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Abstract

Introduction: Haemodialysis has direct and indirect effects on skin
and muscle microcirculatory regulation that are severe enough to
worsen tolerance to physical exercise and muscle asthenia in
patients undergoing dialysis, thus compromising patients’ quality of
life and increasing the risk of mortality. In diabetes these
circumstances are further complicated, leading to an approximately
sixfold increase in the incidence of critical limb ischaemia and
amputation. Our aim in this study was to investigate in vivo
whether haemodialysis induces major changes in skeletal muscle
oxygenation and blood flow, microvascular compliance and tissue
metabolic rate in patients with and without diabetes.

Methods: The study included 20 consecutive patients with and
without diabetes undergoing haemodialysis at Sant Andrea
University Hospital, Rome from March to April 2007. Near-infrared
spectroscopy (NIRS) quantitative measurements of tissue haemo-
globin concentrations in oxygenated [HbO,] and deoxygenated
forms [HHb] were obtained in the calf once hourly for 4 hours
during dialysis. Consecutive venous occlusions allowed one to
obtain muscular blood flow (mBF), microvascular compliance and
muscle oxygen consumption (mVO,). The tissue oxygen saturation
(StO,) and content (CtO,) as well as the microvascular bed volume
were derived from the haemoglobin concentration. Nonparametric
tests were used to compare data within each group and among the
groups and with a group of 22 matched healthy controls.

Results: The total haemoglobin concentration and [HHb] increased
significantly during dialysis in patients without and with diabetes.
Only in patients with diabetes, dialysis involved a [HbO,], CtO, and
mVO, increase but left StO, unchanged. Multiple regression
analysis disclosed a significant direct correlation of StO, with HbO,
and an inverse correlation with mVO,,. Dialysis increased mBF only
in diabetic patients. Microvascular compliance decreased rapidly
and significantly during the first hour of dialysis in both groups.

Conclusions: Our NIRS findings suggest that haemodialysis in
subjects at rest brings about major changes in skeletal muscle
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oxygenation, blood flow, microvascular compliance and tissue
metabolic rate. These changes differ in patients with and without
diabetes. In all patients haemodialysis induces changes in tissue
haemoglobin  concentrations and microvascular compliance,
whereas in patients with diabetes it alters tissue blood flow, tissue
oxygenation (CtO,, [HbO,]) and the metabolic rate (mVO,). In
these patients the mVO, is correlated to the blood supply. The
effects of haemodialysis on cell damage remain to be clarified. The
absence of StO, changes is probably linked to an opposite
[HbO,] and mVO, pattern.

Introduction

Knowing how haemodialysis influences skeletal muscle
circulation is of clinical importance given the growing
evidence suggesting that the microcirculation has a key role
in worsening tolerance to physical exercise in patients under-
going dialysis [1,2].

Muscle asthenia is among the complications of dialysis that
can compromise patient quality of life [3]. The decreased
aerobic capacity that ensues when muscle dysfunction
impairs patients’ ability to carry out the normal activities of
everyday life is associated with an increased risk of mortality
[4], suggesting that physical training could lengthen the life
expectancy of patients with chronic renal failure [2].

Despite numerous studies investigating the various features
of muscle dysfunction during dialysis, none have yet identified
a single, proven causative factor.

The possibility that muscle symptoms depend on altered
microcirculatory oxygen transport and functionality receives

CtO, = tissue oxygen content; Hb = haemoglobin; [HbO,] = oxygenated tissue haemoglobin concentration; [HbT] = total haemoglobin concentra-
tion; [HHb] = deoxygenated tissue haemoglobin concentration; mBF = muscular blood flow; mHF = muscular haemoglobin flow; mVO, = muscle
oxygen consumption; NIRS = near-infrared spectroscopy; StO, = tissue oxygen saturation.
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support from several observations, including reduced
capillary density in muscle tissue [2,5], diminished vasodilator
response to post-ischaemia reperfusion [6,7] and impaired
endothelium-dependent  vasodilation [8,9]. The most
commonly used non-invasive technique that can also be used
clinically at the bedside for directly assessing microvascular
dysfunction and skeletal muscle oxygenation is near-infrared
spectroscopy (NIRS) [10].

Some evidence nevertheless suggests that dialysis-induced
changes in muscle exercise performance depend exclusively
on reduced mitochondrial oxidative capacity without a defect
in oxygen transport [1].

In diabetes, the circumstances are further complicated by the
typical diabetic changes [11] that frequently lead to end-
stage renal disease. In patients with diabetes, haemodialysis
can bring about a sixfold increase in the incidence of critical
limb ischaemia and amputation. Major lower-extremity ampu-
tation is especially likely in the first 12 months after patients
start renal replacement therapy [12,13].

Although previous studies have investigated changes in
systemic haemodynamics [14] and forearm blood flow [15]
during hemodialysis, few and only indirect studies have
assessed in vivo dialysis-induced changes in the muscle
tissue. This information might help to explain how dialysis
acts on muscle tissue and why muscular performance
worsens in patients undergoing dialysis.

Our primary aim in the present in vivo study in humans was to
determine whether haemodialysis brings about major
changes in skeletal muscle oxygenation and blood flow, in
microvascular compliance (the ability of small blood vessels
in muscle tissue to dilate) and in the tissue metabolic rate
measured at rest. We also wanted to investigate possible
physiological interactions between these four variables during
haemodialysis, and to identify differences in the patterns of
change in these tissue variables during haemodialysis in
patients with and without diabetes.

Our secondary aim was to detect differences in baseline
variables in patients with and without diabetes and in healthy
subjects. We non-invasively assessed the calf-muscle haemo-
globin (Hb) concentration (total and fractional Hb concen-
tration, oxygenated tissue haemoglobin concentration
[HbO,]), tissue oxygen saturation (StO,) and tissue oxygen
content (CtO,), blood flow and muscle oxygen consumption
(mVO,) simultaneously by NIRS in the two groups (patients
with diabetes and patients without diabetes) before
haemodialysis and hourly for 4 hours.

Materials and methods

Selection of subjects

The study was conducted at Sant Andrea Hospital, Rome
from March to April 2007. The study protocol was approved
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by the hospital Anesthesia and Intensive Care Medicine
Department and Dialysis Unit Institutional Review Board, and
informed consent was obtained from each participant. We
enrolled 20 consecutive patients from the Dialysis Unit,
selecting those with a 5-year history of end-stage renal
disease who had never changed their treatment modality,
who had received similar dialytic treatment (see Haemo-
dialysis management), who had required no hospitalizations
in the month before the study and who had no signs of
infections or other diseases. All patients had undergone
regular cardiogical follow-up with 6-monthly electrocardio-
grams and echocardiograms when necessary.

Patients younger than 18 years and older than 80 years of
age were excluded. We also excluded patients who had a
history of autonomic nervous system dysfunction or who
experienced hypotensive episodes during dialysis. Further
exclusion criteria were patients with lower-limb changes likely
to interfere with NIRS readings (marked oedema, abundant
subcutaneous fat, varicose veins, diabetic ulcers, and
traumatic or surgical scars), patients with cardiac insuffi-
ciency (New York Health Association class Il or IV) or
moderate or severe chronic obstructive pulmonary disease, or
both, and patients who were unable to tolerate the venous
occlusion procedures foreseen in the study protocol.

Routine monitoring included the intravascular Hb content,
pulse oximetry, non-invasive blood pressure measurement,
body weight (kg), and gastrocnemius muscle skinfold thick-
ness. The blood pressure and heart rate were recorded
during each dialysis session every 30 minutes.

Patients were sequentially enrolled and assigned to one of
two groups according to the presence or absence of insulin-
treated diabetes: patients with diabetes (n=10) and patients
without diabetes (n=10). As a control group to compare
baseline values, we enrolled 22 healthy subjects who had
taken part in an earlier study.

Haemodialysis management

All patients received erythropoietin in intravenous boluses of
2,000 to 15,000 units three times a week as well as oral or
intravenous iron supplementation for at least 2 months before
the study. All patients underwent haemodialysis three times a
week according to a standardized technique. The weekly
measure of dialysis adequacy — calculated as the product of
urea clearance and dialysis time divided by the body water
content (Kt/V) — for the preceding month was >1.2. All
patients received bicarbonate-based haemodialysis with
ultrafiltration using a distal arteriovenous shunt. The dialysate
rate was 500 ml/minute and blood flow was maintained at
300 ml/minute. All patients were dialyzed with the same
machine (Integra; Hospal, Zaventem Belgium). Polysulphone
dialysers were used in all patients with an effective membrane
area of 1.6 to 1.8 m2 F7 HPS and F8 HPS low flux (Fresenius
Medical Care, Bad Homburg, Germany). The dialysate
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Total haemoglobin concentration variation during consecutive venous occlusion. Representative trace of total haemoglobin concentration [HbT]
changes during four consecutive venous occlusions at different pneumatic cuff inflation pressures.

consisted of potassium 2.0 mmol/l, calcium 1.5 mmol/l,
bicarbonate 32 mmol/l, magnesium 0.5 mmol/l, acetate
3.0 mmol/l, and glucose 1.0 g/l. The dialysate temperature
was kept at 36°C to maintain haemodynamic stability [16].

Near-infrared spectroscopy data collection

Before haemodialysis began, an NIRS probe (NIMO-4 tissue
probe; Nirox srl, Brescia, Italy) was placed and secured with
an elastic band along the lateral side of the calf (lateral
gastrocnemius muscle), taking care not to apply it over
possible haematomas or along the course of visible veins. To
avoid hampering venous return the leg was kept with the
thigh on a level with the heart and the foot raised by about
10 cm. Two pneumatic cuffs were attached around the thigh
and the ankle, and were connected to an automatic inflation
system (Hokanson E20 Rapid Cuff Inflator and AG101 Cuff
Inflator Air Source, PMS Instruments Ltd, Maidenhead,
Berkshire, UK) capable of reaching a predefined pressure in
less than 0.5 seconds. To avoid the possible interference of
ambient light on NIRS measurements, the whole leg was
wrapped in a black cloth. Just before applying the probe, the
calf skinfold thickness was measured using a skinfold caliper
(Gima SpA, Gessate, Milan, ltaly).

One set of NIRS measurements was recorded once hourly for
4 hours during dialysis. The first measurement set was defined
as predialysis, whereas the ensuing sets were measured at
the beginning of the second hour, the third hour and the fourth
hour of dialysis. Three consecutive pneumatic cuff inflation
pressures at 30 mmHg, 40 mmHg, and 50 mmHg - or, in
patients with diastolic pressures <560 mmHg, a maximum value
equal to the diastolic pressure minus 10 mmHg — were
maintained for about 50 seconds (venous occlusion) with
10 seconds between compressions (Figure 1). The baseline
recording was continued during the interval between

compressions until the next hour when subjects underwent
venous compressions again. All data recorded were stored on
a laptop computer for offline analysis.

Near-infrared spectrometer

The Hb concentrations were quantified with a commercially
available continuous-wave tissue oxymeter (NIMO; Nirox srl,
Brescia, ltaly), as detailed elsewhere [17,18]. The oximeter
measures the absolute tissue [HbO,] and deoxygenated tissue
haemoglobin concentration [HHb] from the light absorption
spectrum at a wavelength of 980 nm that corresponds to
maximal optical absorption of water within the tissue. To
account for the possible influence of the subcutaneous fat
layer on NIRS [19], we also applied a real-time correction
using an algorithm included in the software program version
2.0 supplied with the spectrometer. The correlation
coefficients used for the algorithm were obtained by applying
a two-layered analytical model [20] using absorption and
scattering coefficients of the fat layer for wavelengths of
interest obtained from the literature [21]. The measurement of
the subcutaneous two-layered fat by skinfold anthropometry
is a widely used and valid technique to estimate the muscular
mass of subjects with chronic renal disease [22].

Offline data processing

Al recorded tracks were visually inspected: a venous
occlusion was determined as satisfactory for further analysis
if the baseline track remained steady before occlusion, then
oxyhaemoglobin and deoxyhaemoglobin rose during the
occlusion, returning to a similar baseline level after the
occlusion was released. Data were analysed offline with the
software program supplied with the NIMO oximeter (Nimo
Data Analysis v2.0; Nirox srl).

The variables measured by NIRS are presented in Table 1.
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Table 1

Variables measured by near-infrared spectroscopy

Abbreviation Full name Units Type of measurement
[HbO,] Oxygenated haemoglobin concentration umol/I Direct

[HHD] Deoxygenated haemoglobin concentration pumol/l Direct

[HbT] Total haemoglobin concentration pumol/l Calculated
StO, Tissue oxygen saturation % Calculated
CtO, Tissue oxygen content ml O,/100 ml Calculated
Compliance Microvascular compliance ml/mmHg/100 ml Calculated
mHF Muscular haemoglobin flow pumol/min/100 ml Calculated
mBF Muscular blood flow ml/min/100 ml Calculated
mVO, Muscle oxygen consumption ml/min/100 ml Calculated

The spectrophotometer directly measured [HbO,] and the
haemoglobin concentration; StO, was obtained automatically
from the ratio of [HbO,] to the total haemoglobin concen-
tration [HbT]. Blood flow was measured in two ways.
Because oxygen delivery depends closely on the Hb flow and
because capillary and arteriolar haematocrit are significantly
lower than systemic haematocrit [23], we measured the linear
increase in [HbT] within the first 20 seconds of a 40 mmHg
venous occlusion, expressed in micromoles per 100 ml tissue
per minute [24,25] — muscular haemoglobin flow (mHF). We
also calculated muscular blood flow (mBF), expressed in
millilitres of blood/100 ml per minute, converting the [HbT]
changes during venous occlusion to millilitres of blood per
100 ml tissue per minute using the Hb content obtained from
blood samples drawn at each hour.

Microvascular compliance was calculated as the [HbT]
changes at different venous occlusion pressures and
expressed as millilitres of blood increase in 100 ml tissue per
change in pressure (mmHg), converting the [HbT] to millilitres
using the Hb blood content as previously described [10]. The
[HbT] values were collected approximately 30 to 40 seconds
after each cuff inflation at the plateau phase when superficial,
deep, and other small vessels were assumed to be fully
distended. Compliance curves were obtained by plotting the
relationship between cuff pressure and [HbT]. These values
were expressed in millilitres of blood per mmHg taking into
account the vascular Hb content. The CtO, (expressed in
millilitres of oxygen per 100ml tissue) was calculated
considering the fractional StO,, [HbT] (expressed in grams),
and the millilitres of oxygen bound by 1 g Hb (1.36 ml O,/g
HbT) [10].

The mVO, was measured during venous occlusion as the
initial linear increase in Hb concentration, after subtracting
the Hb concentration increase from arterial blood [24].
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The data obtained were compared with those for the 22
matched healthy control subjects. Because the spectroscopy
measurements cannot distinguish whether the dialysis-induced
variations of tissue Hb concentration are related to the
intravascular increase of Hb concentration or to the increase of
the vascular bed, a percentage corresponding to the rate of the
hourly haematocrit changes has been substracted from the
hourly changes of tissue Hb concentration. This correction was
aimed to better show the importance of tissue [HbT] and its
derived variables (CtO, and microvascular compliance),
changes related to vascular bed variations. The corrected data
obtained are reported in Table 2 and the statistical significance
is given in the Results section.

Statistical analysis

The results are expressed as the mean % standard deviation.
The data were analysed with SPSS version 13.0 and Med
Calc Version 9.4.2.0 for Windows. Nonparametric tests were
used to compare data — the Friedman test and the Wilcoxon
test were used to compare data within each group, and the
Mann—-Whitney U test was used to compare data among the
two groups and healthy controls. Spearman’s rank correlation
coefficient with a discriminant P <0.05 was used to identify
significant correlations between the variables measured
during dialysis.

Results

All 20 patients enrolled completed the study. All of these
patients tolerated NIRS measurements and manoeuvres for
vascular occlusion. The percentage of tracks discarded
because of their unreliability was 10%. Patient ages ranged
from 44 to 77 years. No differences were found between the
groups of subjects for age, thickness of subcutaneous fat,
vascular Hb content, and diastolic and systolic arterial
pressures. Conversely, the body weight differed between the
patients with diabetes and the other subjects (Table 3). Mean



Table 2

Available online http://ccforum.com/content/13/S5/S9

Data corrected for possible variations in total haemoglobin concentration related to dialysis-induced fluid removal

Patients without diabetes (n = 10)

Patients with diabetes (n = 10)

Variable TO T1 T2 T3 TO T1 T2 T3
Total haemoglobin 46.622 £ 56.33 + 56.44 * 56.25 + 45172 £ 58.33 + 59.61 + 66.53
concentration (UM/1) 18.44 17.05 17.38 17.69 17.43 21.40 22.75 23.51
Tissue oxygen content 0.18 0.23 % 0.20 0.21 £ 0.202 + 0.24 + 0.26¢ + 0.32 *
(ml Oy/100 ml) 0.10 0.09 0.13 0.12 0.10 0.13 0.14 0.20
Microvascular compliance 0.1532 & 0.049b + 0.010 £ 0.004 £ 0.2032 = 0.039 + 0.016 0.013 £
(uM/mmHg) 0.109 0.035 0.007 0.001 0.150 0.058 0.017 0.010

To take into account possible total haemoglobin concentration variations related to dialysis-induced fluid removal, the near-infrared spectroscopy
total haemoglobin concentration values and related variables (tissue oxygen content, and compliance) were corrected for vascular haemoglobin
changes during dialysis. TO, predialysis. The statistical analysis was performed with the Wilcoxon test, considering P <0.05 significant: 2P <0.05
vs. beginning of the second hour (T1), beginning of the third hour (T2), beginning of the fourth hour (T3); PP <0.05 vs. T2, T3; °P <0.05 vs. T3.

overall weight loss was similar in the two groups and
diminished significantly by hour during dialysis (Table 4). Of
the 20 patients studied, 12 were anuric and eight had a low
glomerular filtration rate (1 to 9 ml/minute). Of the 10 non-
diabetic patients, three were normotensive and were not
receiving vasoactive drugs.

Cardiovascular function
All of the patients studied showed good haemodynamic stability
during dialysis, and no hypotensive episodes developed.

Total haemoglobin concentration

Predialysis [HbT] values in the patients studied almost
matched those in healthy subjects (Table4). In the
nondiabetic patients as well as in the diabetic patients, [HbT]
increased  significantly from baseline during dialysis
(Friedman test, P=0.002 and P=0.001). No significant
difference was found between groups.

At all timepoints, these increases remained statistically
unchanged when we corrected our subjects’ [HbT] values for
vascular Hb concentrations during dialysis (Table 2) -
suggesting that dialysis-induced fluid removal has no
influence on the [HbT] increase.

Deoxygenated tissue haemoglobin concentration
Predialysis [HHb] values in the patients studied also matched
those in healthy control subjects (Table 4). During dialysis,
[HHb] increased in both groups of patients (Friedman test,
P=0.001). No differences were found between groups.

Oxygenated haemoglobin concentration

Predialysis [HbO,] values were approximately 36% lower in
patients with and without diabetes than in healthy subjects
(Table 4). In patients with diabetes, [HbO,] increased during
dialysis (Friedman test, P = 0.017); conversely, in patients
without diabetes, dialysis left [HbO,] values unchanged.

Muscular blood flow

In patients without diabetes, the mHF and mBF remained
unchanged during dialysis (Table 4) — whereas in those
patients with diabetes, the mHF and mBF increased only after
2 hours of dialysis. After dialysis for 2 hours, these variables
remained statistically unchanged.

Microvascular compliance

Predialysis microvascular compliance values were similar in
patients without diabetes and in healthy subjects, whereas
they were higher in diabetic patients (Table 4). In both groups
of patients studied, compliance decreased rapidly and signifi-
cantly during the first hour of dialysis, with a more
pronounced decrease in patients with diabetes (Friedman
test, P=0.003). Thereafter, in both groups of patients
compliance diminished further during the whole dialysis.

When we corrected data for vascular Hb concentration
changes, the differences in compliance remained statistically
unchanged (Table 2).

Tissue oxygen content

Predialysis CtO, values were 38% and 34% lower in
patients without and with diabetes than in healthy control
subjects (Table 4). In patients without diabetes, the CtO,
remained statistically unchanged during dialysis — whereas
the CtO, increased in patients with diabetes (Friedman test,
P=0.01), approaching values similar to those measured in
healthy subjects. The same pattern was observed for the
CtO, values corrected by the vascular Hb changes
(Table 2).

Tissue oxygen saturation

Predialysis StO, values were similar in both groups of
patients and in healthy subjects. During haemodialysis, StO,
values remained unchanged. No significant differences were
found between the two groups.
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Table 3

Anthropometric data, systemic vascular variables and causes of renal diseases

Healthy subjects

Patients without diabetes

Patients with diabetes

Anthropometric data (n=22) (n=10) (n=10) P value
Age (years) 56.8 + 9.3 578+ 115 60.1 = 10.1 ns
Gender (male/female) 17/5 7/3 6/4 ns
Height (cm) 169.7 £ 8.1 169.7 £ 6.2 165.6 £ 1.7 ns
Subcutaneous fat layer (mm) 7.0+23 65+1.6 76+1.0 ns
Baseline weight (kg) 77.3+13.4 749+ 18.8 93.8 + 24.1* 0.048
Systemic vascular variables
Haemoglobin vascular (g/dl) 13.9+£0.9 12.3 + 1.81 11.9+1.9 ns
Systolic arterial pressure (mmHg) 136.6 + 154 1488+ 215 160.1 £ 15.7 ns
Diastolic arterial pressure (mmHg) 85.34 +10.3 755+17.8 84.3+ 143 ns
Renal diseases

Diabetic nephropathy - - 10

Lupus nephritis - 1 -

Polycystic kidney disease - 2 -

Nephroangiosclerosis - 7 -

Mann-Whitney U-test. ns, not significant. *P = 0.048, patients with diabetes vs. patients without diabetes and healthy subjects.

Muscle oxygen consumption

Predialysis mVO, values were similar in the two groups of
patients and in healthy subjects. The mVO, remained un-
changed in patients without diabetes during dialysis, whereas
in those patients with diabetes it increased by 148.3%
between predialysis and the beginning of the third hour and
by 100% between predialysis and the beginning of the fourth
hour (Friedman test, P=0.002) (Table 4).

Oxygen supply/consumption relationship

In patients without diabetes, the variables correlating inversely
with mVO, were StO, and compliance (Spearman’s coef-
ficient =-0.58, P=0.001, and —0.42, P=0.025), whereas a
direct correlation was found between mVO, and [HHb]
(Spearman'’s coefficient = —0.54, P = 0.003). In patients with
diabetes, the only variables that correlated with mVO, were
mHF and mBF (Spearman’s coefficient = 0.53, P=0.006,
and 0.51, P=0.004).

Discussion

Our results in the present in vivo study using NIRS to
investigate changes in skeletal muscle oxygenation and blood
flow, microvascular compliance, and mVO, during haemo-
dialysis provide two major findings. The first finding is that
although haemodialysis left StO, unchanged in both groups, it
strongly influenced Hb tissue concentrations and micro-
vascular compliance. Haemodialysis invariably caused greater
changes in patients with diabetes than in those without. A
second new finding in patients with diabetes was that, as well
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as changing tissue haemoglobin concentration and micro-
vascular compliance, haemodialysis altered tissue blood flow
(mHF and mBF), tissue oxygenation (CtO,) and the metabolic
rate (mVO,). A secondary finding was that at baseline (before
haemodialysis) NIRS disclosed no differences in the
measured tissue variables in patients with and without
diabetes, whereas in patients with diabetes the baseline
values of microvascular compliance were higher than those in
the healthy control group (Table 4). These findings may help to
explain how haemodialysis influences muscular performance.

Skeletal muscle oxygenation

Our findings in the present study dictate two conclusions.
First — at least in the patients we studied, who had no signs
of cardiac or respiratory failure — dialysis leaves skeletal
muscle oxygenation unchanged. Second, instead of worsen-
ing the CtO, further, dialysis increases the oxygen content in
diabetic persons and does so by increasing [HbO,] and
muscular tissue blood flow. Third, CtO, increases during
dialysis, probably because dialysis reduces factors hindering
oxygen availability — in particular, the tissue water content.

Our NIRS findings showing that haemodialysis leaves skeletal
muscle oxygenation unchanged argue against previous
studies reporting reduced oxygenation during haemodialysis
[26,27].

Oxygenation during dialysis has been previously assessed in
various ways and in various tissues. The data obtained in
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Variables measured during hemodialysis in healthy subjects and in patients with and without diabetes

Patients without diabetes (n = 10)

Patients with diabetes (n = 10)

Healthy subjects

Variable (n=22) TO T1 T2 T3 TO T1 T2 T3
Body weight 76.35 £ 73572 71.82¢ 69.62 = 68.21 = 92212+ 90.82¢ + 89.87 = 88.34 =
(kg) 18.34 18.96 17.80 18.76 19.51 21.05 25.13 21.01 22.98
Mean arterial 935t 95.2 £ 96.2 + 97.2 98.6 £ 99.1 = 98.4 £ 101.3 %
pressure (mmHg) - 111 9.2 7.2 10.9 185 11.0 134 11.6
[HbT] (umol/l) 54.18 44312 = 58.24 + 60.43 = 62.71 = 44172 = 60.32 + 63.820 + 73.83 =
19.69 19.71 18.67 17.52 18.32 18.61 21.10 24.32 35.40
[HHb] (umol/I) 20.44 = 22.692 + 31.37 32.83 35.92 + 21.862 30.34 32.75 = 35.84
9.85 16.10 17.82 18.43 19.23 10.34 11.32 11.28 14.07
[HbOQ] (umol/1) 33.74¢ = 21.62 = 26.87 = 27.60 = 26.79 = 22.312 29.98 + 31.07 37.99
1417 11.67 11.34 10.43 12.32 11.86 13.45 14.54 18.54
CtO, (ml O,/ 0.29¢ + 0.18 & 0.23 £ 0.20 = 0.21 % 0.192a £ 0.24 = 0.26° + 0.32 =
100 ml) 0.12 0.13 0.08 0.14 0.11 0.09 0.10 0.09 0.11
Microvascular 0.11e 0.1612 = 0.061¢ = 0.010 £ 0.006 = 0.2212 % 0.045 £ 0.019 % 0.013 =
compliance 0.12 0.110 0.041 0.010 0.001 0.140 0.051 0.015 0.010
(ml/mmHg/100 ml)
St02 (%) 62.3 & 515 % 50.3 £ 49.1 = 46.1 £ 491 = 479 48.7 = 50.3 =
7.3 21.4 19.9 22.9 21.3 16.6 134 12.8 12.3
mHF (umol/min/ - 1.81 % 1.74 = 252 + 1.64 = 1.76° 210 % 3.15 % 3.11 %
100 ml) 1.21 0.98 1.61 0.89 0.82 0.74 1.01 1.52
mBF (ml/min/ 4.01 = 3.12 % 3.121 % 433 = 2.83 3.024 + 3.76 = 542 5.03 £
100 ml) 1.98 2.12 1.55 2.75 1.54 1.78 1.32 1.78 2.41
mVO, (ml/min/ 0.23 = 0.34 = 0.35 0.42 + 0.36 = 0.29¢ + 0.41d + 0.72 £ 0.58 +
100 ml) 0.13 0.27 0.15 0.22 0.12 0.15 0.13 0.21 0.20

[HbT], total haemoglobin concentration; [HHb], deoxygenated haemoglobin concentration; [HbO,], oxygenated haemoglobin concentration; CtO,,
tissue oxygen content; StO,, tissue oxygen saturation; mHF, muscular haemoglobin flow; mBF, muscular blood flow; mVO,, muscle oxygen
consumption. Wilcoxon test: 2P <0.05 vs. beginning of the second hour (T1), beginning of the third hour (T2), beginning of the fourth hour (T3);
bP<0.05 vs. T3; P <0.05 vs. T2, T3; 9P <0.05 vs. T2. Mann—Whitney U test: P <0.05 vs. predialysis (TO) of patients with diabetes.

humans with transcutaneous partial pressure of oxygen
monitoring [27] show that oxygenation falls dramatically
during dialysis and remains low for at least 4 hours thereafter.
Previous studies also reported a 5 to 15% fall in the partial
pressure of oxygen in arterial blood within about 30 to
60 minutes after dialysis began that persisted throughout the
session [28]. The measurements of the oxygen tension could
be influenced by the acetate in the dialysis fluid, or by the
patients’ cardiopulmonary status [29], or by both. Although to
avoid arterial cannulation in patients attending the daycare
clinic we did not obtain serial measurements of the partial
pressure of oxygen in arterial blood, neither of these factors
influenced our results because our patients were dialyzed
with bicarbonate fluid and we excluded patients who had
signs of cardiac or respiratory failure. Furthermore, the
discrepancy between the oxygen tension measurements and
the Hb oxygenation rate measured by NIRS can be fully
explained considering that these variables reflect different
types of oxygenation differently affected by fluid removal.

The absence of differences between the studied variables in
the two groups of patients could depend on the small study
sample and the higher variability in patients without diabetes
than in those with diabetes. Unlike other studies, we
measured absolute skeletal muscle oxygenation during
dialysis non-invasively in patients at rest. Predialysis tissue
oxygen content HbO, and CtO, values were nevertheless
lower in patients with diabetes than in healthy subjects, and
dialysis for 1 hour was sufficient to annul the difference.

Previous data obtained with NIRS technology already docu-
ment higher Hb desaturation in patients with peripheral
vascular disease and diabetes during exercise [30]. In theory,
the reduced baseline skeletal muscle oxygenation (HbO,, StO,
and CtO,) we detected in patients with diabetes at rest could
be related to the microangiopathy typical of diabetes [31].

The reduced oxygenated Hb concentration shown in both
groups of patients could reflect the lower arteriolar and
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capillary vascular compared with the venular bed. These micro-
vascular changes reverse during haemodialysis (Table 4).

Even though StO, predialysis values were lower in patients
with diabetes than in healthy controls, haemodialysis left StO,
unchanged in both groups of patients studied. The absence of
changes in StO, despite marked changes in tissue [HbT],
[HHb] and [HbO,] - reflecting changes in the vascular bed,
blood flow and mVO,, - confirms that StO,, (percentage tissue
oxygenation) is not merely a variable indicating the balance
between blood flow and oxygen extraction. StO, depends
critically on the tissue vascular bed, whose volumes vary
substantially under healthy and pathological conditions [32].

Our NIRS findings also extend current knowledge on the in
vivo dialysis-induced changes in the skeletal muscle blood
flow. Ample research on systemic haemodynamics during
haemodialysis already shows, even in haemodynamically
stable subjects, a reduction in cardiac output and oxygen
supply, and indirectly an increase in systemic vascular resis-
tance [14]. These systemic changes led the investigators to
conclude that haemodialysis induces peripheral hypoper-
fusion [33].

Although we cannot compare our findings in patients with
diabetes and studies investigating other groups of patients,
the increased calf blood flow that NIRS documented in our
patients without diabetes seemingly contrast with micro-
neurographic data on the increased sympathetic activity [34].

A possible reason for this discrepancy is that dialysis
increases the [HHb] and [HbO,] variables, reflecting
changes in the numbers of capillaries, arteriovenous shunts,
postcapillary venules and, to a lesser extent, the arterioles
[35]. These vascular bed changes might in theory be
accompanied by increased neuronal sympathetic activity that
could leave overall local tissue blood flow unchanged.

Microvascular bed

A finding that extends current knowledge on the in vivo
effects of haemodialysis was that the volume and distribution
of the microvascular bed increased in both groups of dialyzed
patients. Our data corrected for vascular Hb changes
(Table 2) exclude the possibility that Hb concentrations
increase because dialysis removes excess fluid within
vessels, and suggest that dialysis removes body fluids
outside the vessels, thus reducing interstitial oedema [36],
and at the same time reduces external compression on the
microcirculation. Vasodilation could also arise from dialysis-
induced inflammation through complement factor activation
and vascular endothelial production of cytokines and
prostacyclin [37].

Another reason for vasodilation is that many of our subjects
were taking vasoactive drugs. Calcium antagonists, angio-
tensin-converting enzyme inhibitors, and a-antagonists might
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therefore have helped to amplify the response to dialysis-
induced fluid removal, especially given that patients taking
these agents were mostly diabetic individuals. Even though
we excluded patients who had a history of autonomic nervous
system dysfunction or experienced hypotensive episodes
during dialysis, we cannot exclude the possibility that the
abnormal vasodilation especially in patients with diabetes
depended on autonomic dysregulation. Neither autonomic
dysfunction nor medications nevertheless brought about a
reduction in arterial pressures that could have distinguished
between the two study groups.

Microvascular compliance

The mechanism through which haemodialysis reduced
microvascular compliance in our patients remains unclear. A
possible explanation is that it depends on microvascular
dilation, as we suggested in an earlier paper [10]. This
hypothesis agrees with the [HHb] increase we observed in
the present study presumably reflecting venous dilation
strong enough to reduce compliance. The role of dialysis
could be to reduce external compression on the micro-
vascular bed, thus allowing the bed to expand.

Muscle oxygen consumption

In our study we found no differences in mVO, before dialysis
either between the two groups of patients or between the
patients and healthy controls. The reduced number of muscle
fibres in patients with chronic renal failure [1] presumably
therefore has no effect on oxygen consumption in skeletal
muscle at rest. The absence of changes in mVO, agrees with
the unchanged baseline metabolism in patients undergoing
chronic dialysis [32,38].

Oxygen supply/consumption relationship

Even though haemodialysis increased tissue [HHb] and
reduced microvascular compliance in both groups of patients
studied, only in those patients with diabetes did dialysis lead
to increased blood flow, HbO,, CtO, and mVO,. The
increased blood flow was presumably due to the augmented
arteriolar and capillary bed. Because we studied patients at
rest, the increased oxygen availability was presumably not the
consequence but the cause of the increased muscle-tissue
metabolic rate.

Our NIRS findings on the tissue effects induced by
haemodialysis in patients with diabetes also provide useful
information on the relationship between oxygen consumption
and supply. An interesting finding was that even though dialysis
left StO, statistically unchanged, the increased cell metabolism
was correlated to the increase of blood supply. In our study, we
observed no changes in oxygen supply other than those related
to the dialytic therapy itself — showing that, in the skeletal
muscle of diabetic patients with chronic renal failure at rest,
dialysis reverses the mVO, limited by blood flow supply. Why
we found a relationship between blood flow and oxygen
consumption only in diabetic subjects remains to be clarified.



Although dialysis was not shown to modify cell metabolism in
patients without diabetes, the correlation between, on one
hand, the reduced microvascular compliance and, on the
other hand, the deoxygenated Hb tissue concentration and
the increased tissue oxygen consumption seems to confirm
the role of fluid removal during dialysis [39] as a factor
facilitating cell metabolism.

Limitations

Our study has several limitations. First, none of our patients
underwent specific testing to evaluate autonomic system
function. We nevertheless considered it sufficient for the
purposes of this study to exclude subjects who had clinical
signs of autonomic dysfunction.

Second, as other researchers have underlined, subcutaneous
fat interferes with NIRS signals [19]. Although most of the
diabetic patients we studied were heavier than the non-
diabetic subjects, the device we used in the previous study
uses a specific algorithm to correct for signal interference
normally caused by adipose tissue. As we previously
observed [40], this algorithm corrects the measured values
for interference from adipose tissue. Even though our patients
with diabetes were generally heavier than the patients without
diabetes and the healthy controls, we found no difference in
skinfold measures. They may nevertheless have had a higher
water content or more fat, or both, within skeletal muscle
[41].

A possible technical limitation is that the changes in the
microvascular bed we describe are indirectly derived from
changes in tissue Hb concentrations detected by NIRS.
Unfortunately, we cannot compare our results with those from
an in vivo reference technique measuring tissue Hb because
no such standard exists.

Finally, another possible limitation of the study is that the
small patient numbers might have prevented us from
detecting eventual differences (B error). Our strict enrolment
criteria nevertheless prevented us from enrolling a larger
number of patients during the 2-month enrolment period.

Conclusions

Our NIRS findings suggest that haemodialysis in subjects at
rest brings about major changes in skeletal muscle oxygena-
tion and blood flow, microvascular compliance and tissue
metabolic rate. These changes differ in patients without and
with diabetes. In both groups of patients, haemodialysis
induces changes in tissue Hb concentrations and micro-
vascular compliance. Conversely, in those patients with
diabetes, haemodialysis also alters tissue blood flow (mHF
and mBF), tissue oxygenation (CtO,, [HbO,]) and the
metabolic rate (mVO,).
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