/V in the non-EPS patients with lavage (0.39 ± 0.20) was also smaller than that of the non-EPS patients without lavage. The decreased occurrence of peritoneal sclerosis in non-EPS patients without lavage might be explained by either treatment selection bias associated with peritoneal lavage after PD discontinuation or the younger age of that group. The frequency of NFM detection was significantly higher in EPS patients (8/10, 80%) than that in non-EPS patients with lavage (13/30, 43.3%) and those without lavage (1/22, 4.5%). The histological stages of NFM were predominantly earlier in EPS patients: stage I in five cases (62.5%), stage II in two cases (25%), and stage III in one case (12.5%), and shifted to later stages in non-EPS patients: stage II and stage III in seven cases each (50%) (Table 2). The comparison of the clinical and pathological characteristics of EPS patients (n = 10) and non-EPS patients (n = 52) was shown in Additional file 1: Table S1. The correlations between peritoneal sclerosis and PD duration in the three groups were represented in Additional file 1: Figure S1.

Clinical and histological significance of new membrane formation in peritoneal biopsy tissue
To investigate the clinical and histological significance of new membrane formation, we compared the biopsy data of cases with NFM (n = 13) and those without NFM (n = 17) in non-EPS patients with peritoneal lavage (Table 3). There were no significant differences of age, gender, PD duration, or post-PD duration (i.e., lavage duration) in the two groups. The PET category tended to be in high (H) and high average (HA) in the patients with NFM, whereas shifted to be in low average (LA) and low (L) in those without NFM, but the difference did not reach significance. Histologically, the average SMC thickness and L/V ratio were not significantly different in the two groups; the L/V ratio in patients with NFM was lower than that in patients without new membranes (0.33 ± 0.12 vs. 0.43 ± 0.24, p = 0.16) but the difference did not reach significance. The clinical and histological relevance of histological staging of NFMs in EPS patients (n = 8) and in all patients with NFMs in the three groups (n = 22) was shown in Additional file 1: Tables S2 and S3, respectively.Table 3Clinical and histological significance of new membrane formation in peritoneal biopsies obtained at catheter removal in non-EPS patients with lavage (n = 30)


	 	Non-EPS patients with NFM (n = 13)
	Non-EPS patients without NFM (n = 17)
	
                                            p value

	Age
	58.2 ± 11.1
	58.7 ± 9.2
	NS

	Gender
	M9/F4
	M10/F7
	NS

	PD duration (m)
	91.9 ± 18.8
	97.6 ± 37.5
	NS

	Post-PD duration (m)
	12.6 ± 5.2
	12.9 ± 5.4
	NS

	PET category: H/HA/LA/L
	4/3/1/0
	0/4/3/1
	NS (0.16)

	Average thickness of SMC (μm)
	560.8 ± 315.5
	636.1 ± 475.3
	NS

	Average L/V ratio
	0.33 ± 0.12
	0.43 ± 0.24
	NS (0.16)

	Stage of NFM (I/II/III)
	0/6/7
	0/0/0
	ND


Mean ± sd

                                    PET peritoneal equilibration test, H high, HA high average, LA low average, L low, SMC submesothelial compact zone, L/V lumen/vessel diameter, NFM newly formed membrane, NS not significant, ND not done



                        


Discussion
Definition of NFM and its histological features
Encapsulation in EPS is caused by an NFM on the peritoneal membrane proper, which can be distinguished by careful macroscopic and microscopic observation. Surgeon can usually identify the NFM by peeling it away from the intestinal serosa during enterolysis surgery. Laparoscopic observation can also confirm the NFM by its unique cocoon-like appearance over the gastroenteric organs. The histological appearance of NFMs resembles to that of fibrotic regions of simple peritoneal sclerosis; however, the NFM can be distinguished by the absence of large vessels, nerves, and adipose tissue that are usually observed in the peritoneum proper.
Various histological features and the stages of NFMs are suggestive of the initiation and progression of EPS. At early stages, NFMs are primarily composed of exudative fibrin, suggesting that the exudation of plasma containing fibrin/fibrinogen and other blood coagulation factors is required for encapsulating membrane formation [17]. The cocoon-like encapsulating membrane recognized macroscopically during the enterolysis surgery is usually characterized histologically by exudative fibrin and its organization and consistent with NFM in stage I. Increased permeability of the peritoneal membrane, a very common complication of long-term PD [18–20], may be an important background factor for the pathogenesis of EPS. Increased peritoneal vascularity is thought to be associated with the peritoneal hyperpermeability observed in the previous histological studies of PD peritoneum [21–23]. Recently, Tawada et al. reported that damage to vascular endothelium, represented by hyalinizing vasculopathy of the peritoneal membrane, was predictive of the development of EPS and suggested that peritoneal hyperpermeability could result from vascular endothelial injury [24]. Morelle et al. demonstrated that an early, relatively large reduction in osmotic conductance (sodium sieving) during PD was an independent predictor of EPS and that such functional disorders were associated with the extent of peritoneal fibrosis, but not with vasculopathy [25]. Although the precise mechanism of peritoneal hyperpermeability in long-term PD patients is still controversial, disturbance of peritoneal membrane transport across the peritoneal microvasculature has a significant role in the pathogenesis of EPS.
This study also identified differences in the histological stages of NFM in different clinical situations. Early stages of NFM were frequently observed in EPS patients who experienced enterolysis surgery. On the other hand, later stages of NFM were seen in non-EPS patients with peritoneal lavage after completing PD. This difference could be associated with temporal phase of inflammatory process, showing active peritoneal injury in EPS patients with enterolysis surgery and chronic subsiding peritoneal damage in non-EPS patients with peritoneal lavage for several months after completion of PD. Therefore, the fresh fibrin deposition in histological stage I may be a possible diagnostic criterion for EPS in acute/active phase and it may disappear in chronic/subsiding phase. The predominance of early stages in EPS patients might be associated with a bias of biopsy sampling from visceral peritoneum. There may be some pathophysiological differences between visceral and parietal peritoneum, although they have not been fully established so far. Yaginuma et al. demonstrated increased lymphatic vessels in visceral peritoneum rather than parietal peritoneum [26], and this difference might be related to the susceptibility of encapsulating membrane formation in visceral peritoneum via increased exudation. The histological stage may also indicate the consequences of NFMs, that is progression to encapsulation and adhesion or scar formation without the development of EPS.

Significance of podoplanin expression in new membranes
This study confirmed the utility of podoplanin staining in the pathological diagnosis and staging of EPS. Braun et al. first reported that the presence podoplanin-positive fibroblast-like cells was a good marker of EPS [11, 12]. Podoplanin was first described as a molecule expressed on glomerular podocytes [27] and was later was found to be a useful marker of lymphatic endothelial [28] and mesothelial cells [29]. Recent investigations revealed that podoplanin is a transmembranous glycoprotein whose ligand is C-type lectin receptor-2 (CLEC-2) on platelets and inflammatory cells [30]. This protein is involved in cell motility, migration, and proliferation during development, in the immune system, and in cancer [31]. Because EPS develops in association with increased accumulation of serum and high concentrations of fibrin [17, 32], secretion of cytokines and growth factors [26, 33–35] may activate the transformation of peritoneal mesenchymal cells into swollen fibroblast-like cells that highly express podoplanin on their cell membranes. Podoplanin-positive fibroblast-like cells in the peritoneum of EPS patients may be activated by platelets and inflammatory cells expressing podoplanin-ligand, CLEC-2 [30], and by the surrounding extracellular matrix containing hyaluronic acid [31]. Thus, podoplanin expression may be associated with the disease activity or the histological stage of EPS.

NFMs were detected in non-EPS patients
To evaluate the diagnostic specificity of the NFM in EPS, we investigated the prevalence of NFM in the peritoneal biopsy specimens obtained from EPS patients at enterolysis surgery and in non-EPS patients at catheter removal. NFMs were detected in most of the EPS patients (8/10 cases, 80%), and although biopsies were not efficient for the detection of NFM in the other two patients, NFMs encapsulating the intestines had been macroscopically confirmed during enterolysis surgery. Therefore, it is reasonable to conclude that the detection of NFM, either macroscopically or microscopically, is required for a pathological diagnosis of EPS. On the other hand, NFMs were also detected microscopically in non-EPS patients (14/52 cases, 26.9%) suggesting that microscopic NFMs could not predict the development of EPS and was not a sufficient condition for the diagnosis of EPS. A similar result has been previously reported in a study by Sherif et al. comparing the peritoneal pathology of EPS and non-EPS patients, in which NFMs were observed in 6/23 non-EPS patients (26.1%) [8]. In an evaluation of new membrane formation in peritoneal biopsies at catheter removal, Tawada et al. also observed the presence of NFMs in non-EPS patients and found increased histological scores of NFMs in EPS patients, but the difference in comparison with non-EPS patients did not reach significance [24]. Because new membrane formation is a result of increased exudation on the peritoneal surface, the detection of NFM suggests the increased permeability of the peritoneal vessels. The increased incidence of NFMs in the peritoneal lavage group suggested that new membrane formation occurred primarily during the period of lavage after completion of PD. Nevertheless, the detection of NFMs did not predict the subsequent development of EPS in this study, indicating that microscopically detected NFMs probably regressed and did not progress to encapsulation of abdominal organs.

Role of peritoneal sclerosis in new membrane formation
We also evaluated pathological differences of the background peritoneum in EPS patients and non-EPS patients. The results indicated a tendency for an advanced grade of peritoneal vasculopathy in the EPS patients. These observations support previous observations that prolonged PD duration was the most important risk factor for EPS [18, 36–38] and that histological damage of the peritoneum is closely associated with high peritoneal transport, which is another risk factor for EPS [19, 20]. Increased microvascular density of the background peritoneum proper is thought to be associated with hyperpermeability of the peritoneal membrane and to promote EPS development [21–23]. However, we observed no significant difference of microvascular density in the peritoneum proper in EPS patients and non-EPS patients (data not shown). Further investigation is required to elucidate the functional and morphological relationships of microvascular density and peritoneal hyperpermeability in the pathogenesis of EPS. Vascular density may not necessarily be associated with increased peritoneal permeability and subsequent formation of encapsulating membranes. The nonphysiological state of the vascular barrier, an endothelial layer of the peritoneal capillary, may be associated with impaired peritoneal barrier function observed with long-term PD treatment [39–41]. Functional deterioration of peritoneal microvascular permeability induced by PD, rather than morphological damages, might be associated with the onset of EPS and should be considered for understanding the pathogenesis of EPS.

Effect of neutral, low glucose degradation product (GDP) dialysate on peritoneal sclerosis, and EPS
Since biocompatible PD solutions with neutral pH and low GDP have become available, the incidence and extent of PD-induced peritoneal deterioration, characterized as simple peritoneal sclerosis, has decreased [42–44]. As simple peritoneal sclerosis is the most important risk factor for EPS, the incidence of EPS is expected to decrease. A recent report has shown a decrease in EPS incidence (1.0%) in Japan [45]. This tendency suggests that the use of biocompatible PD solution is the most effective, and indispensable, strategy for the prevention of EPS. The merits of biocompatible PD solutions are probably attributable to its low GDP concentration, which is the component with the highest toxicity for cellular and extracellular matrix components such as collagen fibers [46]. Peritoneal permeability is primarily determined by the capillary endothelium [41]. Preservation of the physiological integrity of peritoneal tissue contributes to vascular integrity and prevents increased permeability of the peritoneal membrane, a key factor in encapsulating membrane formation.

Limitations of the present study
Some limitations must be considered when interpreting the study results. First, this was a multicenter retrospective observational study, and not all the patients with PD withdrawal were included, thus there must be a selection bias in each cohort. Second, the clinical information was limited, and many factors like the daily ultrafiltration volume, the peritoneal equilibration test, the amount of glucose exposure, and the method of peritoneal lavage could not be evaluated. Third, the number of patients in each group limited the power of the statistical comparisons. Fourth, the long-term follow-up was not available to determine the clinical outcome, such as the development of EPS. Fifth, the method of peritoneal biopsy was not standardized, so the quality and quantity of the biopsy samples were not always adequate for histological evaluation. Sixth, there was a sampling bias of biopsy materials, which were taken from visceral peritoneum in most of the EPS patients (8/10) and from parietal in all of the non-EPS patients (n = 52). It might have some influences on the staging of NFMs and predominance of stage I in the EPS patients. The above limitations may be associated with some inconclusive results. Nevertheless, the study reports important evidence of the appearance of NFM in peritoneal biopsy samples from both EPS patients and non-EPS patients.


Conclusions
The pathological diagnosis of EPS requires confirmation of NFM, either macroscopically or microscopically, which is a strong pathological hallmark of EPS. However, NFMs were detected microscopically in non-EPS patients, especially those with peritoneal lavage after completion of PD discontinuation. New membrane formation, which is believed to be an early pathological phenomenon of EPS, reflects increased exudation from peritoneal vasculature, associated with the initiation of, but does not always predict, the development of EPS.
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