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ABSTRACT

Introduction: The liver plays an important role to prevent translocation of gut-derived toxins from the portal to the systemic
circulation. Chronic inflammation is common in patients receiving hemodialysis, and increased gut permeability to microbial
material has been implicated in its pathogenesis. This study sought to establish if flow-dependent hepatic function was impaired
in chronically inflamed individuals treated with hemodialysis.

Methods: Fifty adults receiving outpatient hemodialysis were recruited. Subjects with known liver or gastrointestinal disease,
acute inflammation, and hemodynamic instability during hemodialysis were excluded.

Participants were divided into two groups (n = 25): individuals with chronic inflammation (defined as a median high-sensitivity
C-reactive protein (hs-CRP) > 5mg/dL over the preceding 3 months) with no apparent cause and a noninflamed group.
Flow-dependent hepatic function (defined as a composite of hepatic perfusion, hepatocyte clearance and biliary excretion) was
assessed following hemodialysis by indocyanine green clearance to derive: (1) indocyanine green-plasma disappearance rate and
(2) indocyanine green-retention after 15min. Serum beta-D-glucan levels pre- and post-hemodialysis were measured as surrogate
markers of gastrointestinal permeability.

Findings: Indocyanine green-plasma disappearance rate was reduced in the inflamed group versus the noninflamed group (19.4
(8.7)%/min vs. 23.8 (14.4)%/min; p=0.02). Indocyanine green-retention after 15min was higher in the inflamed group (5.4 (6.8)%
vs. 2.9 (5.0)%; p=0.02). Noninvasive hepatic fibrosis and steatosis assessments were similar in both groups. Pre-hemodialysis
beta-D-glucan levels were similar (63 (42) pg/ml vs. 49 (11) pg/ml; p=0.13), whereas post-hemodialysis beta-D-glucan levels
were higher in the inflamed group (82 (48) pg/ml vs. 58 (27) pg/ml; p <0.001), and in those with flow-dependent hepatic im-
pairment (72 (45) vs. 55 (32) pg/ml; p=0.004). In linear regression analysis, indocyanine green-retention after 15min and post-
hemodialysis beta-D-glucan levels were independent predictors of median hs-CRP, explaining 21% of the variation.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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Discussion: Individuals with otherwise unexplained inflammation had impaired hepatic function post-hemodialysis and higher

post-hemodialysis beta-D-glucan levels. These findings are compatible with the notion that impaired hepatic gut-derived toxin

removal propagates chronic inflammation in hemodialysis.

1 | Introduction

Chronic inflammation is common in end-stage kidney dis-
ease (ESKD) and is often unexplained by any cause other
than kidney failure itself or the provision of renal replace-
ment therapy. This can be termed ESKD-associated chronic
inflammation. Such inflammation is linked to accelerated
cardiovascular disease, poor clinical outcomes, and signifi-
cant symptom burden, and is particularly prevalent in people
receiving hemodialysis treatment [1-3]. The pathophysiology
of ESKD-associated chronic inflammation is complex and
poorly understood. Multiple factors have been implicated, in-
cluding uraemic toxin retention, salt and water overload, dia-
lyzer membranes, oxidative stress, and immune dysfunction
[4]. Evidence is emerging for the role of microbial fragment
translocation from the gut lumen into the systemic circulation
as a significant factor in ESKD-associated chronic inflam-
mation development [5]. Increased gut permeability in ESKD
may be a direct effect of uraemic toxins on gut barrier integ-
rity [6], exacerbated by splanchnic hypoxia and subclinical
bowel ischemia as a consequence of rapid ultrafiltration rates
during hemodialysis [7-9].

Liver disease is associated with increased gut permeability
and endotoxemia, even prior to the development of cirrhosis
[10]. In normal circumstances, the liver, in particular resident
hepatic macrophages (Kupffer cells), plays a major role in pre-
venting the passage of gut-derived material from the portal
into the systemic circulation [11]. Hence, it may be that two
co-existing conditions are required to allow gut-derived tox-
ins to penetrate into the systemic circulation and stimulate an
inflammatory response in ESKD: (1) increased gut permeabil-
ity and (2) hepatic dysfunction. Both of these conditions are
present with advanced liver disease, but in individuals with
ESKD-associated chronic inflammation with evidence of in-
creased gastrointestinal permeability, it is unclear if there is
evidence of a “second hit” of concomitant hepatic dysfunc-
tion [12].

Chronic liver disease is prevalent in ESKD, especially in areas
with hepatitis B and C prevalence [13, 14]. Five percentage of
the dialysis population globally have cirrhosis [15]. However,
even in hemodialysis patients without established chronic liver
disease, changes in both hepatic perfusion and function occur
during a hemodialysis session [16, 17]. It is therefore important
to establish whether hemodialysis-related changes in hepatic
function are linked to ESKD-associated chronic inflammation
and markers of gut permeability.

Flow-dependent hepatic function can be measured by indocy-
anine green clearance. Indocyanine green is a highly protein-
bound, fluorescent dye exclusively cleared by the liver [18].
Indocyanine green clearance is validated for measuring flow-
dependent hepatic function (defined as a composite of hepatic

perfusion, hepatocyte clearance and biliary excretion) in hepa-
tological and critical care settings [19-21].

The gold standard method to investigate gut permeability relies
on urinary saccharide concentration measurement following in-
gestion of several probes. These levels are critically dependent
on kidney function [22]; so this method is untenable in ESKD
without additional development. Measurement of serum levels
of (1-3)-beta-D glucan (beta-D-glucan) is a potential alternative
method to assess gut permeability [23]. Beta-D-glucan comprises
a range of glucose polymers found in dietary plant material, as
well as fungal and bacterial cell walls [24]. Beta-D-glucan pre-
dominantly undergoes reticuloendothelial (primarily hepatic)
clearance [25]. Elevated levels of beta-D-glucan in advanced kid-
ney disease [26] may reflect systemic translocation of microbial
structures from the gut. Beta-D-glucan can activate the Limulus
Amoebocyte Lysate assay used to detect endotoxin, and can induce
false-positive results [27]. Fecal calprotectin reflects gastrointesti-
nal inflammation and is another potential marker of gut barrier
impairment in ESKD unaffected by native kidney function.

We hypothesized that in individuals treated with hemodi-
alysis without evidence of chronic liver disease, those with
ESKD-associated chronic inflammation would have greater
post-hemodialysis hepatic dysfunction and higher serum beta-
D-glucan levels than noninflamed individuals. Such findings
would be consistent with the theory that gut hyperpermeability
in combination with hepatic dysfunction contributes to ESKD-
associated chronic inflammation.

2 | Materials and Methods
2.1 | Study Setting and Regulatory Requirements

Participants were recruited from four hemodialysis units man-
aged by East and North Hertfordshire National Health Service
(NHS) Trust, United Kingdom, following provision of informed,
written consent. The study was performed in accordance with
approved protocols, the Declaration of Helsinki, and applicable
regulatory requirements. Ethical approval was obtained from the
NHS South Central-Hampshire B Research Ethics Committee
(Reference: 21/SC/0140). The study was prospectively registered
and adopted onto the National Institute of Health and Care
Research Clinical Research Portfolio (Identification: 49132).

2.2 | Study Design
2.2.1 | Inclusion Criteria
All participants were adults (age >18) receiving maintenance

outpatient hemodialysis (either high-flux hemodialysis or online
hemodiafiltration) for at least 3 months.
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Two groups were recruited: 25 individuals with ESKD-
associated chronic inflammation (defined as a median baseline
high-sensitivity C-reactive protein (hs-CRP) >5mg/L over the
previous 3 months) and 25 individuals without chronic inflam-
mation (a median baseline hs-CRP <5mg/L over the previous
3months). A hs-CRP cut off >5mg/L was chosen as the nor-
mal range for the assay was 0-5mg/L, and additionally because
other studies had defined chronic inflammation in ESKD as an
hs-CRP of >5mg/L [28, 29].

2.2.2 | Exclusion Criteria

Exclusion criteria included: a history of adverse reactions
to indocyanine green or iodine, thyroid disease, underlying
liver or active gastrointestinal disease, active inflammation
within the previous 3 months due to infection, autoimmune
disease or malignancy, documented evidence of peripheral
vascular disease, and hemodynamic instability during he-
modialysis. All available clinical, laboratory, microbiology,
radiology, histopathology, and endoscopy records for par-
ticipants were reviewed, accompanied by a comprehensive
clinical history and examination to evaluate inclusion and
exclusion criteria.

2.3 | Study Procedures in Relation to Hemodialysis

All participants received hemodialysis according to their usual
prescription. The following procedures were carried out in re-
lation to the hemodialysis session (and are described below):

2.3.1 | Pre-Hemodialysis

1. Baseline demographic, clinical, and hemodialysis-related
information was recorded.

2. Serum samples were collected for routine biochemistry
and hematology.

3. A fresh stool sample was provided for fecal calprotectin
analysis.

4. Patient reported outcomes including the Standardized
Outcomes in Nephrology (SONG)-hemodialysis fa-
tigue instrument [30] and the eight item Patient Health
Questionnaire depression scale (PHQ-8) [31] were obtained.

2.3.2 | Pre- and Post-Hemodialysis

1. Clinical assessment of volume status was performed; sup-
plemented, pre-hemodialysis, by body composition analy-
sis (Body Composition Monitor, Fresenius Medical Care,
Germany).

2. Serum levels of beta-D-glucan with a paired hematocrit
level were obtained.

3. Assessment of liver stiffness and steatosis by vibration-
controlled transient elastography and controlled

attenuation parametography using a FibroScan 530 device
(FibroScan, Echosens, France) was performed.

2.3.3 | Post-Hemodialysis

1. Assessment of flow-dependent hepatic function was meas-
ured by indocyanine green clearance.

2. Dialysis-related parameters including intradialytic
weight change, ultrafiltration rate, and volume were
recorded.

2.4 | Methodology

2.4.1 | Beta-D-Glucan, Fecal Calprotectin and Baseline
Biochemical and Hematology Assessment

Beta-D-glucan levels were measured following a three-hour fast
using the Fungitell assay (Associates of Cape Cod Inc., USA)
[32]. Participants were allowed to eat following the initial pre-
dialysis beta-D-glucan measurement but were fasted again for
3h prior to the post-dialysis measurement.

Post-hemodialysis beta-D-glucan levels were adjusted for
changes in hemoconcentration for the plasma compartment
to mitigate against artefactual changes that may occur sec-
ondary to ultrafiltration. Fecal calprotectin levels were mea-
sured using a particle enhanced turbidimetric immunoassay
(BUHLMANN Laboratories AG, Switzerland). Routine bio-
chemistry and hematological parameters were measured
using standard local laboratory assays.

2.4.2 | Body Composition Analysis

Study participants underwent body composition assessment
using standard tetrapolar techniques (Body Composition
Monitor, Fresenius Medical Care, Germany), with electrodes
placed at both wrists and ankles after subjects had been supine
for 10min [33].

2.4.3 | Dialytic Treatment

All study participants received either high-flux hemodialysis
(20%) or hemodiafiltration (80%) in-center. The majority of
participants dialyzed thrice weekly (88%), with a mean ses-
sion time of 230+ 17min. Apart from participants with sig-
nificant residual kidney function treated with incremental
hemodialysis and participants requiring an augmented hemo-
dialysis schedule, an equilibrated Kt/V of 1.2 for thrice weekly
participants was targeted. Microbiological contaminant levels
of hemodialysis fluid at all sites were <0.1 colony forming
units per milliliter, and endotoxin concentrations were <0.03
international units per milliliter. Participants were treated
with either a polysulfone membrane (FX Cordiax, Fresenius
Medical Care, Germany) (n=42), a heparin-grafted AN69
ST membrane (Evodial, Baxter, USA) (n=4) or a cellulose




triacetate membrane (Sureflux, Nipro, Japan) (n = 4). Sessional
ultrafiltration volume was prescribed following clinical
assessment.

2.4.4 | Indocyanine Green Clearance

0.25mg/kg of indocyanine green (Verdye, Kimal, UK) was
administered intravenously as a bolus to participants im-
mediately following completion of a hemodialysis session.
Participants were fasted for 3 h prior to indocyanine green ad-
ministration to limit post-prandial changes in hepatic blood
flow. Indocyanine green clearance was assessed continuously
with a noninvasive technique using transcutaneous pulse
spectrophotometry on a finger clip device (LiMON, PULSION
Medical Systems, Germany) [34]. Optical light at two wave-
lengths: 805nm (maximal indocyanine green absorption) and
890nm (minimal indocyanine green absorption) measured
real-time changes in arterial indocyanine green blood con-
centrations based on differences in absorbance between oxy-
hemoglobin and indocyanine green [35]. This data was used
to calculate indocyanine green-plasma disappearance rate and
indocyanine green-retention after 15min. In participants with
an arteriovenous fistula, measurements were performed in the
contralateral arm to the hemodialysis access to avoid spurious
results.

2.4.5 | Assessment of Liver Stiffness and Steatosis
Vibration-controlled transient elastography and controlled
attenuation parametography were performed to evaluate
liver stiffness and hepatic steatosis, respectively. Participants
were scanned both before and after hemodialysis following
a three-hour fast prior to each scan. Only scores obtained
from a minimum of 10 consecutive measurements with an
interquartile range of <30% were considered valid and used
in analyses. Because of the potential effects of volume over-
load and hepatic blood flow changes during hemodialysis
on liver stiffness measurements, results from the scan that
obtained the lowest liver stiffness measurement (either pre-
hemodialysis or post-hemodialysis) were used in the final
analyses. A fibrosis-4 (FIB-4) score [36] was calculated as an
additional screening tool for underlying, undiagnosed liver
disease.

2.4.6 | Power Calculations

Power calculations were based on existing data indicating an
indocyanine green-plasma disappearance rate of 23.5% + 2.4%/
min in normal individuals [35] and 18.2% + 5.2%/min in par-
ticipants with ESKD [16]. Assuming similar intergroup dif-
ferences between inflamed and noninflamed hemodialysis
subgroups, a t-test of a sample size of 16 per group yielded a
study power of 95% and a type I (alpha) error probability of
5%. However, given the methodological differences between
the study groups involved in the power calculations and those
in this study, sample sizes were pragmatically increased to 25

per group.

2.4.7 | Statistical Analyses

Analyses were performed using IBM SPSS Statistics, Version
28 (IBM, USA). Continuous variables were tested for normality
using the Shapiro-Wilk test. Parametric data are presented as
mean =+ standard deviation. Nonparametric data are presented
as median (interquartile range). Comparison of two groups were
performed with t-test or Mann-Whitney U analyses according
to distribution. Comparisons of continuous data between mul-
tiple groups used one-way ANOVA or Kruskal-Wallis tests.
Proportions were compared using the Chi-squared test. Two-
tailed p values <0.05 were considered statistically significant.
Receiver operating characteristic (ROC) analysis was used to
define relationships between both indocyanine green-plasma
disappearance rate and indocyanine green-retention after
15min and chronic inflammation defined as median baseline
hs-CRP >5mg/L. Linear and logistic regression models were
constructed to examine contributions of indocyanine green
clearance and beta-D-glucan levels to median hs-CRP levels.
Nonparametrically distributed variables were log transformed
for inclusion.

3 | Results
3.1 | Demographics and Clinical Characteristics

Study population characteristics are presented in Table 1.
Baseline age, comorbidity, dialysis vintage, and temperature,
tunneled dialysis catheter use, volume status, ultrafiltration
rate, and dialysis dose were similar in both groups. Participants
in the chronically inflamed group had a higher body mass index
(BMI), white cell count, and platelet count. The chronically in-
flamed group had less residual kidney function and was treated
with higher rates of hemodiafiltration.

3.2 | Hepatic Function

Markers of synthetic hepatic function (serum albumin, biliru-
bin and international normalized ratio) and transaminases (al-
anine aminotransferase and aspartate aminotransferase) were
similar in both groups (Table 1). Alkaline phosphatase and
gamma-glutamyl transpeptidase levels were both higher in the
inflamed group.

Results of flow-dependent hepatic function and assessments
of hepatic steatosis and fibrosis are presented in Table 2.
Indocyanine green clearance results were obtained for 47 partic-
ipants (24 noninflamed and 23 inflamed); in three participants,
there was insufficient perfusion to the finger to obtain accurate
pulse spectrophotometry.

Indocyanine green clearance was significantly reduced at
the end of hemodialysis in the inflamed group compared to
the noninflamed group (indocyanine green-plasma disap-
pearance rate 19.4 (8.7)%/min vs. 23.8 (14.4)%/min; p =0.02).
Indocyanine green-retention after 15min was higher in the in-
flamed group (5.4 (6.8)% vs. 2.9 (5.0)%; p =0.02). Differences in
flow-dependent function between inflamed and noninflamed

Hemodialysis International, 2025



TABLE1 | Study population characteristics.

Non-inflamed (n=25) Inflamed (n=25) 4]
Clinical characteristics
Age (years) 65+14 61+16 0.42
% male 56 76 0.14
% white (self-reported ethnicity) 76 88 0.27
Body mass index (kg/m?) 27.8 (8.9) 33.3(7.3) 0.02
Waist to height ratio? 0.63+0.10 0.69+0.10 0.06
Lean tissue index (kg/m?)® 13.5+2.8 15.0+4.2 0.20
Fat tissue index (kg/m?2)P 15.1£7.5 19.8+£9.5 0.08
Charlson comorbidity index 59+2.8 53+2.5 0.43
Diabetes mellitus (%) 36 40 0.77
Ischemic heart disease (%) 20 16 0.71
Cardiac failure (%) 16 16 1.00
Patient temperature (°C) 35.7+0.7 35.8+0.5 0.55
Pre-dialysis systolic BP (mmHg) 150+ 16 138+27 0.07
Post-dialysis systolic BP (mmHg) 140+29 135+21 0.49
Pre-dialysis diastolic BP (mmHg) 7519 7015 0.27
Post-dialysis diastolic BP (mmHg) 6611 6713 0.90
Dialysis-related characteristics
Dialysis vintage (months) 23(23) 33 (42) 0.11
Dialysate temperature (°C) 36.0 (0.0) 36.0 (0.0) 0.60
% Tunneled dialysis catheter use 32 24 0.26
Residual urea clearance (ml/min)® 2.3(2.5) 0.0 (2.0) 0.03
Extracellular: intracellular volumeP 09=+0.1 0.9+0.2 0.69
Pre-dialysis excess volume (L)P 1.4(1.9) 1.1(3.3) 0.58
Pre-dialysis excess volume (as % of total extracellular volume) 7.8 (10.0) 4.2 (15.4) 0.24
Hemodiafiltration treatment (%) 64 96 0.005
Dialysis session time (min) 225(30) 240 (30) 0.42
Ultrafiltration rate (ml/kg/h) 4.8+3.1 4.2+29 0.50
Equilibrated Kt/Vd 1.24+0.28 1.16+0.28 0.27
Dialysis membrane
Polysulfone (%) 84 84 1.00
ANG69 (%) 8 8 1.00
Cellulose triacetate (%) 8 8 1.00
Laboratory data
Serum hs-CRP (mg/L) 1.8(2.8) 10.0 (8.6) <0.001
Serum creatinine (mg/dL) 8.0+3.2 8.5+2.0 0.49
Serum albumin (g/dL) 41+0.3 39+0.4 0.07
Hemoglobin (g/dL) 11.0+0.9 10.7+1.2 0.24
(Continues)




TABLE1 | (Continued)
Non-inflamed (n=25) Inflamed (n=25) 4]
White cell count (X103/uL) 6.3+1.8 7.7+2.5 0.03
Platelet count (X103/uL) 195+61 240+ 64 0.02
Ferritin (umol/L) 326 (486) 330 (375) 0.69
International normalized ratio (INR) 1.0 (0.0) 1.0 (0.0) 0.99
Serum bilirubin (mg/dL) 0.3(0.2) 0.3(0.1) 0.99
Alanine aminotransferase (units/L) 15(09) 15(7) 0.44
Alkaline phosphatase (units/L) 77 (35) 102 (60) 0.001
Gamma-glutamyl transpeptidase (units/L) 18 (15) 31 (34) 0.005
Aspartate aminotransferase (units/L) 18 (8) 16 (5) 0.43
Serum cholesterol (mg/dL) 0.4+0.1 0.4+0.1 0.95
Serum triglyceride (mg/dL) 0.1(0.1) 0.1(0.1) 0.29

Note: Results for continuous variables presented as mean + standard deviation or median (interquartile range) according to distribution. Conversion factors for units:
serum creatinine in mg/dL to umol/L, xX88.4; serum bilirubin in mg/dL to umol/L, x17.1. The bold values are those that have a p-value of < 0.05 and thus are deemed

statistically significant.

aWaist circumference data available for 22 noninflamed and 24 inflamed participants.

bFat tissue index, extracellular: intracellular volume and excess volume data available for 22 noninflamed and 20 inflamed participants.
‘Residual urea clearance data available for 22 noninflamed and 19 inflamed participants.

dEquilibrated Kt/V data available for 25 noninflamed and 24 inflamed participants.

groups were apparent despite similar liver stiffness (4.2 (3.2)
kPa vs. 4.8 (2.2) kPa; p=0.69) and hepatic steatosis measure-
ments (257 +63dB/m vs. 249 +69dB/m; p=0.69) (Table 2).
FIB-4 scores were higher in the noninflamed group compared
to the inflamed group (1.42 (1.43) vs. 1.00 (1.00); p=0.04). The
use of high-flux hemodialysis or hemodiafiltration did not
have a significant impact on either indocyanine green-plasma
disappearance rate (23.7 (10.2)% vs. 20.7 (12.8)% (p =0.28)) or
indocyanine green-retention after 15min (2.9 (3.7)% vs. 4.5
(7.8)% (p=0.30)).

ROC curve analysis defined relationships between inflamma-
tion and indocyanine green clearance. Area under the curve
(AUC) for indocyanine green-plasma disappearance rate was
0.704 (Figure 1). The best cut-off value for indocyanine green-
plasma disappearance rate was 21%/min (70% sensitivity and
71% specificity). 70% of inflamed participants had an indocy-
anine green-plasma disappearance rate < 21%/min compared to
29% of noninflamed participants (p =0.006). The AUC for indo-
cyanine green-retention after 15min was 0.703 (Figure 2). The
best cut-off value for indocyanine green-retention after 15min
was 7.5%. 40% of inflamed individuals had an indocyanine
green-retention after 15min level >7.5% compared with 13% of
noninflamed participants (p =0.04).

75% of those with both an indocyanine green-plasma disap-
pearance rate <21%/min and an indocyanine green-retention
after 15min >7.5% were chronically inflamed, compared
to 64% with either an indocyanine green-plasma disappear-
ance rate <21%/min or an indocyanine green-retention after
15min >7.5%, and 29% who had neither an indocyanine
green-plasma disappearance rate <21%/min nor an indocy-
anine green-retention after 15min > 7.5% (p =0.02) (Figure 3).

All 12 participants who had an indocyanine green-retention
after 15min > 7.5% also had an indocyanine green-plasma dis-
appearance rate < 21%/min.

3.3 | Beta-D-Glucan and Fecal Calprotectin

Pre- and post-hemodialysis beta-D-glucan levels taken from a sin-
gle hemodialysis session along with fecal calprotectin levels are
presented in Table 3. Pre-hemodialysis beta-D-glucan levels were
similar in both inflamed and noninflamed groups (63 (42) pg/ml
vs. 49 (11) pg/ml; p=0.13). Post-hemodialysis beta-D-glucan levels
were higher in the inflamed group (82 (49) pg/ml vs. 58 (27) pg/ml;
p=0.001). There was a greater rise from baseline of serum beta-D-
glucan during a hemodialysis session in the inflamed group (24 (38)
pg/ml vs. 5 (35) pg/ml; p=0.02). Post-hemodialysis beta-D-glucan
levels were unaffected by membrane type and modality (hemodi-
alysis vs. hemodiafiltration). However, impaired hepatic function,
defined by at least one of the indocyanine green cut-off criteria re-
ported above, was associated with higher post-hemodialysis beta-
D-glucan levels (p=0.004) and a greater increase of beta-D-glucan
across the hemodialysis session (p=0.003) (Figure 4). Fecal cal-
protectin levels were similar in both inflamed and noninflamed
groups (97 (87)ug/g vs. 35 (95)ug/g; p=0.19).

3.4 | Predictors of Chronic Inflammation

Median hs-CRP correlated with post-hemodialysis beta-D-
glucan (rho=0.426; p=0.002), intradialytic increase in beta-
D-glucan (rho=0.362; p=0.01), indocyanine green-plasma
disappearance rate (rho=-0.360; p=0.01) and indocyanine
green-retention after 15min (rho=0.358; p=0.01). There was
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TABLE 2 | Differences in hepatic function and noninvasive liver
fibrosis and steatosis assessments.

Non-
inflamed Inflamed
(n=24) (n=23) p-value
ICG-PDR (%/min)? 23.8(14.4) 19.4 (8.7) 0.02
ICG-R15min (%)? 2.9 (5.0) 5.4 (6.8) 0.02
Liver stiffness 4.8(2.2) 4.2(3.2) 0.69
measurement
(kPa)®
Controlled 249+ 69 257+63 0.69
attenuation
parametography
(dB/m)®
FIB-4 score 1.42 (1.43) 1.00 (1.00) 0.04

Note: Results for continuous variables presented as mean +standard deviation or
median (interquartile range) according to distribution. The bold values are those
that have a p-value of < 0.05 and thus are deemed statistically significant.
?Indocyanine green kinetics data available for 24 noninflamed and 23 inflamed
participants.

bValid FibroScan data available for 25 inflamed and 24 non-inflamed
participants.
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FIGURE 1 | Receiver operator curve analysis for relationship of
indocyanine green-plasma disappearance rate and inflammation (hs-
CRP >5mg/L). AUC, area under curve.

no correlation with pre-hemodialysis beta-D-glucan levels.
The best linear regression model of Ln (median hs-CRP) is
shown in Table 4. Both Ln (post-hemodialysis beta-D-glucan)
and Ln (indocyanine green-retention after 15min) were sig-
nificant in the model, which explained 21% of the variation.
The best logistic regression model of the presence of chronic
inflammation is shown in Table 5. Ln (post-hemodialysis
beta-D-glucan) was significant in the model, whilst Ln
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FIGURE2 | Receiver operator curve analysis for analysis of relation-
ship of indocyanine green retention after 15min and inflammation (hs-
CRP >5mg/L). AUC, area under curve.

(indocyanine green-retention after 15min) was not. The
model explained 37% of the variation.

3.5 | Patient Reported Outcomes

Patient reported outcomes are presented in Table 6. Post-
hemodialysis recovery time (180 (703) vs. 60 (480) minutes;
p=0.19) and SONG-hemodialysis fatigue scores (5 (4) vs. 3 (3);
p=0.19) were similar in both inflamed and noninflamed groups;
as were PHQ-8 scores (6 (7) vs. 3 (5); p=0.08).

4 | Discussion

This study evaluated differences in hepatic function at the end
of hemodialysis between individuals with chronic inflamma-
tion and those who were noninflamed. It should be emphasized
that no participants had a history of chronic liver disease, and no
cause was apparent for inflammation other than kidney failure
itself or its treatment (ESKD-associated chronic inflammation).
This is the first study to demonstrate impaired flow-dependent
hepatic function in chronically inflamed individuals on main-
tenance hemodialysis compared with noninflamed individuals.
Significantly higher beta-D-glucan levels post-hemodialysis
and a higher intradialytic beta-D-glucan rise were identified
in chronically inflamed individuals. Both pre-hemodialysis
serum beta-D-glucan and fecal calprotectin levels were higher
in inflamed participants, but not significantly. These results are
compatible with the theory that impaired hepatic function at
the end of hemodialysis may facilitate passage of translocated
gut-derived pro-inflammatory microbial substances from the
portal to the systemic circulation. This is a plausible stimulus of
chronic inflammation in ESKD.
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FIGURE3 | Proportion of chronically inflamed hemodialysis patients achieving indocyanine green-plasma disappearance rate and indocyanine

green-retention after 15min cut off values.

TABLE 3 | Changes in beta-D-glucan over a hemodialysis session
and baseline fecal calprotectin levels.

Non-
inflamed Inflamed
(n=25) (n=25) p-value
BDG (pg/ml) 49 (11) 63 (42) 0.13
(pre-dialysis)
BDG (pg/ml) 58 (27) 82 (49) 0.001
(post-dialysis)
Intradialytic 5(35) 24 (38) 0.02
change in BDG
(pg/ml)
Fecal 97 (87) 35(95) 0.19
calprotectin
(ng/g)

Note: Results for continuous variables presented as mean + standard deviation or
median (interquartile range) according to distribution. The bold values are those
that have a p-value of < 0.05 and thus are deemed statistically significant.

4.1 | Hepatic Function and Chronic Inflammation

Changes in flow-dependent hepatic function were present de-
spite similar markers of synthetic hepatic function and nonin-
vasive assessment of the physical properties of hepatic tissue
(steatosis and fibrosis) in both groups. Baseline demographics,
underlying comorbidities, dialysis vintage and access, and vol-
ume status were similar in both groups. It was notable, however,
that the chronically inflamed group in this study had a signifi-
cantly greater BMI. This may reflect the relatively small num-
ber of patients recruited in this study and some of the exclusion
criteria, including underlying gastrointestinal and peripheral
vascular disease, which may have disproportionately limited
the recruitment of wasted, inflamed individuals with lower
BMI measurements. This is important in the context of previous

Changes in serum beta-D-glucan over a dialysis session
according to presence of flow-dependent hepatic impairment

O Pre-dialysis
100 p=0.004 e 0008 | Post-dialysis
E
o 80 =
& - p=057
8
m 60 2 -l—
E e
)
w 40 4
c
]
2 2
=
0

No (n=24) Yes (n=23)
Impaired Hepatic Function

FIGURE 4 | Changes in serum beta-D-glucan over a hemodi-
alysis session according to the presence of flow-dependent hepatic
impairment.

TABLE 4 | Linear regression model of Ln (median hs-CRP).

Linear regression model of Ln (median hs-CRP):
adjusted R square=0.211

B Std. error Beta t 4]
Constant  —0.561 1.653 —-0.339 0.736
Ln (post- 0.715 0.354 0.287 2.021 0.049
dialysis
BDG)
Ln (ICG- 0.304 0.304 0.304 2.319 0.025
R15)

Note: For abbreviations, see text. The bold values are those that have a p-value of
< 0.05 and thus are deemed statistically significant.
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TABLE 5 | Logistic Regression model of the predictors of chronic
inflammation.

Logistic regression model of predictors of chronic
inflammation: Nagelkerke R square =0.369

B Std. error Wald Exp (B) P
Constant -3.515 1.241 8.023 0.030 0.005
Ln (post- 0.044 0.018 6.047 1.045 0.014
dialysis
BDG)
Ln 0.095 0.064 2.216 1.100 0.137
(ICG-R15)
Note: For abbreviations, see text.
TABLE 6 | Patient reported outcomes.
Non-
inflamed Inflamed
(n=25) (n=25) P
Self-reported post 60 (480) 180 (703) 0.19
dialysis recovery
time (mins)
SONG-HD fatigue 3(3) 5(4) 0.19
score
PHQ-8 score 3(5) 6(7) 0.08

Note: Results presented as median (interquartile range).

work demonstrating greater mortality among chronically in-
flamed individuals, which was attenuated by higher BMI mea-
surements [37].

Previous studies have shown that flow-dependent hepatic func-
tion reduces both acutely, during a hemodialysis session [16, 17]
and more chronically, in the setting of impaired kidney func-
tion [38]. This study builds on these findings, demonstrating
that reduced hepatic function is intimately linked to chronic
inflammation in ESKD. In healthy individuals, normal values
for indocyanine green-plasma disappearance rate vary between
18%-25%/min and are 0%-10% for indocyanine green-retention
after 15min, depending on the clinical context [19, 35, 39, 40].
Given this variance, ROC analysis helped define relationships
between indocyanine green-plasma disappearance rate and in-
docyanine green-retention after 15min in inflamed individuals
with ESKD. Participants with hepatic impairment, defined as an
indocyanine green-plasma disappearance rate <21%/min and/
or an indocyanine green-retention after 15min level > 7.5%, were
significantly more likely to be chronically inflamed. The major-
ity of noninflamed individuals had normal flow-dependent he-
patic function.

These findings suggest that abnormalities of hepatic function
detected immediately following hemodialysis are associated
with chronic inflammation. In order for gut-derived toxins to
enter the circulation, there first has to be translocation from
the gut into the portal venous system. Following this, the toxins
have to avoid removal by the liver.

The contribution of hepatic blood flow alterations to systemic
inflammation in ESKD remains incompletely understood; how-
ever, it is likely that changes in hepatic perfusion are implicated,
together with the delivery of blood enriched with gut-derived
microbial products. Changes in hepatic perfusion related to he-
modialysis are highly complex due to the dual nature of blood
supply to the liver and involve changes in hepatic arterial blood
flow and an associated hepatic arterial buffer response, together
with alterations in portal venous flow [9, 17, 41, 42]. The process
of intravascular refilling following hemodialysis may addition-
ally affect hepatic perfusion and, as a consequence, indocyanine
green clearance in the post-dialysis setting.

4.2 | Beta-D-Glucan

Post-hemodialysis beta-D-glucan levels were significantly
higher in the inflamed group and also the subgroup of individu-
als with impaired hepatic function. The increase in intradialytic
change in beta-D-glucan during hemodialysis was also higher
in the inflamed group. Median post-hemodialysis serum beta-
D-glucan levels were 82pg/mL in the inflamed group, which is
above the diagnostic cut-off value for invasive fungal infection
[43]. These levels were detected in clinically stable individuals
without infection. Although use of cellulose-containing hemo-
dialysis membranes is associated with elevated beta-D-glucan
levels [44], this is not true of synthetic membranes, which were
the predominant membrane type in this study [45]. No associa-
tion between membrane type or mode of dialysis (hemodialysis
or hemodiafiltration) and intradialytic change in beta-D-glucan
was identified in this study.

Elevated post-hemodialysis serum beta-D-glucan levels are
compatible, therefore, with increased delivery of portal venous
blood enriched with gut-derived toxins, which may be fungal
rather than bacterial in origin [46] to hepatic tissue that is poorly
functional at the end of a hemodialysis session.

4.3 | Patient Reported Outcomes

Chronic inflammation is recognized as a potential source of poor
patient-reported outcomes [47], which occur all too commonly
in ESKD. In this study, there was a trend, albeit nonsignificant,
toward greater burden of fatigue and depressive symptoms in
those with chronic inflammation. These nonsignificant find-
ings may reflect that this study was underpowered to examine
these endpoints. Nevertheless, these outcomes may be a further
indication to consider ways to address ESKD-associated chronic
inflammation.

4.4 | Protecting Gut Barrier Integrity and Hepatic
Function

Results of this study suggest that protection of both gut barrier
integrity and hepatic function may help reduce the prevalence
and/or severity of ESKD-associated chronic inflammation.
Adjustments to the hemodialysis prescription can improve con-
trol of the uraemic toxin levels; though little is known about the
precise toxins implicated. Whether there is a role for dietary




intervention is largely unexplored. Maintaining hemodynamic
stability, through use of hemodiafiltration and cooled dialysate,
may be desirable and have specific benefits on both gut perme-
ability and hepatic protection; though the role of cooling has
recently been called into question [48]. Despite the greater prev-
alence of hemodiafiltration prescription in the inflamed group
(96%) versus the noninflamed group (64%), hepatic function was
worse in this group. This suggests that additional interventions
may be required to improve outcomes and provide hepatoprotec-
tion. The utilization of pharmacotherapy, in combination with
dialytic strategies, may offer promise. Extension of the routine
use of sodium-glucose transporter 2 inhibitors and glucagon-
like peptide-1 receptor agonists into individuals with ESKD may
help provide pleiotropic effects that protect against liver injury
and reduce inflammation [49-51].

4.5 | Study Limitations

Some limitations need to be considered alongside the interpre-
tation of these study findings. Participants were predominantly
of White self-reported ethnicity. Patients with peripheral vas-
cular disease (a group in which chronic inflammation is highly
prevalent [52]) were excluded. Both of these observations limit
the generalizability of the study findings. Higher rates of obe-
sity in the inflamed group, which could promote inflammation
independently of hepatic function and gut permeability [53],
were observed. The inflamed group was also more likely to be
volume contracted, albeit not at a statistically significant level,
compared to their noninflamed counterparts. These findings, in
the context of comparable ultrafiltration rates, could theoreti-
cally induce higher rates of hemodynamic strain and associated
activation of pro-inflammatory cascades. Gamma-glutamyl
transpeptidase and alkaline phosphatase levels were higher
in the inflamed group. Although noninvasive hepatic assess-
ments were similar between groups, there is a possibility that
there could be undiagnosed hepatic impairment in some cases.
Additionally, the inflamed group had lower rates of residual kid-
ney function, which could impair clearance of pro-inflammatory
cytokines, although these effects may have been offset by higher
rates of hemodiafiltration [54]. The contribution of other factors
to elevated post-hemodialysis serum beta-D-glucan, including
BMI, residual kidney function, and hemodiafiltration treatment
(all of which were significantly different between inflamed and
noninflamed groups) requires further evaluation.

This is an early-phase observational study and consequently
results are hypothesis generating. Nevertheless, results of this
study can inform further studies to investigate the longer-term
effects of hepatic impairment on outcomes and interventional
studies to provide hepatoprotection and minimize ESKD-
associated chronic inflammation.

5 | Conclusions

In conclusion, flow-dependent hepatic function, measured
following a hemodialysis session, was intimately linked to
ESKD-associated chronic inflammation. Individuals with
chronic inflammation exhibited higher serum beta-D-glucan
levels post-hemodialysis and greater intradialytic increases in

beta-D-glucan. These findings are compatible with the theory
that impaired hepatic removal of gut-derived microbial ma-
terial may be a key propagator of ESKD-associated chronic
inflammation.
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