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Abstract

Background and Objectives

Ultrafiltration (UF) of excess fluid activates numerous compensatory mechanisms during

hemodialysis (HD). The increase of both total peripheral and splanchnic vascular resistance

is considered essential in maintaining hemodynamic stability. The aim of this study was to

evaluate the extent of UF-induced changes in hepato-splanchnic blood flow and resistance

in a group of maintenance HD patients during regular dialysis.

Design, Setting, Participants, & Measurements

Hepato-splanchnic flow resistance index (RI) and hepato-splanchnic perfusion index (QI)
were measured in 12 chronic HD patients using a modified, non-invasive Indocyaningreen

(ICG) dilution method. During a midweek dialysis session we determined RI, QI, ICG disap-

pearance rate (kICG), plasma volume (Vp), hematocrit (Hct), mean arterial blood pressure

(MAP) and heart rate (HR) at four times in hourly intervals (t1 to t4). Dialysis settings were
standardized and all patient studies were done in duplicate.

Results

In the whole study group mean UF volume was 1.86 ± 0.46 L, Vp dropped from 3.65 ±

0.77L at t1 to 3.40 ± 0.78L at t4, and all patients remained hemodynamically stable. In all

patients RI significantly increased from 12.40 ± 4.21 mmHg�s�m2/mL at t1 to 14.94 ± 6.36

mmHg�s�m2/mL at t4 while QI significantly decreased from 0.61 ± 0.22 at t1 to 0.52 ± 0.20

L/min/m2 at t4, indicating active vasoconstriction. In diabetic subjects, however, RI was
significantly larger than in non-diabetics at all time points. QI was lower in diabetic

subjects.
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Conclusions

In chronic HD-patients hepato-splanchnic blood flow substantially decreases during moder-

ate UF as a result of an active splanchnic vasoconstriction. Our data indicate that diabetic

HD-patients are particularly prone to splanchnic ischemia and might therefore have an

increased risk for bacterial translocation, endotoxemia and systemic inflammation.

Introduction
Ultrafiltration (UF) induced hypovolemia activates a variety of compensatory mechanisms to
maintain hemodynamic stability during hemodialysis (HD). However, failure of the hemody-
namic response to counterbalance central hypovolemia and inadequate plasma refilling may
lead to intradialytic hypotension, an acute complication occurring in 15 to 30% of HD treat-
ments [1]. In hypovolemic states an active vasoconstriction of the splanchnic vascular bed
increasing both vascular resistance and venous return is considered fundamental to maintain
hemodynamic stability [2]. Results from early studies showing a decrease of splanchnic blood
flow during HD-treatment are in support of this important compensatory response to hypovo-
lemia [3] [4] [5]. However, it is believed that a pronounced splanchnic hypoperfusion for pro-
longed periods of time such as during HD and UF might weaken the gut barrier thereby
facilitating bacterial translocation, endotoxemia, and systemic inflammation [6] [7] [8]. The
adverse consequence of splanchnic hypoperfusion has been termed “gut stunning” [6] in anal-
ogy to myocardial stunning observed during HD [9] [10]. Although undisputed in essence, the
details are incompletely understood and concise information about the impact of ultrafiltration
on hepato-splanchnic vascular resistance and splanchnic blood flow is sparse. Even though a
few early studies have addressed some of these questions [3] [4] [5], it is difficult to transfer the
results of these studies to a chronic HD-population in a clinical routine setting.

The aim of our study therefore was to investigate the magnitude of ultrafiltration-induced
changes in hepato-splanchnic resistance and perfusion in a group of stable end stage kidney
disease (ESKD) patients during regular dialysis treatments.

Material and Methods

Patients
The study was done in accordance with the Declaration of Helsinki at the Clinical Division of
Nephrology, Medical University of Graz, Austria. All patients gave their written informed con-
sent prior to this study, which was approved by the Institutional Review Board of the Medical
University of Graz (registration number 23–056 ex 10/11). Subjects with abnormal liver func-
tion tests or other hepatic disease were excluded. Patients were studied during their regular
midweek treatment with either HD or online hemodiafiltration (HDF) delivered in post-dilu-
tion mode. Patients were studied in supine body position and were fasting prior to and during
the study period to rule out hemodynamic perturbances of the splanchnic region caused by
food intake [11] [12]. The ultrafiltration rate was constant throughout dialysis, the dialysate
temperature was set at 37°C, and the dialysate sodium prescription was individualized to
match the patient’s plasma sodium concentration as measured at dialysis start. Studies were
repeated on the same weekday of the following week.

Study protocol
Hepato-splanchnic perfusion (Q) was measured using a modified indocyanine green (ICG)
dilution method as described elsewhere [13] [14]. ICG is a classic dye used for hemodynamic
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measurements. In plasma ICG binds to albumin and its dilution has been used to examine the
magnitude as well as the changes in plasma volume during dialysis as it is not removed from
the circulation by the dialyzer [15]. ICG is exclusively eliminated by the liver, also during dialy-
sis. With normal liver function the half-life is about 3 to 4 min so that all dye is removed from
the circulation within 15 to 20 min allowing for multiple measurements during the same appli-
cation. Moreover, the extraction from blood passing the liver sinusoids is almost 100% with
normal liver function so that the clearance of ICG refers to total hepato-splanchnic blood flow
(Q). Four mL of a 5 mg/mL solution of ICG (ICG-PULSION1, PULSIONMedical Systems,
Munich, Germany) were injected into the venous blood line of the extracorporeal circulation.
The first bolus at time t1 (baseline) was delivered within 15 min after treatment start and three
subsequent boli were administered in hourly intervals at times t2, t3, and t4. ICG-concentra-
tions were continuously and non-invasively measured by optical means with a sampling period
of 20 s (CLI, CritLine1 Instrument, Fresenius Medical Care, Utah, USA). Distribution volume
and clearance of ICG were derived from analysis of ICG dilution curves assuming single-pool
kinetics at the four measuring points t1 to t4 during HD as described elsewhere [14]. The blood
disappearance rate (ICG-disappearance rate, the normal range varying between 18–25%/min)
was determined from the slope of the elimination curve. Hematocrit (Hct) and plasma volume
(Vp) were derived from the CLI readings immediately prior to each ICG-injection at times t1
through t4.

Hemodynamics were assessed by mean arterial pressure (MAP) and heart rate (HR).
Hepato-splanchnic resistance (R) was estimated from the ratio of mean arterial pressure to
hepato-splanchnic blood flow (Q) assuming negligible hepatic venous pressure. For practical
reasons resistance is given in non-SI peripheral resistance units (PRU, mmHg.s/mL).

To account for differences in body size, hepato-splanchnic blood flow and resistance were
normalized for body surface area (A) to obtain hepato-splanchnic flow index (QI = Q/A, in L/
min/m2) and hepato-splanchnic resistance index (RI = R�A, in PRU.m2), respectively. Body
surface (A) was calculated according to the Du Bois formula [16].

Statistical Analyses
Hemodynamic data obtained in subsequent treatments were averaged to account for repeated
measurements in the same subject Results are presented as the mean value ± SD or the median
and interquartile range. Normal distribution of the data was verified by the Kolmogorov-Smir-
nov test. Statistical methods used were two-sample t-test for comparison of means and single
factor variance analyses with repeated measurement for analyses of temporal changes. The
reproducibility of repeated individual measurements was evaluated by Pearson’s correlation
coefficient r and Wilcoxon signed rank test. A p< 0.05 was considered significant. Statistical
calculations were done with SPSS, Version 20.0 for Windows (SPSS Inc., Chicago, IL, USA).

Results
We studied 12 (6 female) chronic HD-patients in whom ESKD was due to diabetic nephropa-
thy (2 type-I and 1 type-II diabetes mellitus, respectively) (three), focal segmental glomerulo-
sclerosis (one), bilateral nephrectomy due to urothelcarcinoma (one), gestosis (one),
hemolytic-uremic syndrome (one), unknown (two), interstitial nephritis (one), hypertensive
glomerulosclerosis (one), and amyloidosis secondary to Crohn´s Disesase with ankylosing
spondylitis (one). As Crohn’s Disease may affect hepato-splanchnic blood flow depending on
disease activity [17, 18], a closer look at the patient history revealed remission as quantified by
a Harvey Bradshaw Index Score of 3 (a score< 5 indicating remission, [19]) with leukocyte
counts and C-reactive protein levels within the normal range. Relevant extrarenal
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manifestations of amyloidosis were excluded by echocardiogram and colonic biopsy which
were both negative for myocardial infiltrations and colonic amyloid deposits. Therefore, this
non-diabetic patient was included in the study. The most frequent comorbidities were hyper-
tension (ten), coronary heart disease (four), peripheral artery disease (three) secondary hyper-
parathyreoidism (eleven) and renal anemia (twelve). Five (41.7%) patients were diabetics; the
mean ultrafiltration volume was 1.86 ± 0.4 6L (Table 1). Treatments were completed without
hypotension and without gastro-intestinal symptoms. Individual measurements obtained on
separate study days were highly correlated with a negligible variation thus revealing a good
reproducibility of the measurements. For example, flow index measurements repeated in sub-
sequent weeks were highly correlated (r = 0.94, p<0.0001) and not different between studies
done in the same patient. Hemodynamic variables measured in subsequent treatments done in
the same patient were therefore averaged and used for further analysis. As expected, hematocrit
increased from 35.13 ± 2.13 at t1 to 36.72 ± 2.01% at t4 (p = 0.003), paralleled by a decrease in
plasma volume from 3.65 ± 0.77 to 3.40 ± 0.78 L (p = 0.008). Heart rate and mean arterial pres-
sure did not change during the study period. All study subjects exhibited an ICG-PDR of larger
than 10% (Table 2), a prerequisite for a valid estimate of hepato-splachnic blood flow (Q) by
ICG-Clearance [4]. In the study population as a whole, hepato-splanchnic blood flow index
(QI) dropped from 0.61 ± 0.22 at t1 to 0.52 ± 0.20 L/min/m2 at t4 (p = 0.003, Table 2), corrobo-
rated by a decrement of ICG disappearance rate from 19.3 ± 6.2 to 18.2 ± 5.2%/min
(p = 0.001). Hepato-splanchnic vascular resistance index (RI) increased from 12.40 ± 4.21 at t1
to 14.94 ± 6.36 PRU�m² at t4 (p< 0.001, Table 2), corresponding to a relative increase by 19.2%
(p = 0.01, Table 3). There was no correlation between ultrafiltration rate and either R or QI
(data not shown). The comparison of flow to resistance confirmed the expected hyperbolic
relationship for constant mean arterial pressure with flow decreasing as resistance increased
(Fig 1, top panel). Transformation of resistance (RI) into conductance (1/RI) provided the
expected linear relationship with flow increasing as conductance increased (Fig 1, bottom
panel). Notice that diabetic patients are clustered at the high resistance, low conductance end
of these graphs.

Table 1. Patient and treatment characteristics.

All (n = 12) Diabetics (n = 5) Non-Diabetics (n = 7) p

Female (n) 6 4 2

Age (y) 53 (32–80) 54 (47–80) 53 (32–71) 0.19

M (kg) 71.9 ± 14.5 63.4 ± 10.3 78.0 ± 14.5 0.08

Height (cm) 170.3 ± 8.9 165.2 ± 10.0 174.0 ± 6.6 0.09

BMI (kg/m2) 24.7 ± 3.9 23.1 ± 2.4 25.7 ± 4.6 0.27

A (m2) 1.8 ± 0.2 1.7 ± 0.2 1.9 ± 0.2 0.06

Dialysis vintage (mo) 82.0 ± 60.5 77.8 ± 65.8 85.0± 61.5 0.85

Vuf (L) 1.86 ± 0.46 1.85 ± 0.53 1.87 ± 0.44 0.95

Na+d (mmol/L) 137.9 ± 2.6 138.3 ± 1.6 137.6 ± 3.3 0.66

Qb (mL/min) 288 ± 20 278 ± 18 294 ± 19 0.17

HDF (n) 10 3 7

HD (n) 2 2 0

ACE-Inhibitor 1 1 0

ß-blocker 5 2 3

n: number of subjects; p: probability; M: body mass at dry weight; BMI: body mass index; A: body surface area; Vuf: ultrafiltration volume; Na+d dialysate

sodium concentration; Qb: extracorporeal blood flow; HDF: hemodiafiltration: HD: hemodialysis; ACE: angiotensin-converting-enzyme

doi:10.1371/journal.pone.0145411.t001
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Table 2. Hemodynamic variables at time points t1 through t4.

All (n = 12) Diabetics (n = 5) Non-Diabetics (n = 7) p+

MAP (mmHg)

t1 114 .2 ± 16.8 116.0 ± 3.4 112.9 ± 22.4 0.77

t2 110.4 ± 16.9 114.9 ± 9.2 107.2 ± 20.9 0.46

t3 109.7 ± 23.1 115.6 ± 26.4 105.5 ± 21.5 0.48

t4 111.7 ± 22.4 116.8 ± 18.9 108.1 ± 25.4 0.53

p* 0.71 0.99 0.14

HR (1/min)

t1 70.5 ± 11.4 65.5 ± 14.5 74.0 ± 7.9 0.22

t2 69.6 ± 12.9 64.7 ± 14.7 73.2 ± 11.3 0.28

t3 69.3 ± 13.3 64.0 ± 18.7 73.1 ± 7.3 0.26

t4 72.1 ± 15.2 66.2 ± 22.1 76.3 ± 6.7 0.28

p* 0.82 0.89 0.49

Hct (%)

t1 35.13 ± 2.13 35.73 ± 2.51 34.70 ± 1.90 0.44

t2 35.67 ± 2.18 36.29 ± 2.70 35.22 ± 1.81 0.43

t3 35.62 ± 1.83 35.52 ± 2.40 35.69 ± 1.51 0.88

t4 36.72 ± 2.01 37.57 ± 2.38 36.11 ± 1.62 0.23

p* 0.003 0.17 < 0.001

Vp (L)

t1 3.65 ± 0.77 3.03 ± 0.82 4.09 ± 0.29 0.009

t2 3.48 ± 0.81 2.99 ± 0.85 3.84 ± 0.62 0.07

t3 3.55 ± 0.83 2.96 ± 0.85 3.98 ± 0.52 0.03

t4 3.40 ± 0.78 2.86 ± 0.82 3.79 ± 0.49 0.03

p* 0.008 0.03 0.03

QI (L/min/m2)

t1 0.61 ± 0.22 0.47 ± 0.13 0.72 ± 0.23 0.06

t2 0.56 ± 0.19 0.43 ± 0.15 0.66 ± 0.18 0.04

t3 0.54 ± 0.22 0.39 ± 0.14 0.64 ± 0.21 0.04

t4 0.52 ± 0.20 0.39 ± 0.15 0.61 ± 0.19 0.07

p* 0.003 0.001 p = 0.07

ICG-DR (%/min)

t1 19.3 ± 6.2 16.2 ± 4.2 21.5 ± 6.6 0.15

t2 18.8 ± 5.8 15.8 ± 4.2 20.9 ± 6.0 0.14

t3 18.3 ± 5.5 15.7 ± 4.2 20.2 ± 5.8 0.17

t4 18.2 ± 5.2 15.8 ± 4.5 19.9 ± 5.3 0.19

p* 0.001 0.29 0.002

RI (mmHg�s�m2/mL)

t1 12.40 ± 4.21 15.71 ± 4.23 10.03 ± 2.21 0.01

t2 13.30 ± 5.43 17.64 ± 5.85 10.19 ± 2.06 0.01

t3 14.27 ± 6.18 19.65 ± 5.99 10.43 ± 2.19 0.004

t4 14.94 ± 6.36 20.29 ± 6.46 11.11 ± 2.29 0.005

p* 0.001 0.01 0.18

n: number of subjects; MAP: mean arterial pressure; HR: heart rate: Hct: hematocrit: Vp: plasma volume: QI: hepato-splanchnic blood flow index: ICG-DR,

Indocyanine green disappearance rate: RI, hepato-splanchnic vascular resistance index; p*: probability for single factor variance analyses with repeated

measurement; p+: probability for two sample t-test for comparison between diabetics and non-diabetics

doi:10.1371/journal.pone.0145411.t002
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Diabetic and non-diabetic subgroups
Diabetics and non-diabetics were comparable with respect to baseline anthropometric charac-
teristics, dialysis vintage and ultrafiltration volumes (Table 1). Although both groups remained
hemodynamically stable throughout the study period, hepato-splanchnic blood flow was sig-
nificantly lower in diabetics than in the non-diabetic cohort at t2 and t3, barely missing signifi-
cance at t1 and t4 (Table 2, Fig 2, top panel). By contrast, both groups did not differ with regard
to their ICG disappearance rate. The reduced hepato-splanchnic blood flow index in the dia-
betic subgroup was related to a significantly greater hepato-splanchnic vascular resistance
index (RI) in this cohort (Table 2, Fig 2, bottom panel). The separation of groups is also clearly
seen in the perfusion vs. resistance or conductance plots. Contrary to the disparities between
absolute values of QI and RI at the different time points, we observed no significant difference
in the relative changes of QI and RI between the two groups during HD (Table 3). Original
data are provided in the supplementary file (S1 Table).

Discussion
The main observation of this study is that hepato-splanchnic resistance was about 30% higher
in diabetic compared to non-diabetic patients already at the beginning of measurements, 15
min into dialysis, corresponding to a hepato-splanchnic blood flow that was only two thirds of
that in non-diabetic patients. Furthermore, to maintain a stable arterial blood pressure during
ultrafiltration-induced decline in plasma volume hepato-splanchnic resistance increased dur-
ing HD in non-diabetic as well as in diabetic patients. Interestingly, this increase was much
more pronounced in diabetic subjects compared to non-diabetic subjects.

In our study population arterial pressure and heart rate remained unchanged throughout
dialysis in spite of significant hemoconcentration and plasma volume reduction. These obser-
vations are akin with previous findings regarding hepato-splanchnic blood flow [4] [20]. The
splanchnic vascular bed is characterized by high vascular capacitance and compliance and
plays an important role to compensate for a fall in blood volume, venous return, central venous
pressure, cardiac output, and arterial blood pressure. During ultrafiltration fluid is first
removed from the blood volume and then partially refilled from the interstitial space [21]. The
initial removal is primarily from the compliant venous part of the circulation thereby causing a

Table 3. Relative perfusion and resistance changes.

All (n = 12) Diabetes (n = 5) Non Diabetes (n = 7) p+

ΔQI (%)

t2 -7.7 ± 8.1 -9.6 ± 7.5 -6.4 ± 8.8 0.52

t3 -12.0 ± 11.3 -15.2 ± 10.7 -9.7 ± 11.9 0.44

t4 -15.1 ± 10.5 -16.8 ± 13.7 -13.9 ± 8.5 0.67

p* 0.11 0.08 0.38

ΔRI (%)

t2 6.1 ± 11.9 11.2 ± 13.2 2.5 ± 10.3 0.22

t3 13.9 ± 20.9 26.3 ± 23.2 5.1 ± 14.9 0.08

t4 19.2 ± 18.8 29.6 ± 21.3 11.8 ± 13.9 0.11

p* 0.01 0.02 0.29

ΔQI: change of hepato-splanchnic blood flow index at times t2, t3, and t4 relative to baseline at t1; ΔRI: change of hepato-splanchnic vascular resistance

index at times t2, t3, and t4 relative to baseline at t1; p*: probability for single factor variance analyses with repeated measurement; p+: probability for two-

sample t-test for comparison between diabetics and non-diabetics

doi:10.1371/journal.pone.0145411.t003
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Fig 1. Hepato-splanchnic perfusion and resistance. Splanchnic perfusion index (QI) as function of
hepato-splanchnic resistance index (RI) (top panel) and hepato-splachnic vascular conductance (bottom
panel), respectively, during hemodialysis, in diabetic (red symbols) and non-diabetic (green symbols)
subjects. Broken lines indicate the best fit ofQI to RI (top panel, y = 6.71/x, r2 = 0.77) and 1/RI (bottom panel,
y = 0.02+6.54x, r2 = 0.77), respectively.

doi:10.1371/journal.pone.0145411.g001
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Fig 2. Time course of hepato-splanchnic hemodynamics. Time course of splanchnic vascular resistance
index (RI) (top panel) and hepato-splanchnic perfusion index (QI) (bottom panel) measured at times t1
through t4 during dialysis in diabetic (red symbols) and non-diabetic (green symbols) subjects. Symbols
represent average values ± standard deviations of duplicate measurements obtained in treatments separated
by one week. For clarity, symbols for diabetics and non-diabetics are placed with a small left or right offset
from the actual measuring times.

doi:10.1371/journal.pone.0145411.g002

Hepato-Splanchnic Vascular Resistance during Hemodialysis

PLOS ONE | DOI:10.1371/journal.pone.0145411 December 29, 2015 8 / 14



small decrease in venous pressures [22]. The resulting drop in central venous pressure will
therefore also tend to lower hepatic venous pressure. As central venous or hepatic venous pres-
sures were not measured in this study, the true arterio-venous pressure drop may have been
underestimated, resulting in a small underestimation of hepato-splanchnic resistance, if at all.
Therefore, the increase in hepato-splanchnic resistance calculated in this study represents a
conservative estimate given the uncertainties of true hepatic venous pressure changes.

The hemodynamic effects of ultrafiltration in hemodialysis have been reviewed elsewhere
[23]. Briefly, the decrease in venous pressure is assumed to reduce the ventricular preload
thereby reducing cardiac output and arterial pressures. This fall will then be compensated by
the baroreflex mechanism through central and peripheral control actions. The resulting
increase in peripheral resistance not only compensates for the decrease in arterial pressures but
also reduces the downstream distending pressures in compliant vascular beds such as the
hepato-splanchnic circulation, thereby shifting blood to central parts of the circulation com-
pensating for the initial decrease in central venous pressure and right atrial pressure (Fig 3).
This volume shift from a compliant vascular bed is also known as DeJager-Krogh effect [24]. In
our study the effect of ultrafiltration on splanchnic vasoconstriction is documented by a clear
reduction in ICG clearance. Our data indicate that hemodynamic stability is achieved at the
expense of a significantly reduced hepato-splanchnic perfusion. It is possible that a decrease of
hepato-splanchnic perfusion causes critical intestinal ischemia, especially during 4 hours of
HD and ultrafiltration although we cannot provide direct evidence for this phenomenon in our
study. Moreover, it is currently not possible to predict at what level of hepato-splanchnic vaso-
constriction a critical intestinal ischemia is likely to occur. However, diabetic patients starting

Fig 3. Scheme of hepato-splanchinc contribution for hemodynamic stability. Splanchnic
vasoconstriction reduces arterial inflow (black arrows) thereby lowering downstream distending pressures
and mobilizing blood volume (white arrows) sequestered in the compliant splanchnic vasculature. At the
same time reduced portal vein flow draining form splanchnic vascular beds (purple) causes a compensatory
increase (red arrow) in the separate hepatic arterial blood flow (red) because of compensatory vasodilation in
Mall´s space.

doi:10.1371/journal.pone.0145411.g003
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with a low perfusion seem to be at special risk. In this scenario, however, the liver itself is pro-
tected against hypoperfusion because of its dual blood supply and the hepatic-arterial buffer
response (HABR) [25] and a critical hepatic ischemia therefore appears to be less likely. The
hepato-splanchinc flow measured in this study represents the sum of both portal venous and
hepatic arterial inflows, and it is therefore not possible to allocate the overall reduction in
hepato-splanchnic blood flow to a specific source of the dual blood supply (Fig 3). Moreover,
because of hepatic-arterial buffer response intestinal perfusion might be reduced to a much
larger extent than total hepato-splanchnic blood flow. As a consequence, bacterial transloca-
tion, endotoxemia, and systemic inflammation might develop as a result of an ischemic gut
barrier during HD [5] [6] [26]. On the other hand, the ischemic splanchnic vascular bed may
act as a culprit of intradialytic hypotension by itself. It has been proposed that the ischemic gut
is an important source of adenosine, a purine nucleoside with vasodilating and cardiodepres-
sant properties, rapidly leading to profound intradialytic hypotension [27] [28].

The underperfusion of the hepato-splanchnic vascular bed especially in diabetics is not easy
to explain but it is in line with the occurrence of myocardial stunning observed shortly after
starting HD [10] [29]. Since baseline measurements were obtained after having established the
extracorporeal circulation the effect could be due to the mode of connecting the patient to the
extracorporeal circulation where only part of the priming volume is infused whereas about 100
to 150 mL of priming volume are discarded leading to an abrupt blood volume drop of 2 to 3%.
Diabetic patients could be more susceptible to this effect. The low perfusion and the high resis-
tance of the splanchnic region measured already at treatment start indicate a reduced range to
further increase splanchnic vascular resistance and compensate for UF-induced hypovolemia.

So far only a few studies addressed the impact of ultrafiltration on hepato-splanchnic resis-
tance and blood flow during HD. In an early study the splanchnic content of 99mTc-labeled
erythrocytes decreased by 10% with accelerated ultrafiltration of 3.7 L during 2 h [3]. However,
a change in volume cannot directly be translated into the same change in perfusion. A different
group reported a 22% decrease of hepato-splanchnic blood flow during dialysis in acute kidney
disease patients using constant ICG infusion given an UF-volume of 2 L [4]. The discrepancy
between these studies and our data can be explained by different study settings such as includ-
ing a heterogeneous ICU-cohort with acute renal failure in the latter study.

Our study encourages the assumption that diabetic dialysis patients might be particularly
prone to critical splanchnic ischemia during UF. Interestingly, we did not observe any differ-
ences in the relative changes of hepato-splanchnic blood flow or hepato-splanchnic resistance
between both groups. This suggests that vascular reactivity was maintained in diabetics. We
can only speculate about the mediators of splanchnic vasoconstriction leading to the marked
increase in vascular resistance from the onset of dialysis observed in our diabetic patients.
Severe systemic atherosclerosis inherent to the diabetic HD-population might play an impor-
tant role. However, diabetics represent only a small proportion of patients with chronic mesen-
teric ischemia in the general population [30], suggesting that other mechanisms are likely to be
involved.

Elevated catecholamine levels capable of increasing the vascular tone in the splanchnic cir-
culation are frequently found among diabetic ESKD-patients with diabetic neuropathy [31]
[32] [33]. Another possible trigger of splanchnic vasoconstriction is the hypothalamic hor-
mone arginine vasopressin (AVP). Apart from its role in osmoregulation it is an important sys-
temic vasoconstrictor by activating vascular V1-receptors in skin, skeletal muscle and the
splanchnic region [34] [35]. Studies revealed that dialysis patients exhibit higher AVP levels
than healthy individuals for reasons that are still under debate [33] [36] [37]. It has been
shown that AVP is important in maintaining hemodynamic stability during HD [38], and it
has been speculated whether an inadequate rise of AVP contributes to the development of
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intradialytic hypotension [37] [39] [40]. Furthermore, it has been shown that in the presence
of diabetic neuropathy, a condition where other neurohumoral pressor systems are compro-
mised, AVP becomes essential in maintaining blood pressure during circulatory stress [41]. All
these findings suggest that humoral factors are responsible for the altered vascular response of
the hepato-splanchnic region in diabetics compared to non-diabetic patients.

In critical care medicine, the ICG disappearance rate is frequently determined as a marker
of hepatic function and a surrogate of hepato-splanchnic blood flow based on its good clinical
applicability [42] [43]. In our study, however, the aforementioned discrepancies in hepato-
splanchnic perfusion could only be recognized by determining ICG clearance. There are
important differences with regard to the measurement and interpretation of ICG elimination.
For example, in the constant infusion approach the infusion rate (Qinf) to maintain a constant
ICG concentration (cb) in arterial or mixed venous blood is used to calculate clearance (K) as
the ratio of Qinf to cb (K = Qinf/cb). This, however, requires a constant plasma volume and a
steady state distribution of red blood cells [44] analyzed in a companion paper [45]. In the
bolus approach the elimination of ICG produces an exponential decline of ICG blood (or
plasma) concentrations. Log transformation of concentrations produces a linear decline, and
the rate constant (k, in 1/min) is determined by the slope of this line. The rate constant quanti-
fies the disappearance rate (in 1/min or %/min) and the half-life (in min), but it is insufficient
to quantify hepatic clearance (K) and hepato-splanchnic blood flow (Q) as the measurement of
clearance (K = k�V) also requires quantitative information on the distribution volume (V).
Non-invasive devices used for measurement of ICG disappearance rate only report the elimina-
tion rate constant, which provides useful information on hepatic function, but fail to measure
hepatic clearance or hepato-splanchnic blood flow. This discrepancy is clearly seen in our data
where elimination rate remained almost unchanged without differences between diabetics and
non-diabetics (Tab. 2), but where hepato-splanchnic blood flow was lower in diabetics and sig-
nificantly decreased during HD and UF (Fig 2, bottom panel).

A limitation of our study is the relatively small number of patients which is not unusual for
this type of research [3, 4]. Moreover, all studies were repeated in subsequent midweek treat-
ments and showed a high reproducibility with negligible variation, indicating the validity of
our measurements. A further limitation is that we cannot provide information on the exact
fraction of cardiac output delivered to the hepato-splanchnic circulation received, and how this
fraction changed during ultrafiltration. Furthermore we did not take serial blood samples to
examine whether the decrease in hepato-splanchnic blood flow resulted in an increased risk for
bacterial translocation, endotoxemia and systemic inflammation. Therefore we cannot provide
evidence for a causal relationship between reduced hepato-splanchnic blood flow, intestinal
ischemia, and the occurrence of endotoxemia and systemic inflammation.

In conclusion, this study reveals that in chronic HD patients even a modest UF volume causes
a considerable increase in hepato-splanchnic vascular resistance due to active vasoconstriction,
especially in diabetics. To the best of our knowledge this is the first study to show that diabetic
HD patients exhibit a particularly high hepato-splanchnic resistance and a reduced hepato-
splanchnic blood flow. It can be speculated that diabetics therefore incur a higher risk for compli-
cations such as endotoxemia, systemic inflammation, and intradialytic hypotension. Further
studies are needed to provide direct evidence for a causal relationship between ultrafiltration
induced splanchnic ischemia and the occurrence of endotoxemia and systemic inflammation.

Supporting Information
S1 Table. Original data. Original data of individual measurements (n = 24) obtained in 12
subjects in two subsequent studies. Abbreviations: F: female;M: male; DM: diabetic; ND: non-
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diabetic; BMI: body mass index; BSA: body surface area; Vuf: ultrafiltration volume;MAP:
mean arterial pressure; HR: heart rate: Hct: hematocrit: Vp: plasma volume: QI: hepato-
splanchnic blood flow index: ICG-DR, Indocyanine green disappearance rate: RI, hepato-
splanchnic vascular resistance index; numbers behind variables refer to measuring times t.
(XLSX)

Acknowledgments
We thank PJ Schreiner, M Uhlmann, H Griessner, and E Zierler for their assistance with the
ICG-measurements. This study was an amendment to the project “Endotoxin, neutrophil func-
tion and albumin in renal insufficiency” (ENARI, ClinicalTrials.gov number NCT01362569,
Principal investigator: Prof. Vanessa Stadlbauer, M.D.)

Author Contributions
Conceived and designed the experiments: WR DS VS. Performed the experiments: WR DS GS.
Analyzed the data: WR DS CFMF. Contributed reagents/materials/analysis tools: WR GS DS.
Wrote the paper: WR DS CFMF VS GS JHH ARR.

References
1. Agarwal R. How can we prevent intradialytic hypotension? Curr Opin Nephrol Hypertens. 2012; 21

(6):593–9. Epub 2012/08/24. doi: 10.1097/MNH.0b013e3283588f3c PMID: 22914686.

2. Rothe CF. Reflex control of veins and vascular capacitance. Physiol Rev. 1983; 63(4):1281–342. Epub
1983/10/01. PMID: 6361810.

3. Yu AW, Nawab ZM, BarnesWE, Lai KN, Ing TS, Daugirdas JT. Splanchnic erythrocyte content
decreases during hemodialysis: a new compensatory mechanism for hypovolemia. Kidney Int. 1997;
51:1986–90. doi: 10.1038/ki.1997.270 PMID: 9186892

4. Jakob SM, Ruokonen E, Vuolteenaho O, Lampainen E, Takala J. Splanchnic perfusion during hemodi-
alysis: evidence for marginal tissue perfusion. Crit Care Med. 2001; 29(7):1393–8. PMID: 11445693

5. Diebel L, Kozol R, Wilson RF, Mahajan S, Abu-Hamdan D, Thomas D. Gastric intramucosal acidosis in
patients with chronic kidney failure. Surgery. 1993; 113(5):520–6. Epub 1993/05/01. PMID: 8488469.

6. McIntyre CW, Harrison LEA, Eldehni MT, Jefferies HJ, Szeto C- C, John SG, et al. Circulating endotox-
emia: a novel factor in systemic inflammation and cardiovascular disease in chronic kidney disease.
Clin J Am Soc Nephrol. 2011; 6(1):133–41. doi: 10.2215/cjn.04610510 PMID: 20876680

7. Vaziri ND, Yuan J, Rahimi A, Ni Z, Said H, Subramanian VS. Disintegration of colonic epithelial tight
junction in uremia: a likely cause of CKD-associated inflammation. Nephrol Dial Transplant. 2011. doi:
10.1093/ndt/gfr624

8. Hauser AB, Stinghen AEM, Goncalves SM, Bucharles S, Pecoits-Filho R. A gut feeling on endotoxe-
mia: causes and consequences in chronic kidney disease. Nephron Clin Pract. 2011; 118(2):c165–
c72. doi: 10.1159/000321438 PMID: 21160227

9. McIntyre CW, Burton JO, Selby NM, Leccisotti L, Korsheed S, Baker CSR, et al. Hemodialysis-induced
cardiac dysfunction is associated with an acute reduction in global and segmental myocardial blood
flow. Clin J Am Soc Nephrol. 2008; 3(1):19–26. doi: 10.2215/cjn.03170707 PMID: 18003765

10. Dasselaar JJ, Slart RHJA, Knip M, Pruim J, Tio RA, McIntyre CW, et al. Haemodialysis is associated
with a pronounced fall in myocardial perfusion. Nephrol Dial Transplant. 2009; 24(2):604–10. doi: 10.
1093/ndt/gfn501 PMID: 18775808

11. Dauzat M, Lafortune M, Patriquin H, Pomier-Layrargues G. Meal induced changes in hepatic and
splanchnic circulation: a noninvasive Doppler study in normal humans. EurJ Appl PhysiolOccupPhy-
siol. 1994; 68:373–80.

12. Shibagaki Y, Takaichi K. Significant reduction of the large-vessel blood volume by food intake during
hemodialysis. Clin Nephrol. 1998; 49(1):49–54. Epub 1998/03/10. PMID: 9491287.

13. Schneditz D, Mekaroonkamol P, Haditsch B, Stauber R. Measurement of indocyanine green dye con-
centration in the extracorporeal circulation. ASAIO J. 2005; 51:376–8. doi: 10.1097/01.mat.
0000169030.37228.82 PMID: 16156302

Hepato-Splanchnic Vascular Resistance during Hemodialysis

PLOS ONE | DOI:10.1371/journal.pone.0145411 December 29, 2015 12 / 14

http://dx.doi.org/10.1097/MNH.0b013e3283588f3c
http://www.ncbi.nlm.nih.gov/pubmed/22914686
http://www.ncbi.nlm.nih.gov/pubmed/6361810
http://dx.doi.org/10.1038/ki.1997.270
http://www.ncbi.nlm.nih.gov/pubmed/9186892
http://www.ncbi.nlm.nih.gov/pubmed/11445693
http://www.ncbi.nlm.nih.gov/pubmed/8488469
http://dx.doi.org/10.2215/cjn.04610510
http://www.ncbi.nlm.nih.gov/pubmed/20876680
http://dx.doi.org/10.1093/ndt/gfr624
http://dx.doi.org/10.1159/000321438
http://www.ncbi.nlm.nih.gov/pubmed/21160227
http://dx.doi.org/10.2215/cjn.03170707
http://www.ncbi.nlm.nih.gov/pubmed/18003765
http://dx.doi.org/10.1093/ndt/gfn501
http://dx.doi.org/10.1093/ndt/gfn501
http://www.ncbi.nlm.nih.gov/pubmed/18775808
http://www.ncbi.nlm.nih.gov/pubmed/9491287
http://dx.doi.org/10.1097/01.mat.0000169030.37228.82
http://dx.doi.org/10.1097/01.mat.0000169030.37228.82
http://www.ncbi.nlm.nih.gov/pubmed/16156302


14. Schneditz D, Haditsch B, Jantscher A, RibitschW, Krisper P. Absolute blood volume and hepato-
splanchnic blood flow measured by indocyanine green kinetics during hemodialysis. ASAIO J. 2014;
60:452–8. doi: 10.1097/MAT.0000000000000075 PMID: 24658520

15. Mitra S, Chamney PW, Greenwood RN, Farrington K. Serial determinations of absolute plasma volume
with indocyanine green during hemodialysis. J Am Soc Nephrol. 2003; 14:2345–51. PMID: 12937312

16. Du Bois D, Du Bois EF. A formula to estimate the approximate surface area if height and weight be
known. Arch Int Med. 1916; 17:863–71.

17. Dietrich CF, Jedrzejczyk M, Ignee A. Sonographic assessment of splanchnic arteries and the bowel
wall. Europ J Radiol. 2007; 64(2):202–12. http://dx.doi.org/10.1016/j.ejrad.2007.06.034.

18. Silvan Delgado M, Juanco Pedregal C, Parra Blanco JA, Barreda Gonzalez M. Usefulness of Doppler
ultrasound in the evaluation of patients with active Crohn's disease. Revista espanola de enferme-
dades digestivas: organo oficial de la Sociedad Espanola de Patologia Digestiva. 1997; 89(9):677–84.
Epub 1998/01/09. PMID: 9421554.

19. Harvey RF, Bradshaw JM. Simple Index of Crohns-Disease Activity. Lancet. 1980; 1(8167):514–.
PMID: WOS:A1980JH13700007.

20. Hinghofer-Szalkay HG, Goswami N, Rössler A, Grasser E, Schneditz D. Reactive hyperemia in the
human liver. Am J Physiol Gastrointest Liver Physiol. 2008; 295(2):G332–7. doi: 10.1152/ajpgi.00042.
2008 PMID: 18535294

21. Schneditz D, Roob JM, Oswald M, Pogglitsch H, Moser M, Kenner T. Nature and rate of vascular refill-
ing during hemodialysis and ultrafiltration. Kidney Int. 1992; 42:1425–33. PMID: 1474776

22. Kooman JP, Gladziwa U, Bocker G, van Bortel LM, van Hooff JP, Leunissen KM. Role of the venous
system in hemodynamics during ultrafiltration and bicarbonate dialysis. Kidney Int. 1992; 42(3):718–
26. PMID: 1405349.

23. Dorhout Mees EJ. Cardiovascular aspects of dialysis treatment. The importance of volume control.
Dordrecht/Boston/London: Kluwer Academic Publishers; 2000.

24. Rowell LB. Human circulation regulation during physical stress. New York: Oxford University Press;
1986.

25. Lautt WW. Morgan & Claypool Life Sciences. 2012/10/27 ed. Granger NS, Granger J, editors. San
Rafael (CA): Morgan & Claypool Life Sciences; 2009.

26. Wang F, Jiang H, Shi K, Ren YI, Zhang PAN, Cheng S. Gut bacterial translocation is associated with
microinflammation in end-stage renal disease patients. Nephrology. 2012; 17(8):733–8. doi: 10.1111/j.
1440-1797.2012.01647.x PMID: 22817644

27. Franssen CFM. Adenosine and dialysis hypotension. Kidney Int. 2006; 69(5):789–91. PMID: 16496028

28. Imai E, Fujii M, Kohno Y, Kageyama H, Nakahara K, Hori M, et al. Adenosine A1 receptor antagonist
improves intradialytic hypotension. Kidney Int. 2006; 69(5):877–83. PMID: 16395260

29. Burton JO, Jefferies HJ, Selby NM, McIntyre CW. Hemodialysis-induced cardiac injury: determinants
and associated outcomes. Clin J Am Soc Nephrol. 2009; 4(5):914–20. Epub 2009/04/10. doi: 10.2215/
CJN.03900808 PMID: 19357245; PubMed Central PMCID: PMC2676185.

30. Korotinski S, Katz A, Malnick SD. Chronic ischaemic bowel diseases in the aged—go with the flow.
Age and ageing. 2005; 34(1):10–6. doi: 10.1093/ageing/afh226 PMID: 15591479.

31. Campese VM, Romoff MS, Levitan D, Lane K, Massry SG. Mechanisms of autonomic nervous system
dysfunction in uremia. Kidney Int. 1981; 20(2):246–53. Epub 1981/08/01. PMID: 7026874.

32. Esforzado Armengol N, Cases Amenos A, Bono Illa M, Gaya Bertran J, Calls Ginesta J, Rivera Fillat F.
Autonomic nervous system and adrenergic receptors in chronic hypotensive haemodialysis patients.
Nephrol Dial Transplant. 1997; 12(5):939–44. Epub 1997/05/01. PMID: 9175046.

33. Zoccali C, Mallamaci F, Ciccarelli M, Parlongo S, Salnitro F, Curatola A. The reflex control of vasopres-
sin in haemodialysis patients. Nephrol Dial Transplant. 1991; 6(9):631–6. Epub 1991/01/01. PMID:
1745386.

34. Abboud FM, Floras JS, Aylward PE, Guo GB, Gupta BN, Schmid PG. Role of vasopressin in cardiovas-
cular and blood pressure regulation. Blood vessels. 1990; 27(2–5):106–15. Epub 1990/01/01. PMID:
2242439.

35. Knotzer H, Pajk W, Maier S, Ladurner R, Kleinsasser A, Wenzel V, et al. Arginine vasopressin reduces
intestinal oxygen supply and mucosal tissue oxygen tension. Am J Physiol Heart Circ Physiol. 2005;
289(1):H168–73. Epub 2005/03/15. doi: 10.1152/ajpheart.01235.2004 PMID: 15764677.

36. Martinez-Vea A, Botey A, Montoliu I, Lopez Pedret J, Revert L. Vasopressin response in hemodialysis
patients. Clin Nephrol. 1985; 24(6):316. Epub 1985/12/01. PMID: 4075603.

Hepato-Splanchnic Vascular Resistance during Hemodialysis

PLOS ONE | DOI:10.1371/journal.pone.0145411 December 29, 2015 13 / 14

http://dx.doi.org/10.1097/MAT.0000000000000075
http://www.ncbi.nlm.nih.gov/pubmed/24658520
http://www.ncbi.nlm.nih.gov/pubmed/12937312
http://dx.doi.org/10.1016/j.ejrad.2007.06.034
http://www.ncbi.nlm.nih.gov/pubmed/9421554
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1980JH13700007
http://dx.doi.org/10.1152/ajpgi.00042.2008
http://dx.doi.org/10.1152/ajpgi.00042.2008
http://www.ncbi.nlm.nih.gov/pubmed/18535294
http://www.ncbi.nlm.nih.gov/pubmed/1474776
http://www.ncbi.nlm.nih.gov/pubmed/1405349
http://dx.doi.org/10.1111/j.1440-1797.2012.01647.x
http://dx.doi.org/10.1111/j.1440-1797.2012.01647.x
http://www.ncbi.nlm.nih.gov/pubmed/22817644
http://www.ncbi.nlm.nih.gov/pubmed/16496028
http://www.ncbi.nlm.nih.gov/pubmed/16395260
http://dx.doi.org/10.2215/CJN.03900808
http://dx.doi.org/10.2215/CJN.03900808
http://www.ncbi.nlm.nih.gov/pubmed/19357245
http://dx.doi.org/10.1093/ageing/afh226
http://www.ncbi.nlm.nih.gov/pubmed/15591479
http://www.ncbi.nlm.nih.gov/pubmed/7026874
http://www.ncbi.nlm.nih.gov/pubmed/9175046
http://www.ncbi.nlm.nih.gov/pubmed/1745386
http://www.ncbi.nlm.nih.gov/pubmed/2242439
http://dx.doi.org/10.1152/ajpheart.01235.2004
http://www.ncbi.nlm.nih.gov/pubmed/15764677
http://www.ncbi.nlm.nih.gov/pubmed/4075603


37. Ettema EM, Zittema D, Kuipers J, Gansevoort RT, Vart P, de Jong PE, et al. Dialysis hypotension: A
role for inadequate increase in arginine vasopressin levels? A systematic literature review and meta-
analysis. Am J Nephrol. 2014; 39(2):100–9. doi: 10.1159/000358203 PMID: 24503523

38. Ettema EM, Kuipers J, Groen H, Kema IP, Westerhuis R, de Jong PE, et al. Vasopressin release is
enhanced by the Hemocontrol biofeedback system and could contribute to better haemodynamic sta-
bility during haemodialysis. Nephrol Dial Transplant. 2012; 27(8):3263–70. doi: 10.1093/ndt/gfr793
PMID: 22323529

39. Friess U, Rascher W, Ritz E, Gross P. Failure of arginine-vasopressin and other pressor hormones to
increase in severe recurrent dialysis hypotension. Nephrol Dial Transplant. 1995; 10(8):1421–7. Epub
1995/01/01. PMID: 8538936.

40. van der Zee S, Thompson A, Zimmerman R, Lin J, Huan Y, Braskett M, et al. Vasopressin administra-
tion facilitates fluid removal during hemodialysis. Kidney Int. 2007; 71(4):318–24. PMID: 17003815

41. Saad CI, Ribeiro AB, Zanella MT, Mulinari RA, Gavras I, Gavras H. The role of vasopressin in blood
pressure maintenance in diabetic orthostatic hypotension. Hypertension. 1988; 11(2 Pt 2):I217–21.
Epub 1988/02/01. PMID: 3346060.

42. Kimura S, Yoshioka T, Shibuya M, Sakano T, Tanaka R, Matsuyama S. Indocyanine green elimination
rate detects hepatocellular dysfunction early in septic shock and correlates with survival. Crit Care
Med. 2001; 29(6):1159–63. Epub 2001/06/08. PMID: 11395594.

43. Sakka SG, Reinhart K, Meier-Hellmann A. Prognostic value of the indocyanine green plasma disap-
pearance rate in critically ill patients. Chest. 2002; 122(5):1715–20. Epub 2002/11/12. PMID:
12426276.

44. Dasselaar JJ, Lub-de Hooge MN, Pruim J, Nijnuis H, Wiersum A, de Jong PE, et al. Relative blood vol-
ume changes underestimate total blood volume changes during hemodialysis. Clin J Am Soc Nephrol.
2007; 2(4):669–74. doi: 10.2215/cjn.00880207 PMID: 17699480

45. Schneditz D, RibitschW, Schilcher G, Uhlmann M, Chait Y, Stadlbauer V. Concordance of absolute
and relative plasma volume changes and stability of Fcells in routine hemodialysis. Hemodial Int. 2015;
http://dx.doi.org/10.1111/hdi.12338(xx):xxx-xxx. doi: 10.1111/hdi.12338

Hepato-Splanchnic Vascular Resistance during Hemodialysis

PLOS ONE | DOI:10.1371/journal.pone.0145411 December 29, 2015 14 / 14

http://dx.doi.org/10.1159/000358203
http://www.ncbi.nlm.nih.gov/pubmed/24503523
http://dx.doi.org/10.1093/ndt/gfr793
http://www.ncbi.nlm.nih.gov/pubmed/22323529
http://www.ncbi.nlm.nih.gov/pubmed/8538936
http://www.ncbi.nlm.nih.gov/pubmed/17003815
http://www.ncbi.nlm.nih.gov/pubmed/3346060
http://www.ncbi.nlm.nih.gov/pubmed/11395594
http://www.ncbi.nlm.nih.gov/pubmed/12426276
http://dx.doi.org/10.2215/cjn.00880207
http://www.ncbi.nlm.nih.gov/pubmed/17699480
http://dx.doi.org/10.1111/hdi.12338(xx):xxx-xxx
http://dx.doi.org/10.1111/hdi.12338

