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Abstract

Background: Increasing the blood flow rate (BFR) is a useful method for increasing Kt/V and the clearance for low
molecular solutes. Hemodialysis patients are often anemic due to hypoerythropoiesis and their chronic inflammatory
state. Hepcidin, a hormone that regulates iron homeostasis, is considered as an indicator of iron deficiency in patients
with end-stage renal disease. This study aimed to investigate the effects of an increased BFR during hemodialysis on
serum hepcidin levels and anemia.

Methods: Between April 2014 and March 2016, 22 chronic dialysis patients (11 men [50.0 %]; mean [± standard
deviation] age, 72 ± 12 years) undergoing maintenance hemodialysis treatment, thrice weekly, were enrolled and
followed prospectively for 24 months. In April 2014, the BFR was 200 mL/min; in April 2015 this was increased to 400
mL/min, which was within acceptable limits. The dialysate flow rate remained stable at; 500mlL/min. Blood samples
were collected in March 2015 and 2016. The primary endpoint was the comparison of the amounts of erythropoiesis-
stimulating agent (ESA) required.

Results: The increased BFR increased the Kt/V and contributed to significantly decreased urea nitrogen (UN) (p = 0.015)
and creatinine (Cr) (p = 0.005) levels. The dialysis efficiency was improved by increasing the BFR. Ferritin (p = 0.038),
hepcidin (p = 0.041) and high-sensitivity interleukin-6 (p = 0.038) levels were also significantly reduced. The ESA
administered was significantly reduced (p = 0.004) and the Erythropoietin Resistant Index (ERI) significantly improved
(p = 0.031). The reduction rates in UN (p < 0.001), Cr (p < 0.001), and beta-2 microglobulin (p = 0.017) levels were
significantly greater post the BFR increase compared to those prior to the BFR increase. However, hepcidin was not
affected by the BFR change.

Conclusions: Increasing BFR was associated with hemodialysis efficiency, and led to reduce inflammatory cytokine
interleukin-6, but did not contribute to reduce C-reactive protein. This reduced hepcidin levels, ESA dosage and ERI.
Hepcidin levels were significantly correlated with ferritin levels, and it remains to be seen whether reducing hepcidin
leads to improve ESA and iron availability during anemia management.
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Background
Appropriate dialysis management is essential in reducing
morbidity and mortality among patients on maintenance
hemodialysis (HD) [1]. For patients with end-stage renal
disease (ESRD), long-term HD can place a significant
burden on quality and duration of life [2]. Long-term
HD may result in treatment-related adverse effects such
as blood pressure fluctuations, muscle cramps, head-
aches, and vomiting. Additionally, cardiovascular disease
is the leading cause of death and is known to have worse
outcomes in HD patients than the general population
[3]. Therefore, optimizing the amount of dialysis deliv-
ered is an important consideration in high risk popula-
tions receiving burdensome treatments.
Blood flow rate (BFR) dose varies by region and facil-

ity. For example, HD patients in the USA achieve a
mean BFR greater than 400 mL/min compared with
BFRs that are typically less than 200 mL/min in Japan
[4]. A previous study reported increased urea clearance
with increased BFR when the dialysis machine, dialysis
membrane, and dialysate flow rate remained constant
[5]. Therefore, a lower BFR may result in insufficient
dialysis and exacerbate clinical outcomes for patients
with HD. However, there have been few studies on the
relationship between BFR and morbidity and mortality
in HD patients; thus, the optimal BFR remains unclear.
Hepcidin-25 (hepcidin) is a hepatocyte-derived small

peptide hormone that regulates iron homeostasis. The
hepcidin level is elevated by iron storage and inflamma-
tion, and conversely diminished in response to iron defi-
ciency, hypoxia, and enhanced erythropoiesis [6].
Anemia is one of the most common complications of
chronic kidney disease and ESRD, and is associated with
lower quality of life and higher mortality. Insufficient
production of erythropoietin and iron deficiency is the
main cause of anemia in maintenance HD patients. The
administration of erythropoiesis-stimulating agent (ESA)
has significantly improved the outcomes for renal
anemia. Hepcidin has been suggested as a tool for man-
aging iron therapy in HD patients on ESAs. However,
whether serum hepcidin may help clinicians in predict-
ing and monitoring iron therapy in maintenance HD pa-
tients remains debatable.
The aim of the current study was to investigate the ef-

fect of an increased BFR on anemia in long-term HD
patients.

Materials and methods
Study design and patients
This study was conducted in the National Hospital
Organization Yanai Medical Center from April 2014 and
March 2016. Overall, 22 maintenance HD patients were
recruited and followed prospectively for 24 months. Pa-
tients were included if they had: undergone HD thrice

weekly for at least 6 months and vascular access through
arteriovenous fistula or prosthesis. Patients were ex-
cluded if they had any of the following: liver disease, ma-
lignant tumors, active collagen disease, chronic
hemorrhage, and infection.

Patient management
All patients received HD using APS-15SA, 18EA, or 21SA,
high-flux dialyzers (ASAHIKASEI Medical). The endo-
toxin levels of dialysate were less than 0.001 EU/mL and
no bacteria were found either before or after increasing
BFR in purifying dialysate. The regular patient manage-
ment, including iron and ESA doses was performed ac-
cording to the 2008 Japanese Society for Dialysis Therapy
Guideline [7]. ESA and iron supplementation were admin-
istered via the venous line at the end of a dialysis session.
All patients had been receiving intravenous Epoetin Alfa
(Kissei Pharmaceutical Co., Ltd. Matsumoto City, Japan).
The ESA dose was adjusted to achieve the target
hemoglobin within the range of 10.0–12.0 g/dL according
to the recommendations of the guidelines[7]. When
hemoglobin decreased to < 10 g/dL, serum TSAT to <
20% and ferritin levels to < 100 ng, iron was supple-
mented by a 40 mg dose of saccharated ferric oxide (Fesin;
Nichiiko Pharmaceutical, Toyama City, Japan). Blood was
collected and evaluated at the beginning of the week
before dialysis, and if necessary, iron and ESA were ad-
ministered after dialysis. All enrolled patients were admin-
istered at least one intravenous injection of iron during
the study period. Patients were anticoagulated during dia-
lysis with 2,500-3,500 IU intravenous unfractionated hepa-
rins. The maximum blood flow in HD patients was
changed to 400 mL/min within the acceptable range
across the facility; no other changes were made to the HD
prescriptions.

Data collection
Baseline demographic findings including age, sex, height,
weight, causes of ESRD, and therapeutic characteristics
were retrieved from the hospital database and reviewed.
Blood samples were collected at the start and end of
each dialysis session, spaced 2 days apart from the previ-
ous dialysis session, before increasing the participants
BFR. They were again collected 1 year after the BFR was
increased. Red blood cell (RBC), hemoglobin (Hb),
hematocrit (Hct), albumin, total cholesterol, serum urea
nitrogen (UN), and creatinine (Cr) levels were deter-
mined from the blood samples. Total, free, and acylcar-
nitine were measured using an enzyme cycling assay.
Beta-2microglobulin (b2MG) was measured using the
latex agglutination method. Iron, ferritin, iron binding
capacity, and transferrin were measured using the Nitro-
so-PSAP. Transferrin saturation (TAST) was calculated
as the serum iron/total iron binding capacity.
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Immunoglobulin and the cluster of differentiation
(CD)4/CD8 were also tested (Bio-Medical Laboratories,
Inc. Tokyo, Japan). Measurements of natural killer (NK)
cell activity, soluble interleukin-2 receptor (sIL-2R), and
trace elements were obtained as previously reported [8].
Serum hepcidin-25 was determined using liquid
chromatography-tandem mass spectrometry (Medical
Care Proteomics Biotechnology, Co., Ltd. Kahoku-gun,
Japan). Single-pool Kt/V was performed monthly accord-
ing to the methods reported by Daugirdas et al. [9]. The
hepcidin, UN, Cr, and b2MG reduction ratios were cal-
culated as (the value at the start of dialysis − the value at
the end of dialysis) / the value at the start of dialysis.
The erythropoietin resistance index (ERI) was defined as
the weekly ESA dose weight-adjusted divided by the Hb
level [10]. ERIs were calculated in March both in 2015
and 2016.

Statistical analysis
Continuous variables were expressed as means and
standard deviations (SDs) and were compared using
Mann-Whitney U tests. Categorical variables were
expressed as numbers and proportions and were com-
pared using Fisher’s exact tests. Statistical analyses were
performed using JMP Pro (version 14; SAS Institute,
Cary, NC, USA). P-values < 0.05 were considered statisti-
cally significant.

Results
The 22 patients (11 men, 50.0 %) were included. The
mean age (± SD) was 72 ± 12 years and the mean (± SD)
time on dialysis was 16.5 ± 12.2 years. Eleven (50.0 %),
seven (31.8 %), and four (18.2 %) patients had diabetes
mellitus, hypertension, and chronic glomerulonephritis,
respectively.
As shown in Table 1, the mean (± SD) BFR following

the BFR increase was significantly higher than that prior
to the BFR increase (362 ± 34 vs. 200 mL/min; p <
0.001). After increasing the BFR without changing the
treatment time, Kt/V was significantly higher in post the
BFR increase, but there was no significant difference in
dry weight. There were no significant differences in
RBC, Hb, Hct, albumin, and total cholesterol levels pre
and post the BFR increase. The UN and Cr levels were
not significantly different in pre and post the BFR in-
crease (conventional vs. increased was 45.1 ± 11.3 vs.
47.2 ± 14.8; p = 0.511 and 7.1 ± 2.9 vs. 6.4 ± 2.7; p = 0.432,
respectively). Selenium was significantly increased, but
no significant differences were found for other trace ele-
ments. There were no differences in iron, total iron
binding capacity, unsaturated iron binding capacity, and
TSAT levels. The ferritin level was significantly lower;
additionally, the ESA dose, ERI, and Hepcidin were sig-
nificantly reduced after increasing the BFR. Monthly

changes in RBC, Hb, and Hct levels and ESA doses are
shown in Supplementary Figure 1.
Regarding the immunological and inflammatory

makers, IL-6 was significantly lower after increasing BFR
(p = 0.038). In contrast, NK cell activity, sIL-2R, CD4/8
ratio, and immunoglobulin did not change pre and post
the BFR increase (Table 2).
As shown in Table 1, there was no difference between

pre and post the BFR increase in UN, Cr, and b2MG be-
fore dialysis, but all decreased significantly after dialysis
with increased BFR. Thus, as shown in Fig. 1, the reduc-
tion rates of post the BFR increase in the UN (80.4 ± 5.6

Table 1 Comparison the two groups between conventional
BFR and increased BFR

Conventional BFR Increased BFR p-value

BFR, mL/min 200 362 ± 34 < 0.001

Kt/V 1.5 ± 0.3 2.0 ± 0.4 < 0.001

Treatment time, hrs 3.9 ± 0.3 4.1 ± 0.3 0.798

BMI, kg/m2 18.7 ± 3.5 19.4 ± 3.4 0.385

Dry weight, kg 47.4 ± 13.1 49.3 ± 13.1 0.605

RBC x103/mL 331 ± 33 325 ± 41 0.631

Hb, g/dL 10.4 ± 1.0 10.2 ± 1.0 0.589

Hct, % 31.1 ± 2.5 31.1 ± 3.2 0.897

Alb, g/dL 3.3 ± 0.5 3.2 ± 0.4 0.383

T. Chol, mg/dL 153 ± 31 162 ± 32 0.347

UN, mg/dL 45.1 ± 11.3 47.2 ± 14.8 0.511

Creatinine, mg/dL 7.1 ± 2.9 6.4 ± 2.7 0.432

b2MG 28.8 ± 4.5 25.6 ± 4.9 0.076

Copper, mg/dL 95 ± 20 85 ± 29 0.207

Zinc, mg/dL 49 ± 7 53 ± 12 0.532

Selenium, mg/L 60 ± 9 73 ± 14 0.005

Fe, mg/dL 52 ± 22 50 ± 22 0.488

Ferritin, ng/mL 188 ± 152 127 ± 114 0.038

TIBC, mg/dL 205 ± 55 215 ± 64 0.725

UIBC, mg/dL 149 ± 53 165 ± 68 0.411

TSAT, % 27.8 ± 11.8 24.5 ± 11.4 0.438

Total Carnitine, mmol/L 59.1 ± 54.3 31.8 ± 8.9 0.291

Free Carnitine, mmol/L 37.6 ± 34.4 19.7 ± 5.9 0.231

Acylcarnitine, mmol/L 21.4 ± 20.8 12.1 ± 3.7 0.526

nPCR 0.68 ± 0.11 0.76 ± 0.17 0.086

%CGR 69.1 ± 25.5 69.6 ± 31.1 0.922

Hepcidin, ng/mL 77.8 ± 83.1 46.7 ± 68.7 0.041

ESA, dose/Week 6875 ± 2720 4187 ± 2289 0.004

ERI, dose/kg/g/dL/W 14.9 ± 7.9 9.3 ± 5.7 0.031

CRP, mg/dL 0.55 ± 0.59 0.46 ± 0.71 0.185

Alb albumin, BFR blood flow rate, b2MG b2microglobulin, BMI body mass
index, CGR creatinine generation rate, CRP C-reactive protein, Hb hemoglobin,
Hct hematocrit, nPCR normalized protein catabolic rate, RBC red blood cell, T.
Chol total cholesterol, TAST Transferrin saturation UN urea nitrogen
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vs. 71.9 ± 6.5, p < 0.001), Cr (74.7 ± 5.7 vs. 65.9 ± 5.9, p <
0.001), and b2MG (68.5 ± 14.8 vs. 63.2 ± 10.1, p = 0.017)
levels were significantly greater than those of pre the
BFR increase. Small molecules that were assessed to de-
termine dialysis efficiency, such as Kt/V, UN, and Cr,
improved significantly after the BFR increase. However,
there was no difference pre and post the BFR increase
for hepcidin (38.1 ± 12.3 vs. 42.9 ± 11.7, p = 0.211).

The correlation between hepcidin and laboratory variables
is shown in Table 3. No correlation was found between hep-
cidin and RBC, Hb, and Hct. Hepcidin was significantly posi-
tively correlated with ferritin. Hepcidin did not correlate with
ESA and ERI, nor with CRP and IL-6.

Discussion
We found that increased BFR significantly reduced the
UN, Cr, ferritin, IL-6 and hepcidin levels in HD patients
included in this study. It also significantly reduced the
ERI and the ESA required. The reduction rate in UN,
Cr, and b2MG were significantly increased following the
BFR increase; however, there was no significant differ-
ence for hepcidin.
Kt/V is well known as a commonly used marker for

dialysis adequacy [1]. The 2015 Kidney Disease Out-
comes Quality Initiative Guidelines recommended that
per one dialysis session, Kt/V should be targeted at a
minimum of 1.2, however, this is usually at least 1.4.
Additionally, these sessions should be conducted thrice
weekly. Kt/V can be adjusted according to dialyzer effi-
ciency, treatment time, dialysis frequency, dialysate flow
rate, and blood flow rate [11]. Based on the analyses
from the Dialysis Outcomes and Practice Patterns Study
(DOPPS), Kt/V is relatively low in Japan compared to
that in other countries [12]. This is due to the fact that

Table 2 Comparison the two groups between conventional
BFR and increased BFR on immunological and inflammatory
parameters

Conventional BFR Increased BFR p-value

NK cell activity

E/T ratio10:1, % 10.2 ± 8.1 13.0 ± 8.0 0.171

E/T ratio20:1, % 16.9 ± 12.5 22.1 ± 12.1 0.106

IL-6, pg/mL 13.8 ± 2.5 4.9 ± 2.6 0.038

sIL-2R, U/mL 1376 ± 1122 1349 ± 552 0.269

CD4/8 ratio 2.3 ± 3.6 1.6 ± 0.9 0.744

IgG, mg/dL 1442 (512–2500) 1484 (842–2680) 0.702

IgA, mg/dL 210 (60–479) 265 (95–580) 0.275

IgM, mg/dL 58 (22–149) 69 (27–147) 0.245

CD cluster of differentiation, E/T ratio effector cells/target cells ratio, Ig
immunoglobulin, IL-6 interleukin-6, NK cell natural killer cell, sIL-2R soluble
interleukin-2 receptor

Fig. 1 Comparison of reduction rate in UN, Cr, b2MG, and Hepcidin between the conventional and increased BFR groupsThe black bar represents
conventional BFR, while the white bar represents increased BFR
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the treatment time in Japan is nearly the same as that in
other countries; however, the blood flow is quite low.
The BFR is one of the most important factors in deter-

mining an appropriate Kt/V [13]. The DOPPS showed
that the BFR varies depending on country [14]; thus, the
optimal BFR is unclear. The impact of BFR on survival
has been controversial. Urea removal is characterized by
fitting mathematical kinetic models; its maintenance
level has been reported to be an important factor associ-
ated with complications and deaths in dialysis patients.
In order to increase the efficiency of urea removal, it is
believed that increasing the BFR is effective [15]. In our
study, the UN and Cr clearances were better at higher
flow rates. Despite the Japan DOPPS suggesting that a
higher BFR may reduce the risk of death, Japanese dialy-
sis clinical practitioners are concerned about the in-
creased cardiovascular burden caused by an increase in
BFR and thus ensured that the BFR levels were lower.
However, with BFR at 400–500 mL/min, there was nei-
ther increase in blood flow access nor were there acute
changes in cardiac function or blood pressure [16, 17].
In fact, high-efficiency dialysis with a BFR greater than
450 mL/min did not increase the risk of death [18] and
there was no increase in cardiac-related death in the
high-dialysis group in the HEMO study in which a
higher BFR was used [19]. It is considered that low BFR
helps maintain high rates of AVF patency and is appro-
priate for the smaller Japanese body size, which may ex-
plain the longer survival observed when compared to
other countries [12]. On the contrary, another study
showed that increased BFR was important for the opti-
mal dialysis dose; an insufficient dialysis dose is associ-
ated with increased mortality [20].
Hepcidin inhibits absorption via its ability to bind to

ferroportin-1, which exports the cellular iron in entero-
cytes. In macrophages, a similar process inhibits the

release of iron recycled from erythrophagocytosis [21].
Elevated hepcidin alleviates iron overload by decreasing
iron absorption and increasing sequestration within the
reticuloendothelial system under the condition of iron
repletion [21]. Hepcidin synthesis is rapidly increased by
both increased iron stores and inflammation, whereas it
is decreased in iron deficiency and ineffective erythro-
poiesis [6]. IL-6 was higher in the conventional BFR
group, thus indicating a more advanced inflammatory
state than in the increased BFR group. The inflammatory
cytokines, such as IL-6 induce hepcidin secretion [22].
In addition, hepcidin is cleared by filtration in the kid-
neys; decreased kidney function is the likely factor con-
tributing to the rise in serum hepcidin levels. Indeed, an
inverse correlation between glomerular filtration rate
and serum hepcidin has been reported [23]. When the
BFR was increased, the urea clearance increased, thus in-
creasing the reduction rate of UN and Cr. In contrast,
there was no difference in the reduction rate of hepcidin
pre and post HD due to differences in the blood flow. A
previous pilot study also found no significant difference
in hepcidin clearance following dialysis [24]. The im-
provement of uremia that occured with increased BFR
may have reduced pre-HD hepcidin by decreasing in-
flammation or improving erythropoiesis.
Similar to previous studies[25–27], hepcidin was sig-

nificantly correlated with ferritin levels. Ferritin is a cel-
lular iron storage molecule, the concentration of which
reflects a combination of iron storage status and inflam-
mation[28]. Ferritin levels were significantly higher post
the BFR increase compared to pre, but the decrease in
IL-6 did not correlate with hepcidin and CRP was not
significantly decreased. Furthermore, the failure to meas-
ure erythroferrone, a potent suppressor of hepcidin ex-
pression, in this study cannot explain the potential
inhibition of hepcidin. Further research is required to
determine whether higher ferritin levels cause an in-
crease in hepcidin or whether an increase in hepcidin
contributes to an increase in ferritin.
The main cause of renal anemia is attributed to the

lack of erythropoietin due to kidney injury. Another
major determinant is the chronic inflammatory state,
where cytokines further reduce erythropoietin produc-
tion, induce apoptosis of erythroid precursors, and also
decrease the absorption and availability of iron for
erythropoiesis [29]. The result is a “functional” iron defi-
ciency, and even with seemingly increased body iron
stores, 10–20 % of cases will present with erythropoietin
resistance, such as a lack of response to erythropoietin.
In the present study, there was no difference in RBC, Hb
or Hct levels pre and post the BFR increase. Regarding
iron availability, there was no difference in Fe, TIBC,
and TSAT pre and post the BFR increase; however, fer-
ritin levels were lower after the BFR increase. The ERI

Table 3 Pearson’s correlation of hepcidin level with laboratory
parameters

Peason’s coeffcient p-value

RBC x103/mL 0.224 0.332

Hb, g/dL 0.138 0.799

Hct, % 0.141 0.443

Fe, mg/dL 0.231 0.255

Ferritin, ng/mL 0.569 < 0.001

TSAT, % 0.236 0.241

ESA, dose/Week 0.125 0.497

ERI, dose/kg/g/dL/W 0.211 0.644

CRP, mg/dL 0.151 0.137

IL-6, pg/mL 0.156 0.448

CRP C-reactive protein, ERI Erythropoietin Resistant Index, ESA erythropoiesis-
stimulating agent, Hb hemoglobin, Hct hematocrit, IL-6 interleukin-6, RBC red
blood cell, TAST Transferrin saturation
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was also low and there was improvement in erythropoi-
etin resistance. Adequate dialysis achieved by excluding
small, medium, and large molecules that inhibit erythro-
poiesis is of paramount importance to correct for
anemia; increasing the reduction rate in UN has also
been shown to increase Hct [30]. As shown in Fig. 1, we
found that increasing the BFR increased the reduction
rate in UN and made Hct comparable to that requiring
higher erythropoietin doses.
There was a significant increase in selenium levels post

the increase in the BFR. The cause of selenium defi-
ciency in HD patients is a low protein dietary intake. In
general, protein intake is restricted to prevent renal dys-
function as a result of excessive protein [31]. In HD pa-
tients, the question is whether selenium is lost from the
dialyzer. In a previous study, the selenium concentra-
tions measured at the inlet and outlet of the dialyzer
were exactly the same [32], and therefore the involve-
ment of adsorption on the membrane of the dialyzer and
filtration from the dialyzer in selenium loss is negative.
In addition, the relationship between the inflammatory
status and decreased selenium level has been pointed
out [33], and it is speculated that the improvement in
the inflammatory status due to the increased BFR con-
tributed to the elevated selenium level. In the aforemen-
tioned study by Koenig et al. [32], compared to
individuals with normal renal functionality, HD patients
had lower serum selenium levels and the selenium-
containing enzyme glutathione peroxidase (GPx) was
also significantly lower. Additionally, plasma levels of
malondialdehyde, an index of lipid peroxidation, were
higher in HD patients. GPx is thought to exert antioxi-
dant effects by reducing hydrogen peroxide and
phospholipid peroxides, acting as a protective factor
against a wide range of oxidative stresses [34]. Although
there was no difference in nPCR values pre and post the
BFR increase, the decrease in ESA dosage may have been
due to the antioxidant effect of elevated selenium levels.
We speculate that this in turn stabilized the RBC mem-
branes and prolonged the RBC life.
The present study has some limitations which merit

mentioning here. First, the sample size was small, the
study was conducted at single center, and the cohort
consisted of Japanese patients only. Thus, it is uncertain
whether our results can be generalized to other ethnic
groups, especially considering the fact that the rate of
AVF is high among Japanese patients. Second, although
our study was a prospective observational study, patients
were not randomly allocated. Future multicenter studies
with larger sample sizes are warranted to infer the ef-
fects of high BFR and the variability in hepcidin levels in
dialysis patients. Third, the suppression of hepcidin in
this study suggests that erythroferrone was potentially
elevated, but erythroferrone could not be measured at

this time. Further experiments, including measurements
of circulating levels of erythroferrone in HD patients,
will be needed to determine its exact contribution to the
pathophysiology of general anemia.

Conclusions
An increased BFR contributed to a significant reduction
in inflammatory cytokine IL-6, but not in CRP. In
addition, it reduced hepcidin levels, ESA dosage and
ERI. Hepcidin levels were significantly correlated with
ferritin levels, and it remains to be seen whether redu-
cing hepcidin leads to improve ESA and iron availability
during anemia management.
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