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Abstract

Background: Hemodialysis (HD) patients frequently suffer from severe anemia caused by
various hemorrhagic disorders in addition to renal anemia. Intradialytic blood transfusion is
sometimes performed; however, the cerebral oxygenation changes associated with this pro-
cedure remain unclear. Methods: Sixteen HD patients with severe anemia who required intra-
dialytic blood transfusion were included (12 men and 4 women; mean age, 64.8 + 9.8 years).
Cerebral regional oxygen saturation (rSO,) was monitored using near-infrared spectroscopy,
and cerebral fractional oxygen extraction (FOE) was calculated before and after HD. Twenty-
five HD patients with well-maintained hemoglobin (Hb) levels were included as a control
group. Results: Cerebral rSO, values were significantly lower in HD patients with severe ane-
mia than in the control group (42.4 + 9.9 vs. 52.5 + 8.5%, p = 0.001). Following intradialytic
blood transfusion (385 + 140 mL of concentrated red blood cells), Hb levels significantly in-
creased (from 7.2 £ 09 to 9.1 + 1.1 g/dL, p < 0.001), and cerebral rSO, values significantly
improved after HD (from 42.4 + 9.9 t0 46.3 + 9.0%, p < 0.001). Cerebral FOE values before HD
in patients with severe anemia were significantly higher than those in the control group (se-
vere anemia, 0.56 + 0.10; controls, 0.45 + 0.08; p < 0.001). After HD with intradialytic blood
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transfusion, these values significantly decreased (0.52 + 0.09 after HD versus 0.56 + 0.10 be-
fore HD, p = 0.002). Conclusion: HD patients with severe anemia represented cerebral oxygen
metabolism deterioration, which could be significantly improved by intradialytic blood trans-

fusion. © 2017 The Author(s)
Published by S. Karger AG, Basel

Introduction

Renal anemia is one of the usual complications in patients with advanced chronic kidney
disease, including those on hemodialysis (HD). In the United States in 1989 and in Japan in
1990, the use of erythropoiesis-stimulating agents in clinical settings was approved, which
dramatically improved hemoglobin (Hb) levels in patients with advanced chronic kidney
disease and on HD. With erythropoiesis-stimulating agent administration inducing an Hb
increase, the necessity for blood transfusion has been reduced [1]. Despite this, HD patients
frequently suffer from severe anemia caused by various hemorrhagic disorders [2]; therefore,
intradialytic blood transfusion is sometimes performed to improve Hb levels in HD patients
with severe anemia. Recently, near-infrared spectroscopy (NIRS) has been used to measure
regional oxygen saturation (rSO;), which is a real-time tissue oxygenation marker [3-5]. In
particular, cerebral rSO, values were significantly lower in HD patients than in healthy
controls [6, 7], and the Hb increase induced by ultrafiltration during HD did not lead to
improvement of cerebral rSO; values [7, 8]. However, to date, few reports have examined the
association between intradialytic blood transfusion and cerebral oxygenation; therefore,
changesin cerebral oxygenation associated with intradialytic blood transfusion in HD patients
with severe anemia remain unclear. In this study, we focused on the cerebral oxygenation of
HD patients with severe anemia, and to confirm the effect of intradialytic blood transfusion
on cerebral oxygenation, we compared the changes in cerebral rSO; and fractional oxygen
extraction (FOE) values [9, 10] before and after HD between severe anemic HD patients with
intradialytic blood transfusion and ultrafiltration, and not just anemic HD patients with only
ultrafiltration as a control group.

Subjects and Methods

In this study, we included patients with severe anemia undergoing HD who met the
following criteria: (1) patients with end-stage renal disease receiving intermittent HD,
(2) severe anemic patients requiring blood transfusion, which was caused by hemorrhagic
disorders, including gastrointestinal bleeding or operation-related anemia, in addition to
renal anemia, and (3) patients who received intradialytic blood transfusion to improve severe
anemia out of necessity as determined by a medical practitioner. Furthermore, HD patients
with well-maintained Hb levels who met the following criteria were included and assigned to
the control group: (1) patients who had started HD at least 3 months prior, (2) patients with
end-stage renal disease receiving intermittent HD, and (3) patients with Hb levels >10 g/dL
before HD. The exclusion criteriaincluded severe cardiovascular disease, including congestive
heart failure with massive pleural effusion or any uncontrolled chronic condition, severe
cerebrovascular disease, cognitive impairment, and lung disease with shortness of breath at
rest. Figure 1 shows a flowchart of patient enrollment and analysis.

The HD patients with severe anemia who underwent intradialytic blood transfusion
consisted of 16 subjects (12 men and 4 women; mean age, 64.8 + 9.8 years; mean HD dura-
tion, 4.3 * 6.9 years). Their causes of chronic renal failure were type 2 diabetes mellitus
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Assessed for eligibility
(n=70)

Excluded (n = 29)
Did not meet the inclusion criteria (n = 27)
Lack of data (n = 2)

Y

Y

Agreed to participate

(n =41)
Included in HD patients Included in control group
with severe anemia (n = 25)

(n = 16)

Fig. 1. Flowchart of patient enrollment and analysis. HD, hemodialysis.

(7 patients), nephrosclerosis (4 patients), chronic glomerulonephritis (1 patient), and others
(4 patients). In addition, their causes of severe anemia were gastrointestinal bleeding
(5 patients), renal anemia (4 patients), operation-related anemia (2 patients), inflammation-
related anemia (2 patients), and other hemorrhagic disorders (3 patients). The control group
consisted of 25 HD patients who did not undergo intradialytic blood transfusion (18 men
and 7 women; mean age, 67.2 + 9.5 years; mean HD duration, 4.6 * 4.4 years). Their causes
of chronic renal failure were type 2 diabetes mellitus (16 patients), nephrosclerosis
(2 patients), chronic glomerulonephritis (5 patients), and others (2 patients). Each patient
received maintenance HD 2 or 3 times per week, with each HD session lasting >3 h. The HD
dialysate was composed of 140 mEq/L Na*, 2.0 mEq/L K*, 110.0 mEq/L CI-, 3.0 mEq/L Ca?*,
1.0 mEq/L Mg?*, 30 mEq/L HCO3", and 100 mg/dL glucose. Dialysate purification was eval-
uated as recommended in the Japanese Society for Dialysis Therapy guidelines [11]. The
bacteria count and endotoxin concentrations in the dialysate in this study were <0.1 CFU/
mL and <0.001 EU/mL, respectively. The patients’ general baseline characteristics are
summarized in Table 1. There were no significant differences in comorbidities, including
cardiovascular and cerebrovascular diseases, between the control group and HD patients
with severe anemia. Furthermore, there were no significant differences in dry weight, ultra-
filtration rate, and HD time between the 2 groups. The dose of erythropoiesis-stimulating
agent was significantly higher in the HD patients with severe anemia than in the control
group, whereas there was no difference in number of patients receiving iron administration
between the 2 groups. All patients gave informed consent to participate in this study, which
was approved by the Institutional Review Board of Saitama Medical Center, Jichi Medical
University, Japan (RIN 14-114). The study also conformed to the provisions of the Decla-
ration of Helsinki (as revised in Tokyo in 2004).

Patients’ Baseline Characteristics and Clinical Laboratory Measurements

We collected the patients’ baseline characteristics and other relevant data from their
medical charts. The primary disease underlying the dialysis requirement, cardiovascular
disease, and cerebrovascular disease were included from the medical records in our hospital.
The causes of anemia were confirmed from the medical records and attending doctors.
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Table 1. Comparison of the baseline characteristics between the control group and HD patients with severe
anemia

Controls HD patients with p value
severe anemia

Patients 25 16
Sex (male/female) 18/7 12/4 0.881
Age, years 67.249.5 64.8+9.8 0.435
HD duration, years 4.6x4.4 4.3+6.9 0.868
Primary disease

Diabetic nephropathy 16 7 0.120

Nephrosclerosis 2 4

Chronic glomerulonephritis 5 1

Others 2 4
Comorbidities

Cardiovascular disease 8 (32.0%) 8 (50.0%) 0.410

Cerebrovascular disease 10 (40.0%) 3 (18.8%) 0.279
HD

Dry weight, kg 56.8+12.4 58.3+£8.6 0.686

Ultrafiltration, mL/h 550+201 502+237 0.484

HD time, h 3.8+0.4 3.7+0.4 0.410
Causes of anemia

Gastrointestinal bleeding 5

Renal anemia 4

Operation-related anemia 2

Inflammation-related anemia 2

Other hemorrhagic disorders 3
Erythropoiesis-stimulating agent, IU/week 4,560+3,343 10,188+6,537 <0.001
Iron administration (yes/no) 3/22 2/14 0.962
Blood transfusion volume, mL 385+140

Values are presented as n, n (%), or mean * standard deviation. HD, hemodialysis.

Blood pressure and heart rate were measured with patients in the supine position before
and after the HD sessions. In addition to ultrafiltration rate and HD time confirmation in all
HD patients, intradialytic blood transfusion volume was confirmed in all HD patients with
severe anemia. Blood samples were obtained at ambient temperature from the arteriovenous
fistula of each patient before and after HD. Blood gas analysis, including arterial oxygen satu-
ration (Sa0,), was performed using the RAPIDLab 1265 blood gas analyzer (Siemens Health-
ineers, Tokyo, Japan).

Monitoring of Cerebral Oxygenation

Cerebral rSO, was monitored at the forehead using the INVOS 5100C monitor (Covidien,
Tokyo, Japan), which is based on the NIRS technology. This instrument uses a light-emitting
diode which transmits near-infrared light at 2 wavelengths (735 and 810 nm), and 2 silicon
photodiodes which act as light detectors. Results are read as a single numerical value that
represents rSO, [12, 13]. All data obtained by this instrument were immediately and auto-
matically stored in sequence. Interobserver variance for this instrument, i.e., the reproduc-
ibility of the rSO, measurements, is acceptable, as reported previously [14]. Therefore, rSO,
is considered reliable in estimating actual cerebral oxygenation levels.

Before HD, each patient rested in the supine position for >10 min. Next, measurement
sensors were attached to the patient’s forehead in the resting state. Thereafter, rSO, was
measured for 5 min before HD, and we evaluated the mean rSO, value for 5 min as a cerebral
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Table 2. Differences in the clinical parameters before HD between the control group (n = 25) and HD patients
with severe anemia (n = 16)

Clinical parameters Controls HD patients with p value
severe anemia

Systolic BP, mm Hg 143+19 13322 0.125
Diastolic BP, mm Hg 73+14 71+14 0.621
Heart rate, bpm 70+11 81+14 <0.001
Hb, g/dL 10.9+0.7 7.2+0.9 <0.001
pH 7.36£0.05 7.39+0.06 0.159
pO,, mm Hg 8214 91+17 0.112
Oxygen saturation, % 95.6£2.5 95.9£2.0 0.702
Sodium, mEq/L 137+3 136+3 0.112
Potassium, mEq/L 4.6x0.8 4.3%1.0 0.393
BUN, mg/dL 56%16 6233 0.446
Cr, mg/dL 8.8+2.2 7.1+2.2 0.019
Plasma glucose, mg/dL 16255 148+43 0.387
Serum osmolality, mOsm/kgxH,0 304+10 301+12 0.541
Total protein, g/dL 6.3+0.4 5.7+£0.7 <0.001
Albumin, g/dL 3.6x0.4 2.7x0.5 <0.001
C-reactive protein, mg/dL 0.8+£2.0 6.5+11.2 0.019
Transferrin saturation, % 27£20 29£31 0.784
Serum ferritin, ng/mL 85+55 3234510 0.065

Values are presented as mean * standard deviation. BP, blood pressure; BUN, blood urea nitrogen; Hb,
hemoglobin; HD, hemodialysis; pO,, partial pressure of oxygen.

oxygenation marker. In addition, we measured rSO, values for 5 min after HD to confirm the
change in cerebral rSO, values after blood transfusion during HD. Furthermore, based on
each cerebral rSO; measurement, we calculated the cerebral FOE in each group before and
after HD by using the following equation [9, 10]:

cerebral FOE = (Sa0, - cerebral rSO;) / Sa0,.

This variable reflects the balance between oxygen delivery and consumption; therefore,
cerebral FOE changes before and after HD would reflect the changes in cerebral oxygen
metabolism, which might be affected by the HD therapy itself or other factors, such as intra-
dialytic blood transfusion.

Statistical Analysis

Data were expressed as mean + standard deviation. The x? test was used to assess the
associations among the patients’ baseline variables. The Student t test for paired or unpaired
values was used in comparing the 2 groups. The comparison of clinical parameters, including
cerebral rSO,, before and after HD was performed as matched pairs, resulting in a sufficient
statistical power - 0.85 in HD patients with severe anemia and 0.97 in the control group -,
although the statistical power in the comparison between the 2 groups as unpaired was 0.68,
which was relatively low. All analyses were performed using IBM SPSS Statistics for Windows,
version 19.0. A difference of p < 0.05 was considered significant.
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Results

There was a significant difference in Hb levels before HD between the control group and
HD patients with severe anemia (10.9 + 0.7 and 7.2 £ 0.9 g/dL, p < 0.001; Table 2). In addition,
there were significant differences in other clinical parameters (heart rate, serum creatinine,
serum total protein concentration, serum albumin concentration, and C-reactive protein)
between the 2 groups. Furthermore, cerebral rSO, values before HD were significantly lower
in HD patients with severe anemia than in the control group (controls, 52.5 * 8.5%; HD
patients with severe anemia, 42.4 + 9.9%; p = 0.001 vs. controls; Fig. 2).
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Table 3. Comparison of cerebral fractional oxygen extraction before and after HD between the control group
and HD patients with severe anemia

Cerebral fractional oxygen extraction

before HD after HD p value
Controls (n = 25) 0.45+0.08 0.46+0.09 0.377
HD patients with severe anemia (n = 16) 0.56+0.10 0.52+0.09 0.002
p value <0.001 0.043

Values are presented as mean # standard deviation. HD, hemodialysis.

Intradialytic blood transfusion (385 + 140 mL of concentrated red blood cells) was
performed in patients undergoing HD with severe anemia in this study. Hb levels in HD
patients with severe anemia significantly increased from 7.2 £ 0.9 to 9.1 + 1.1 g/dL after HD
(p<0.001; Fig. 3a).Inaddition, cerebral rSO; values significantly improved after HD compared
to those before HD (from 42.4 + 9.9 to 46.3 £ 9.0%, p < 0.001; Fig. 3b), whereas in the control
group, cerebral rSO, values did not change (from 52.5 + 8.5 to 52.3 + 8.9%, p = 0.436), with
no significant Hb level changes before and after HD (from 10.9 + 0.7 to 11.1 + 1.1 g/dL, p =
0.296). Next, cerebral FOE values, which were calculated based on Sa0;, and cerebral rSO,
results, were compared before and after HD between the control group and HD patients with
severe anemia (Table 3). In the control group, cerebral FOE values did not significantly change
(from 0.45 + 0.08 to 0.46 + 0.09, p = 0.377); however, the values in HD patients with severe
anemia significantly decreased after HD with intradialytic blood transfusion (from 0.56 *
0.10 to 0.52 = 0.09, p = 0.002). Furthermore, cerebral FOE values in HD patients with severe
anemia were significantly higher than those in the control group both before and after HD
(p < 0.001 before and p = 0.043 after HD vs. controls).

Discussion

In this single-center observational study, we focused on the cerebral oxygenation of HD
patients with severe anemia and confirmed the cerebral oxygenation change associated with
intradialytic blood transfusion. The Hb levels in the included HD patients with severe anemia
were extremely low compared to the target range recommended for renal anemia
management, which is from 10 to 12 g/dL [15]. In general, Hb itself carries oxygen to the
systemic tissue; therefore, the anemia could be a plausible cause of cerebral rSO, deterio-
ration via the systemic oxygen supply decrease, including that to the brain. Indeed, in this
study, cerebral rSO, values were significantly lower in HD patients with severe anemia than
in those without severe anemia. Recently, Hb levels were reported to significantly correlate
with cerebral oxygen saturation in a simple linear regression analysis in the field of pedi-
atrics, intensive care medicine, and HD [6, 16, 17], and cerebral oxygen saturation was lower
in patients with anemia than in those without anemia (with anemia: Hb levels 8.7 + 2.3 g/dL,
cerebral rSO; 50 * 11%; without anemia: Hb levels 12.3 + 4.2 g/dL, cerebral rSO; 66 + 8%)
[18]. Therefore, as expected, Hb levels would be one of the important factors associated with
cerebral oxygenation in anemic patients with or without HD. In addition to the cerebral
oxygen supply decrease induced by severe anemia, the significant decrease in serum albumin
concentration in HD patients with severe anemia might be associated with the cerebral rSO,
reduction in this study. Colloid osmotic pressure is one of the important factors maintaining
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a systemic microcirculation (including that in the brain), and serum albumin concentration
mainly constitutes the formation of colloid osmotic pressure [19]. In HD patients with well-
maintained Hb levels, cerebral rSO, was independently and positively associated with serum
albumin concentration [6]. Therefore, a serum albumin decrease might lead to cerebral
rSO; reduction via a decrease in colloid osmotic pressure and cerebral microcirculation
impairment.

Furthermore, several previous studies reported thatblood transfusion improved cerebral
oxygenation [10, 16, 18]; however, few investigated the relationship between intradialytic
blood transfusion and cerebral oxygenation in HD patients. Thus, cerebral oxygenation
improvement from intradialytic blood transfusion in this study was consistent with the
results of those previous reports. Furthermore, even after intradialytic blood transfusion, Hb
levels in the HD patients with severe anemia included in this study were significantly lower
than in the control group (p < 0.001), and cerebral rSO; levels in HD patients with severe
anemia were also significantly lower than in the control group (p = 0.043). Therefore, in a
clinical setting, we should make an effort to improve anemic conditions as soon as possible in
HD patients with severe anemia. On the other hand, there were no changes in cerebral rSO,
in HD patients without intradialytic blood transfusion before and after HD. This might be
explained by the absence of differences in Hb levels before and after HD; however, it was
recently reported that cerebral oxygenation did notimprove even with the significantincrease
in Hb levels induced by ultrafiltration during HD [7, 8]. Regarding the differences in changes
in cerebral oxygenation between Hb increases by intradialytic blood transfusion and those
by ultrafiltration during HD, the reasons might be explained by the changes in hematocrit-to-
viscosity ratios [20] during HD. However, in this study, plasma viscosity was not measured;
therefore, we cannot conclude an association between its ratio and changes in cerebral
oxygenation.

In HD patients with severe anemia, cerebral oxygen supply decrease results in cerebral
hypoxia with insufficient cerebral blood flow; therefore, cerebral FOE increases as a compen-
sation to maintain cerebral oxygen metabolism even under severe anemia [16, 21]. The
cerebral FOE values in the control group of a previous study were around 0.3 using the NIRS
technology [9] and 0.4 using positron emission tomography [21]. In the present study, the
cerebral FOE values in HD patients without intradialytic blood transfusion (control group)
were relatively high compared to those in the previous reports [9, 21], and these values signif-
icantly increased further in those with severe anemia. Furthermore, cerebral FOE after HD
significantly decreased with the Hb increase caused by intradialytic blood transfusion. It was
previously reported that Hb levels negatively and significantly correlated with cerebral FOE
values [9, 16] and significantly decreased to the normal range after blood transfusion [18]. In
the present study, in addition to cerebral rSO,, cerebral FOE values remained high, at around
0.45-0.5, even in the control group and in HD patients after intradialytic blood transfusion;
therefore,weshould payattentiontotheimbalancebetween oxygendeliveryand consumption,
particularly to oxygen delivery reduction, in all HD patients, even those with values within
the target range of renal anemia management.

This study has several limitations. First, the sample size was small; thus, a large sample
size is needed for the comparison of clinical parameters between severe anemic HD patients
with intradialytic blood transfusion and controls, because the statistical power was relatively
low. Second, cerebral oxygenation before the deterioration of Hb levels could notbe measured,
particularly in HD patients with severe anemia. Therefore, we cannot confirm the changes in
cerebral oxygenation from well-maintained Hb levels to severe anemia. Furthermore, clinical
parameters reflecting cerebral function could not be confirmed before and after intradialytic
transfusion, so we cannot comment on the changes in these parameters throughout intradia-
lytic blood transfusion in this study. Finally, HD therapy includes fluid and uremic substance
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removal; therefore, we cannot conclude that cerebral oxygenation improvement depended
exclusively on intradialytic blood transfusion in this study. Further studies are needed to
verify the associations between cerebral oxygenation and intradialytic blood transfusion in
HD patients with severe anemia.

In conclusion, HD patients with severe anemia represented cerebral oxygen metabolism
deterioration, which could be significantly improved by intradialytic blood transfusion.
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