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Abstract 

Background:  Enhanced oxidative stress is involved with fatigue in hemodialysis (HD) patients. Molecular hydrogen 
(H2) could improve the redox status. Thus, the study examines whether HD solution rendered by electrolyzed water 
containing H2 (E-HD) could impact the fatigue and autonomic balance of patients.

Methods:  This single-arm, prospective observational study examined 95 patients on chronic HD (54 males; mean 
age and HD duration; 71.4 years and 10.6 years). Fatigue status on HD and HD-free days was compared between 
control HD (CHD) and 8 weeks after commencement of E-HD, using a visual analog scale (VAS) and an original scale. 
Autonomic balance was analyzed with the degree of activities of the sympathetic and parasympathetic nervous 
system via frequency analysis of a continuous beat interval.

Results:  Patients were classified into three groups according to the presence of subjective fatigue during the period 
of CHD: Group A (40.0%), fatigue only on HD days; Group B (11.6%), presence of fatigue on both HD and HD-free 
days; and Group C (48.4%), freedom from fatigue. During the 8-week observation period of E-HD, VAS scores were 
significantly decreased on HD days in Group A, while Group B showed no significant changes in VAS on HD days, but 
significant decreases on HD-free days. No consistent changes were found in Group C. Significant increases in percent-
ages of patients who reported absence of fatigue were seen in Group A on HD days and in Group B on HD-free days 
in week 8. Regarding changes in autonomic balance parameters after E-HD commencement, a positive correlation 
was identified between changes in VAS and autonomic balance in Group A.

Conclusion:  E-HD may ameliorate fatigue in patients with subjective symptoms on HD and HD-free days. The influ-
ence of autonomic balance by E-HD and its impact on fatigue needs to be elucidated.
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Introduction
Fatigue is one of the most serious problems encountered 
by patients receiving chronic dialysis. Fatigue among 
those patients is closely related to low quality of life 
(QOL) [1–3] and constitutes an independent risk factor 
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for patient survival [4–6]. Amelioration of fatigue in dial-
ysis patients is thus a crucial issue. Multiple background 
factors affect the presence of fatigue, including medical 
factors (such as aging, anemia, malnutrition, inflamma-
tion, and comorbidities) and psychosocial factors (such 
as working status, socioeconomic status, and depres-
sion) [1, 7–12]. Various approaches have been trialed to 
address fatigue among dialysis patients, including use of 
erythropoietin-stimulating agents, supplementation with 
carnitine, exercise during dialysis, and intensive, short 
daily or nocturnal dialysis sessions [13–17]. However, 
clinically effective measures to suppress fatigue have not 
been established.

Bio-incompatibility of the dialysis system could be 
involved in the development of fatigue through the 
mechanism of enhanced oxidative stress during hemo-
dialysis (HD) [18, 19]. In patients with cancer, enhanced 
oxidative stress via mechanisms such as reactive oxygen 
species, activation of the sympathetic nervous system, 
and disturbance of the balance between the sympathetic 
and parasympathetic nervous systems can result in 
fatigue development [20]. Changes in autonomic balance 
are commonly seen in dialysis patients [21]. This may 
indicate a causative relationship among oxidative stress, 
autonomic imbalance, and development of fatigue in HD 
patients.

An HD system employing electrolyzed water contain-
ing molecular hydrogen (H2) (E-HD system) has been 
developed to improve the biocompatibility of HD [22–
26]. Oxidative stress is reportedly ameliorated using the 

E-HD, such as an increase in the reduced/oxidized serum 
albumin ratio from a single HD session [27, 28], along 
with amelioration of fatigue in chronic HD patients [29]. 
The aim of the present study was thus to examine the 
influence of the E-HD system on fatigue and its associa-
tion with autonomic balance.

Materials and methods
Patients
Participants comprised patients on regular dialysis ther-
apy who were treated at Inoue Hospital (Osaka, Japan) 
between October 2019 and May 2020. All patients had 
been receiving standard HD (n = 62) or online hemo-
diafiltration (HDF) (pre-dilution; n = 33) regularly three 
times a week for 4–5 h/session, using a high-performance 
membrane dialyzer. As of the end of November 2019, 
E-HD was introduced for all patients and was provided 
regularly thereafter.

Patient characteristics are shown in Table  1. The 95 
patients (54 males and 45 females) had a mean age of 
71.4  years, and mean duration of HD was 10.6  years. 
Twenty-nine patients (30.5%) had diabetes, and 19 
patients (20.0%) had a history of cardiovascular disease.

Informed consent was obtained from all participants, 
and the study protocol was fully approved by the Eth-
ics Review Committee at St Luke’s International Hos-
pital (approval date: June 19, 2019; research number: 
18-RZ013). All methods were performed in accordance 
with the relevant guidelines and regulations.

Table 1  Patients demographics

HD hemodialysis, OLHDF online hemodiafiltration, DM diabetes mellitus, SBP systolic blood pressure, DBP diastolic blood pressure, UF ultrafiltration, NS not significant

Group-A HD-responsive 
type

Group-B chronic type Group-C fatigue-free 
type

P

N 38 (40.0%) 11 (11.6%) 46 (48.4%)

Age (years) 71.2 ± 8.8 66.9 ± 11.4 72.7 ± 9.8 NS

Male (%) 19 (50.0%) 5 (45.5%) 30 (65.2%) NS

HD vintage (years) 11.4 ± 10.1 19.4 ± 12.6 7.8 ± 7.8 0.001

A versus C: 0.001

B versus C: 0.045

Modality (HD/OLHDF) 22/16 9/2 31/15 NS

Presence of DM 9 (23.7%) 2 (18.2%) 18 (39.1%) NS

Body weight (kg) 54.8 ± 13.8 50.4 ± 11.5 55.3 ± 10.8 NS

SBP and DBP (mmHg) before HD 137 ± 20 142 ± 38 141 ± 25 NS

73 ± 13 75 ± 19 76 ± 16 NS

UF volume/session (kg) 2.6 ± 0.8 2.0 ± 0.8 2.3 ± 0.8 NS

History CVD 5 (13.2%) 4 (36.4%) 10 (21.7%)

Creatinine (mg/dL) 9.5 ± 2.0 8.6 ± 1.5 9.6 ± 2.2 NS

Hemoglobin (g/dL) 11.1 ± 1.2 11.4 ± 0.7 11.3 ± 1.2 NS

Albumin (g/dL) 3.41 ± 0.26 3.25 ± 0.34 3.42 ± 0.32 NS
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Assessments of fatigue
Patient fatigue was evaluated using both a visual analog 
scale (VAS) and our own original fatigue scale [29, 30] 
(Fig. 1). All questionnaires were provided in written for-
mat. The VAS is a unidimensional scale with the left end 
anchored to “no tiredness at all (0)” and the right end to 
“complete exhaustion (10).” Our original fatigue scale is 
a four-grade self-evaluation by the patient: Grade 1, no 
fatigue, patient acts in the ordinary way without any 
sense of fatigue; Grade 2, mild fatigue, patient acts in the 
ordinary way, but feels tired; Grade 3, moderate fatigue, 
patient feels tired even with light work; and Grade 4, 
intense fatigue, patient feels very tired and falls asleep.

Assessments of fatigue were performed by all patients 
at four time points: during HD within 2  weeks before 
commencement of E-HD (control HD [CHD] phase) and 
at 2 weeks, 4 weeks, and 8 weeks after commencing E-HD 
(E-HD phase). Assessments of fatigue were made on both 
HD day and HD-free day of the HD day at randomly 
selected at the week in both the CHD and E-HD phases. 
Cutoff VAS scores for the presence of substantial fatigue 
were based on analysis of the receiver operating char-
acteristic (ROC) curve, in which fatigue with decreased 
activities of daily living was defined as Grade ≥ 3 on our 
original fatigue  scale.

Assessment of autonomic functions
The autonomic nervous system function of participants 
was used as an objective measure of fatigue using the 
Fatigue Stress Measurement System (VM500; Fatigue 
Science Laboratory, Osaka, Japan) [31]. The VM500 
is an autonomic nerve function measurement device 
that simultaneously measures pulse waves and electro-
cardiographic waveforms. In this test, heart rate vari-
ability in the resting state was recorded for 90 s under 
post-HD conditions. Heart rate measurements show-
ing a > 10% rate of misdetection of R waves among total 
beats were considered unreliable and discarded from 
analysis. Regarding autonomic nerve function meas-
urement, for the power spectral density gained via 
frequency analysis of a continuous beat interval, the 
integration of low-frequency (LF) components from the 
0.04- to 0.15-Hz frequency band generally represents 
the degree of sympathetic nervous system activity. The 
integration of high-frequency (HF) components of the 
0.15- to 0.4-Hz band generally represents the degree 
of activity of the parasympathetic nervous system. The 
LF/HF ratio thus represents the balance between sym-
pathetic and parasympathetic nervous system activity.

Fig. 1  Questionnaire on fatigue employed in the study
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Overview of the E‑HD system [32]
Briefly, E-HD solutions were prepared as follows: Tap 
water was supplied to the electrolyzed water-hemodial-
ysis system (Trim Medical Institute Co., Osaka, Japan), 
where water was processed using activated charcoal fil-
tration and water softening and then electrolyzed by 
direct current supply to the anode and cathode electrode 
plates. Water on the anode side was drained, and water 
from the cathode side (electrolyzed water) was collected 
to supply the reverse osmosis module. The intensity of 
electrolysis was adjusted to the target H2 concentration. 
Reverse osmosis water containing H2 produced by the 
electrolyzed water-hemodialysis system was supplied to 
prepare the HD solution. The composition of the inflow 
E-HD solution was the same as the CHD solution, with 
the exception of the presence of dissolved H2 in the 
E-HD, with no differences in terms of electrolyte levels 
or pH [24, 25, 27]. H2 levels in dialysate were within the 
range of 120–163 ppb.

Analysis
Variables are expressed as mean ± standard deviation 
(SD) or median (min, max), as appropriate. Statistical 
significance was set at the level of p < 0.05. On multivari-
ate analysis, several confounding factors reported to be 
associated with fatigue in dialyzed patients, including 
age, sex, dialysis duration, blood pressure before dialysis, 
ultrafiltration volume (UV) by HD, hemoglobin (Hb), and 
serum albumin, were included. Comparisons between 
groups were performed using the paired t-test and non-
parametric Wilcoxon paired rank test. Time courses were 
analyzed using repeated-measures analysis of variance 
and the Bonferroni procedure for multiple comparisons. 
All statistical analyses were performed using SPSS, ver-
sion 22.0 (STATA Corporation, College Station, TX, 
USA).

Results
According to the ROC for the presence of substantial 
fatigue (defined as Grade ≥ 3 on our original fatigue scale) 
on the HD day in the CHD phase, we defined patients 
with VAS ≥ 4 as presenting with fatigue (the cutoff level 
of VAS: 4.2; sensitivity: 90.3%; specificity: 71.9%; Fig. 2). 
As a result, 38 patients (40.0%; Group A) were defined as 
HD-responsive type (presence of fatigue on HD day and 
absence of fatigue on HD-free day), 11 patients (11.6%; 
Group B) as chronic type (presence of fatigue on both 
HD and HD-free days); and 46 patients (48.4%: Group C) 
as fatigue-free type (absence of fatigue on both HD and 
HD-free days). No significant differences in patient pro-
files were seen among the three groups, except for longer 
dialysis vintage in Group B (Table  1). We examined the 
possible contributing factors for the VAS score and the 

presence of fatigue (VAS ≥ 4) at baseline data. In multiple 
regression analysis (stepwise method), HD vintage and 
male gender were identified as significant factors for the 
basal VAS score (HD vintage: R = 0.341, p = 0.002; male: 
R =  −0.258, p = 0.019, respectively) after adjusting for 
the possible confounding factors, such as age, albumin, 
hemoglobin, and LF/HF. In multiple logistic regression 
analysis, only male gender was identified as a significant 
factor for the basal absence of fatigue (VAS ≥ 4) (OR: 
3.067; 95% CI 1.186–7.933, p = 0.021) after adjusting for 
the possible confounding factors, such as age, albumin, 
hemoglobin, and LF/HF.

During the 8-week observation periods, Group A 
showed a significant decrease in VAS scores as a func-
tion of treatment time on the HD day, while Group B 
showed a significant decrease in VAS scores as a func-
tion of treatment time on the HD-free day (Fig. 3). Pri-
marily significant differences in VAS scores were evident 
between Group A/B and Group C on HD days and 
between Groups B and C on HD-free days during the 
8-week course. With respect to patient-reported out-
comes using our original fatigue scale at 8 weeks, signifi-
cant increases in the number of patients who reported 
absence of fatigue were seen in Group A on the HD day 
and in Group B on the HD-free day, as compared with 
the CHD phase (p < 0.05 each) (Table 2).

Regarding autonomic balance, data were avail-
able in 68 cases among 95 patients (28 in Group A, 
7 in Group B, and 33 in Group C) who agreed to the 
examinations. No significant changes in logLF, logHF, 

Fig. 2  ROC curve. Receiver operating characteristic (ROC) curve of 
visual analog scale for the presence of fatigue with Grade ≥ 3 on 
original fatigue scale
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log(LF + HF), or LF/HF were apparent between CHD 
and E-HD phases in each group (Table 3). Changes in 
VAS and LF/HF between CHD and E-HD phases were 
calculated as: Δ = value in E-HD phase (8w)—value in 

CHD phase. A mild but significant positive correla-
tion was seen between ΔVAS and ΔLF/HF in Group A 
(r = 0.403, p < 0.05) (Fig. 4).

Fig. 3  Serial changes in visual analog scale scores for fatigue on dialysis day (a) and dialysis-free day (b). *p < 0.05 versus Pre; **p < 0.01 versus Pre 
VAS on HD day (mean ± SD), Group-A: 6.0 ± 1.4 (pre), 5.2 ± 2.2 (2w), 4.3 ± 2.8 (4w), 4.2 ± 2.7 (8w); Group-B: 7.2 ± 1.6 (pre), 6.4 ± 1.2 (2w), 6.3 ± 1.9 
(4w), 5.0 ± 3.0 (8w); Group-C: 1.4 ± 1.5 (pre), 3.2 ± 2.5 (2w), 2.5 ± 2.2 (4w), 2.2 ± 2.4 (8w). Comparisons, pre: A versus C; B versus C: p < 0.001, 
respectively; 2w: A versus C: p = 0.001, B versus C: p < 0.001; 4w: A versus C: p = 0.002, B versus C: p < 0.001; 8w: A versus C: p = 0.003, B versus C: 
p = 0.006. VAS on HD-free day (mean ± SD), Group-A: 1.3 ± 1.0 (pre), 2.5 ± 1.9 (2w), 1.8 ± 2.1 (4w), 1.1 ± 1.4 (8w); Group-B: 5.7 ± 1.6 (pre), 3.6 ± 1.9 
(2w), 3.4 ± 2.3 (4w), 1.7 ± 2.1 (8w); Group-C: 0.4 ± 0.7 (pre), 2.1 ± 1.9 (2w), 1.0 ± 1.1 (4w), 0.6 ± 1.0 (8w). Comparisons, pre: A versus C; A versus B; B 
versus C: p < 0.001, respectively; 2w: NS; 4w: B versus C: p < 0.001, A versus B: p = 0.034; 8w: B versus C: p = 0.040

Table 2  Changes of fatigue grade on HD day and HD-free day in respective groups

Group: fatigue grade HD day HD-free day

Pre N (%) 8w p value Pre N (%) 8w p value

A:1 (none) 4 (10.5) 11 (28.9)  < 0.05 31 (81.6) 30 (78.9) NS

A:2 (mild) 16 (42.1) 13 (34.2) 6 (15.8) 8 (21.1)

A:3 (moderate) 14 (36.8) 9 (23.7) 1 (2.6) 0 (0.0)

A:4 (intense) 4 (10.5) 5 (13.2) 0 (0.0) 0 (0.0)

B:1 (none) 0 (0.0) 0 (0.0) NS 0 (0.0) 8 (72.7)  < 0.05

B:2 (mild) 1 (9.1) 1 (9.1) 4 (36.4) 3 (27.3)

B:3 (moderate) 3 (27.3) 6 (54.5) 6 (54.5) 0 (0.0)

B:4 (intense) 7 (63.6) 4 (36.4) 1 (9.1) 0 (0.0)

C:1 (none) 31 (67.4) 33 (73.3) NS 41 (91.3) 40 (88.9) NS

C:2 (mild) 12 (26.1) 7 (15.6) 3 (8.7) 4 (8.9)

C:3 (moderate) 3 (6.5) 4 (8.9) 0 (0.0) 1 (2.2)

C:4 (intense) 0 (0.0) 1 (2.2) 0 (0.0) 0 (0.0)
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Discussion
Fatigue is one of the most prevalent subjective symptoms 
among dialysis patients, reported in 40–80% [1, 2], and 
is associated with decreased QOL in patients. However, 
with respect to the degree of daily and weekly fluctua-
tions in fatigue among HD patients, exact data remain 
lacking, although fatigue time has been examined [33, 
34]. In the present study, we administered the question-
naire regarding the degree of fatigue on both HD and 
HD-free days separately. In terms of fatigue presenta-
tion, patients were classified into three groups: Group A 
(40.0%), presence of fatigue only on the HD day; Group-
B (11.6%), presence of fatigue on both HD and HD-free 
days; and Group C (48.6%), freedom from fatigue. Thus, 
two types of fatigue symptoms exist, as reported else-
where [35–37]. One is fatigue that develops with HD and 
subsides thereafter and has commonly disappeared by 
the day after HD (HD-responsive type), and the other is 
fatigue that exists continuously irrespective of HD per-
formance (chronic type). In the present study, 77.5% of 
fatigue patients were classified into the former type and 
the remaining 22.5% into the latter type. While various 
factors associated with fatigue in dialysis patients have 
been identified, HD vintage was the only different back-
ground characteristic in the chronic type (Group B) in 
the present study. In analysis of contributing factors for 

fatigue, HD vintage and gender difference were identi-
fied. The pathological roles of these factors for fatigue are 
unknown. Regarding the causal possibility, we speculate 
that long-term HD vintage along with aging of patients 
may be associated with frailty, malnutrition, and depres-
sive state, which could develop chronic fatigue. But this 
remains to be elucidated. Regarding the impact of female 
gender, there were several studies which pointed out 
female as risk of dialysis-related fatigue [38]. Since no sig-
nificant differences were found in serum albumin, hemo-
globin, blood pressure, or body weight in the study, the 
present results underlined the potential issue of psycho-
logical/mental factors in dialysis patients [12], which we 
think needs to be clarified, especially with respect to gen-
der differences.

Regarding the influence of E-HD on fatigue in patients 
during the 8-week observation period, VAS scores were 
significantly decreased on HD day in Group A, while no 
significant changes in VAS were seen on HD-free day. 
Conversely, significant decreases in VAS were found on 
HD-free day in Group B. We have recently reported that 
HD-responsive fatigue is related to the enhancement 
of oxidative stress during HD, and E-HD could amelio-
rate the degree of fatigue as well as oxidative stress [32]. 
The present results, specifically regarding the signifi-
cant decrease in VAS scores for Group A, support the 

Table 3  Comparisons of autonomic balance between control and E-HD phase in respective groups

N All patients Group-A Group-B Group-C

68 28 7 33

pre 8w p pre 8w p pre 8w p pre 8w p

Log (HF) 1.94 ± 0.80 2.03 ± 0.74 0.412 1.99 ± 0.77 2.08 ± 0.78 0.620 2.00 ± 0.97 1.51 ± 0.67 0.175 1.89 ± 0.82 2.09 ± 0.70 0.132

Log (LF) 1.74 ± 0.74 1.75 ± 0.80 0.916 1.72 ± 0.73 1.81 ± 0.83 0.566 1.82 ± 0.92 1.25 ± 0.77 0.166 1.74 ± 0.75 1.81 ± 0.77 0.631

Log (HF + LF) 2.22 ± 0.73 2.27 ± 0.71 0.558 2.26 ± 0.69 2.33 ± 0.74 0.660 2.24 ± 0.94 1.80 ± 0.62 0.162 2.18 ± 0.74 2.33 ± 0.67 0.243

LF/HF 1.17 ± 1.38 1.05 ± 1.50 0.582 1.22 ± 1.63 1.12 ± 1.78 0.789 0.79 ± 0.47 1.27 ± 1.57 0.520 1.21 ± 1.30 0.95 ± 1.25 0.359

LogLF/LogHF 0.94 ± 0.34 0.87 ± 0.35 0.173 0.90 ± 0.32 0.88 ± 0.36 0.717 0.92 ± 0.11 0.83 ± 0.54 0.713 0.97 ± 0.39 0.87 ± 0.29 0.183

Fig. 4  Correlations between changes in autonomic balance and visual analog scale of fatigue
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interpretation of previous findings. On the other hand, 
the present data did not confirm clinical benefits of E-HD 
in patients who presented with chronic fatigue (Group 
B). Taking together the observations that VAS tended to 
decrease on HD day and VAS was significantly decreased 
on HD-free day, we suppose that the enhanced oxida-
tive stress could, at least in part, be involved with the 
development of fatigue. Further long-term observations 
are needed to reach definitive conclusions regarding the 
effects of E-HD in this clinical type.

In non-HD subjects, the balance of sympathetic and 
para-sympathetic nervous system activities, as LF/HF 
ratio, could provide a clinical indicator of fatigue status 
[39]. That is, the higher the ratio, the higher the degree 
of fatigue. Although LF/HF is lower in HD patients than 
in healthy non-HD cases, autonomic nervous imbal-
ances in chronic HD patients are reported to be closely 
related to lower QOL and lower performance status, 
indicating potential associations of autonomic imbalance 
with fatigue [40]. We therefore examined autonomic bal-
ance in the CHD phase and in the 8th week of the E-HD 
phase. No significant changes were noted in autonomic 
balance parameters in any groups. Interestingly, however, 
a positive correlation was identified between change in 
VAS and LF/HF ratio after E-HD in Group A, indicating 
a possible causative relationship between change in auto-
nomic balance and change in fatigue for HD-responsive 
cases. Bio-incompatibility represents the bio-reaction 
between dialysis materials and peripheral blood, and 
myeloperoxidase release during HD could play a crucial 
role in the development of oxidative stress by HD [41]. 
Reactive oxygen species activate sympathetic activities 
in brain, leading to imbalances in autonomic function 
status [42]. E-HD could ameliorate such oxidative stress 
during HD and might thus influence autonomic balance. 
This speculation needs to be verified in a large number of 
patients as a next step.

Several limitations to the present study need to be kept 
in mind. First, the study was an observational study with 
a single-arm, non-blinded, and lacked a control group. 
In order to give concrete conclusion, it is apparent that 
we need randomized controlled study, with blinded style. 
Second, we classified patients into three groups accord-
ing to a cutoff VAS of ≥ 4 to reflect the presence of sub-
stantial fatigue based on patient reports from our original 
scale. We have previously confirmed a positive correla-
tion between results from this scale and other scales, 
such as VAS and fatigue scale [30]. The scale has not been 
fully validated, but the proposed fatigue scale from the 
SONG-Fatigue group is defined as the absence of fatigue 
according to patient-reported outcomes [3], quite similar 
to our original scale. Third, autonomic function testing 
was not performed in all patients. Those patients who 

were consented to undergo testing after finishing regu-
lar dialysis were examined. Various kinds of patient bias 
could not be excluded. Fourth, the number of patients in 
Group B was too small to reach conclusions on changes 
to autonomic balance. To reach conclusions on the pre-
cise effects of E-HD, randomized controlled study needs 
to be undertaken in future.

Finally, as to the current status of E-HD penetration 
in Japan, it is estimated that the number of patients who 
are regularly treated by this system has exceeded 2000 as 
of April 2021 in Japan (personal communications). Until 
now, we have not experienced or received reports of any 
adverse events which might have connected with the 
E-HD. Therefore, we think E-HD could be safety applica-
ble in the daily clinical practice. At present situation, cost 
of implementing E-HD system is higher than that of the 
standard RO system. But we hope that the reduced cost 
would be achieved through the process of E-HD becom-
ing popular as a standard system in Japan in near future.

Conclusion
The present results show that E-HD could substantially 
ameliorate fatigue in HD patients who present with sub-
jective symptoms on HD and/or HD-free days, and could 
benefit from improvements in patient QOL. The influ-
ence of autonomic balance by E-HD and its impact on 
fatigue needs to be elucidated.
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