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Diagnostic accuracy and clinical usefulness
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the improvement of anaemia in patients
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Abstract

Background: The improvement of anaemia over time by erythropoiesis stimulating agent (ESA) is associated with
better survival in haemodialysis patients. We previously reported that erythrocyte creatine content, a marker of eryth-
ropoietic capacity, was a reliable marker to estimate the effectiveness of ESA. The aim of this study was to examine the
accuracy and clinical usefulness of erythrocyte creatine content to predict the improvement of anaemia in haemodi-
alysis patients.

Methods: ESA dose was fixed 3 months prior to the enrollment and was maintained throughout the study period.
Erythrocyte creatine content and haematologic indices were measured at baseline in 92 patients receiving main-
tenance haemodialysis. Haemoglobin was also measured 3 months after. Improvement of anaemia was defined
as> 0.8 g/dL change in haemoglobin from baseline to 3 months.

Results: Erythrocyte creatine content was significantly higher in 32 patients with improvement of anaemia com-
pared to 60 patients with no improvement of anaemia (247 £0.74 vs. 1.57 £0.49 umol/gHb, P=0.0001). When 9
variables (erythrocyte creatine content, ESA dose, reticulocyte, haptoglobin, haemoglobin at baseline, serum calcium,
intact parathyroid hormone, transferrin saturation and serum ferritin) were used in the multivariate logistic regression
analysis, erythrocyte creatine emerged as the most important variable associated with the improvement of anaemia
(P=0.0001). The optimal cut-off point of erythrocyte creatine content to detect the improvement of anaemia was
1.78 umol/gHb (Area under the curve: 0.86). Sensitivity and specificity of erythrocyte creatine content to detect the
improvement of anaemia were 90.6% and 83.3%.

Conclusion: Erythrocyte creatine content is a reliable marker to predict the improvement of anaemia 3 months
ahead in patients receiving maintenance haemodialysis.

Keywords: Erythrocyte creatine content, Erythropoiesis stimulating agent, Erythropoietin resistance, Haemodialysis,
Renal anaemia

Background

Anaemia, mainly due to insufficient production of eryth-
ropoietin, is a common complication in patients with
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(ESA), a potent haematopoietic growth factor, is used to
predict the improvement of anaemia in patients receiv-
ing maintenance haemodialysis [2—-5]. Most studies have
examined the association between baseline haemoglobin
value and subsequent survival [6-8], but haemoglobin
may change drastically over time due to the changes in
ESA dose and/or intravenous iron dose. Therefore, lon-
gitudinal measurement of haemoglobin rather than one
point is reported to provide more accurate information
in patients receiving maintenance haemodialysis [9].
Young erythrocytes contain substantially higher creatine
levels than older erythrocytes and creatine contents in
erythrocytes decrease gradually with advancing cell age
[10-12]. Accelerated red cell production, which lead to
an increase in the young erythrocytes results in red cells
containing higher erythrocyte creatine levels and hence,
erythrocyte creatine level reflects average or cumulative
erythropoiesis [13—19]. In patients with normal eryth-
ropoietic capacity such as intravascular haemolysis and
haemolytic anaemia, red cell production is accelerated
in proportion to the amount of erythrocyte destruction,
which lead to an increase in the young erythrocytes with
higher erythrocyte creatine levels [13—17]. In contrast,
renal anaemia is mainly caused by decreased erythro-
poietic capacity due to inadequate erythropoietin pro-
duction [20-25]. Therefore, the erythrocyte creatine
content is regarded as an index of erythropoiesis rather
than average erythrocyte age in haemodialysis patients
receiving ESA treatment with renal anaemia [17-19]. We
previously reported that erythrocyte creatine content, a
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marker of erythropoietic capacity, is reliable to estimate
the effectiveness of ESA in haemodialysis patients [26].
However, optimal cut-off point of erythrocyte creatine
content to predict the improvement of anaemia was not
established. Accordingly, the aim of this study was to
derermine diagnostic accuracy and clinical usefulness
of erythrocyte creatine content to predict the improve-
ment of anaemia in patients receiving maintenace
haemodialysis.

Methods

Study patients

We assessed patients aged>20 years who had been
receiving maintenance haemodialysis 3 times a week for
at least 6 months in the Dialysis Unit at Takarazuka Hos-
pital or at Kansai Medical University Hospital. All of our
outpatients on haemodialysis were maintaining quality of
life and took ordinary dialysis-diet with no extra creatine
supplementation. None of our patients were vegetarians.
The exclusion criteria were as follows: bleeding event
within 3 months, infection requiring parenteral antibi-
otics, mechanical heart valves, concurrent malignancy,
haemolytic disease or blood transfusion within 3 months.

Study protocol

Study protocol is shown in Fig. 1. ESA treatment was
fixed for a duration of 3 months prior to the enrollment
and was maintained throughout the study period. Base-
line blood examination including erythrocyte creatine
content and other laboratory examination (haemoglobin,

Study Protocol

3 months prior

Enrollment
Baseline

3 months after

3 months

3 months

ESA dose maintained

I# Change in haemoglobin PI
Measurement
Haemoglobin
Erythrocyte creatine content
Iron parameters
Intact parathyroid hormone
C-reactive protein

Fig. 1 Study protocol The dose of erythropoiesis stimulating agent (ESA) was fixed 3 months prior to the enrollment and was maintained
throughout 6 months period. Laboratory tests were performed at baseline and haemoglobin was measured 3 months later

Measurement
Haemoglobin
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reticulocyte, haptoglobin, transferrin saturation, ferri-
tin, intact parathyroid hormone, serum calcium, serum
phosphorus, serum albumin and C-reactive protein) were
performed. Intravenous iron treatment with 40 mg ferric
saccharate 3 times a week was administered at the end of
each haemodialysis session and was followed by 100 mg
of oral iron supplements in patients with absolute iron
deficiency, defined as transferrin saturation<20% and
serum ferritin<100 ng/ml [27]. Anaemia was defined
as haemoglobin<10 g/dL at baseline according to the
Guidelines of Japanese Society for Dialysis therapy [27,
28] and improvement of anaemia was defined as>0.8 g/
dL change in haemoglobin from baseline to 3 months [9].
Patients were divided into 2 groups; Group 1:> 0.8 g/dL
change in haemoglobin from baseline to 3 months and
Group 2:<0.8 g/dL change in haemoglobin. This study
protocol was reviewed and approved by Takarazuka Hos-
pital ethical committees for human research, approval
number (No. 2022002). All the patients provided written
informed consent and the investigation conformed to the
principles outlined in the Declaration of Helsinki.

Haemodialysis

All patients were dialysed for 4.0-8.0 h, using a single-
use dialyser: cellulose FB, Nipro Corporation, Osaka,
Japan), poly-sulfone, (PN, Nikkiso Co., Ltd., Tokyo,
Japan), polyethersulfone (PES, Nipro Corporation,
Osaka, Japan), or polymethylmethacrylate (NF-H, Toray
Medical Co., Ltd., Tokyo, Japan) with a 1.3-2.1 m? effec-
tive surface area. All patients received haemodialysis with
blood flow of 200 ml/min with dialysate flow of 500 ml/
min. In all patients, haemodialysis was performed via
native arteriovenous fistulas with a dual plastic needle
and 16-gauge cannula. The patients uniformly received
a dialysate (D-dry, Nikkiso Co., Ltd., Tokyo, Japan) and
an anticoagulant with heparin sodium. Bolus of heparin
sodium 1,000 units was intravenously administrated at
the start of haemodialysis followed by continuous admin-
istration of 500 to 750 units/hour. The dialysate tempera-
ture of extracorporeal circulation was strictly maintained
at 36-38 °C [11, 12, 19]. ESA and iron therapy were pre-
scribed in accordance with the Guidelines of Japanese
Society for Dialysis therapy [27, 28]. ESA therapy with
epoetin beta pegol or darbepoetin alfa was adminis-
trated at the end of haemodialysis. Haemodialysis time
(hours/week), intradialytic ultrafiltration rates (ml/hour/
kg) were measured and Kt/V, as an index of urea clear-
ance, was calculated. These indices were calculated as the
average of 3 consecutive haemodialysis sessions. One of
the following dialysis membranes was used: cellulose FB
(Nipro Corporation, Osaka, Japan), poly-sulfone (PN,
Nikkiso Co., Ltd., Tokyo, Japan), polyethersulfone (PES,
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Nipro Corporation, Osaka, Japan), or polymethylmeth-
acrylate (NF-H, Toray Medical Co., Ltd., Tokyo, Japan)
[17, 26].

Laboratory measurements

Blood samples were drawn immediately before the hae-
modialysis. Haematologic examinations and reticulocyte
count were carried out with a Sysmex XN 1000 (Sys-
mex, Kobe, Japan). Haptoglobin was measured by the
TIA method with JCA-BM 6010 (JEOL, Tokyo, Japan).
Serum iron was measured by the Nitroso-PSAP method
with AU 5840 (Beckman Coulter; Tokyo, Japan), unsatu-
rated iron binding capacity (UIBC) by the Nitroso-PSAP
method with BM-6050 (JEOL, Tokyo, Japan) and ferritin
by radioimmunoassay with AU-5840 (Beckman Coulter,
Tokyo, Japan). Transferrin saturati4on was calculated as:
[Serum iron/ (Serum iron+ UIBC)] x 100 (%). Intact par-
athyroid hormone was measured by the ECLIA method
with Cobas 8000 (Roche Diagnostics, Tokyo, Japan).
Other biochemical laboratory measurements were per-
formed by TBA-120 FR automated biochemical analyzer
(Canon, Osaka, Japan). A weekly ESA dose was admin-
istered as a darbepoetin alfa equivalent dose. ESA was
converted using the following formula: darbepoetin alfa
(ug) =epoetin beta pegol (ug) x 0.8 =epoetin (U) x 200,
in accordance with previous reports [17-26]. Post-hae-
modialysis weight was measured as a body weight. ESA
cut-off point of high and low dose of ESA was defined as
9,000 units/ week in this study according to Tsubakihara
et al. [28]

Measurement of the erythrocyte creatine content
Erythrocyte creatine content levels were assayed using
highly sensitive enzymatic method in accordance with
previous reports [11, 12, 29]. Briefly, blood samples were
collected in ethylenediaminetetraacetic acid-containing
tubes and centrifuged to remove the plasma and buffy
coat. After lysis and deproteinisation of packed eryth-
rocytes, the supernatant was obtained by centrifugation
and filtration. The erythrocyte creatine content assay
had an excellent intra (with-run CVs<1.0%) and inter
(between-day CVs<2.0%) assay variation [29]. Measured
data are expressed as micromole per gram of haemoglo-
bin (umol/gHb).

Statistical analyses

Results are expressed as mean =+ standard deviation. Sta-
tistical analyses between the 2 groups were performed by
one-way layout analysis of variance or chi-square analysis
followed by Scheffe type multiple comparison method.
The multivariate logistic regression analysis was per-
formed to evaluate the important variables related to the
improvement of anaemia. The optimal cut-off point of
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erythrocyte creatine content to detect patients with the
improvement of anaemia was calculated by the receiver-
operating characteristic analysis. A probability value
of<0.05 was considered significant. Parameters were
compared with the use of commercially available statisti-
cal software (StatView, Abacus Concepts, Berkeley, CA).
Multivariate logistic regression analysis and receiver-
operating characteristic analysis was performed using the
JMP 14. 2.0 software (SAS Institute Inc., Cary, NC, USA).

Results

A total of 92 outpatients (62 men and 30 women, mean
age of 72 £ 14 years) were included in the study. Patients
with bleeding event within 3 months (n=3), infection
requiring parenteral antibiotics (n=2) and mechanical
heart valves (n=3) were excluded. None of the patients
had concurrent malignancy, haemolytic disease or blood
transfusion within 3 months. Clinical characteristics are
shown in Table 1. There were no significant differences in
clinical characteristics, haemodialysis condition and lab-
oratory measurements (reticulocyte, haptoglobin, trans-
ferrin saturation, ferritin, incidence of iron deficiency,

Table 1 Clinical characteristics
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intact parathyroid hormone, C-reactive protein, serum
calcium, serum phosphorus and albumin) between
the two groups, but erythrocyte creatine content was
significantly higher in Group 1 compared to Group 2
(2.47£0.74 versus 1.57+0.49 umol/gHb, P=0.0001).
Haemoglobin at baseline was significantly lower in Group
1 compared to Group 2 (10.0£ 1.3 versus 10.6 £1.0, g/dL
p=0.004), but haemoglobin at 3 months was significantly
higher in Group 1 compared to Group 2 (11.1 £1.4 ver-
sus 10.3+1.2 g/dL, p=0.007). Nineteen (59.3%) patients
in Group 1 received > 9,000 units/week of ESA, whereas
40 (66.7%) patients in Group 2 received <9,000 units/
week of ESA (Chi-square =5.80, P=0.016). To determine
the important variables related to the improvement of
anaemia, 9 variables (erythrocyte creatine content, ESA
dose, reticulocyte, haptoglobin, haemoglobin at baseline,
serum calcium, intact parathyroid hormone, transferrin
saturation and serum ferritin) were used in the multivari-
ate logistic regression analysis. As a result, erythrocyte
creatine content was the most important variable related
to the improvement of anaemia (Chi-square=18.72 ,
P=0.0001; Table 2).

Study Patients 2Group 1 bGroup 2 PValue
(n=92) (n=32) (n=60)

Age (years) 7194+14.0 737+£129 71.0+£145 037
Gender (male/female) 62/30 20/12 42/18 0.49
Diabetes Mellitus (resent/absent) 42/50 16/ 16 26/34 0.54
Haemodialysis time (hours/week) 159442 153433 16.2+46 036
Intradialytic ultrafiltration rate (ml/hour/kg) 88+29 9.1+£30 86+29 0.40
Kt/v 1.72+£048 1.7+05 1.84+0.5 038
Erythrocyte creatine content (umol/gHb) 1.89+0.73 2474074 1.57£049 0.0001
ESA dose (units/week) 6,396.7 £3,746.3 7429.7£3623.0 58458437232 0.04
Low dose (< 9,000) 53 13 40 0016
High dose (>9,000) 39 19 20

Haemoglobin at baseline (g/dL) 104+12 10.0+13 106+1.0 0.004
Haemoglobin at 3 months (g/dL) 106413 1M1+14 103412 0.007
Reticulocyte (%) 141462 143473 140456 0.81
Haptoglobin (g/dL) 9364522 101.1£525 89.7£520 032
Transferrin saturation (%) 278+16.2 235+123 285+174 0.16
Ferritin (ng/mL) 121.3£106.5 100.6+£894 1456£2453 032
Iron deficiency (present/ absent) 38/54 16/16(50.0%) 22/38(36.7%) 0.27
Intact parathyroid hormone (pg/mL) 152.3+£102.0 1703+£139.5 1437779 0.30
C-reactive protein (mg/dL) 0334037 0384046 0304031 033
Serum calcium (mg/dL) 95+05 94+05 95+05 0.25
Serum phosphorus (mg/dL) 49+14 4714 50+13 0.32
Albumin (g/dL) 36+04 35+£04 37+£04 0.05

Data are represented as mean + SD. ESA erythropoiesis stimulating agent, Kt/v urea clearance

2 Group 1> 0.8 g/dL change in haemoglobin from baseline to 3 months

b Group 2 <0.8 g/dL change in haemoglobin from baseline to 3 months
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Table 2 Factors related to the ®improvement of anaemia
95% Confidence Interval PValue

Odds ratio Chi-square Lower Upper
Erythrocyte creatine content (umol/gHb) 48.82 18.72 8.39 284.17 0.0001
ESA dose (units/week) 1.00 4.45 0.99 1.01 0.04
Reticulocyte (%) 1.05 0.63 0.93 1.18 0.43
Haptoglobin (g/dL) 1.01 4.63 1.00 1.03 0.031
Haemoglobin at baseline (g/dL) 0.41 5.73 0.19 0.85 0.017
Serum calcium (mg/dL) 0.98 0.001 0.22 4.24 0.97
Intact parathyroid hormone (pg/mL) 1.00 0.03 0.99 1.01 0.87
Transferrin saturation (%) 1.01 0.14 0.96 1.07 0.71
Serum ferritin (ng/mL) 1.00 0.02 0.99 1.01 0.98

ESA erythropoiesis stimulating agent

@ Improvement of anaemia > 0.8 g/dL change in haemoglobin from baseline to 3 months

Diagnostic accuracy

The optimal cut-off point of erythrocyte creatine content
to detect the improvement of anaemia was 1.78 pumol/
gHb by the receiver operating characteristic curve; high
area under the curve (0.86) and good predictability
(Fig. 2). Sensitivity, specificity, positive predictive value
and negative predictive value of erythrocyte creatine
content to detect patients with the improvement of

anaemia were 90.6%, 83.3%, 74.4% and 94.3%, respec-
tively. Among 39 patients with erythrocyte creatine
content>1.78 pmol/gHb, 29 (74.3%) patients showed
increase in haemoglobin, whereas haemoglobin did not
increase in 50 (94.3%) of 53 patients with erythrocyte
creatine content<1.78 pmol/gHb; difference signifi-
cant (Chi-square =46.7, P<0.0001; Table 3). Twenty-five
(64.1%) of 39 patients with erythrocyte creatine

Erythrocyte creatine content=1.78 pmol/gHb

0.6 0.8 1.0

1.0
0.9 -
0.8 -
0.7
B e
= 6 Cut-off point;
:"E -
w05
= 4
R -y Area under the curve =0.86
— 3 P<0.0001, Odds ratio =12.0
0.3 -
0.2 —
0.1 T
0 T I T I T I T ]
0 0.2 04
1-Specificity
Fig. 2 Receiver-operating characteristic curve to detect the improvement of anaemia. ESA, erythropoiesis stimulating agent Improvement of
anaemia; > 0.8 g/dL change in haemoglobin from baseline to 3 months.
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Table 3 Diagnostic accuracy of erythrocyte creatine

2lmprovement of

anaemia
Yes No
Erythrocyte creatine content (umol/gHb) <178 3 50
>178 29 10

Chi-square=46.7, P<0.0001

? Improvement of anaemia > 0.8 g/dL change in haemoglobin from baseline to
3 months

Table 4 Erythrocyte creatine and dose of ESA

Dose of ESA,
units/week
<9,000 >9,000
Erythrocyte creatine content (umol/gHb) <178 39 14
>178 14 25

Chi-square=13.1, P<0.0003
ESA erythropoiesis stimulating agent

content>1.78 pumol/gHb were receiving high dose ESA
(>9,000 units/week) and 14 patients low dose ESA
(<9,000 units/week), whereas 39 (73.6%) of 53 patients
with erythrocyte creatine content <1.78 were receiving
low dose ESA and high dose ESA in 14 patients (Chi-
square =13.1, P<0.0003; Table 4).

Discussion

Anaemia is a common complication in end-stage renal
disease and is associated with poor long-term progno-
sis [21-24]. Renal anaemia is mainly due to decrease in
erythropoietic capacity caused by inadequate erythro-
poietin production and/or resistance to ESA treatment
[1, 24—-26]. ESA accelerates erythropoiesis and correct-
ing anaemia by ESA is related to the improvement of
quality of life and leads to better prognosis [6—8]. How-
ever, most of the studies examined the effect of ESA by
single haemoglobin or haematocrit level at the start of
the study and did not assess the variation of haemoglo-
bin over time [6-8, 21, 22]. In our previous report, we
clarified that erythrocyte creatine content can assess
accelerated erythropoietic capacity by ESA and is useful
to estimate ameliorative effectiveness of ESA in haemo-
dialysis patients [26]. However, optimal cut-off point of
erythrocyte creatine content to predict the improvement
of anaemia was not determined. Increase in hemoglobin
was defined as haemoglobin change of 0.1 g/dL [26],
but this cut-off value may be influenced by small varia-
tion in hydration status. In a previous study with 58,058
patients receiving maintenance haemodialysis, patients
with>0.8 g/dL increase in haemoglobin over time had
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lower risk of death independent of baseline haemoglo-
bin level [9]. In this study, we defined the improvement
of anaemia as>0.8 g/dL increase in haemoglobin from
baseline to 3 months in this study and investigated the
diagnostic accuracy and clinical usefulness of erythrocyte
creatine to predict the improvement of anaemia using
the same protocol in a larger number of haemodialysis
patients. Moreover, the optimal frequency of follow up
testing undergoing ESA treatment in patients with anae-
mia is not known. The Kidney Disease: Improving Global
Outcomes (KDIGO) guidelines recommended to meas-
ure haemoglobin at least every 3 months in patients with
anaemia [30]. Beguin et al. reported that there were 3
groups of responders to ESA treatment; 34 early respond-
ers (respond within 3 months after baseline examination),
15 late responders (respond 3-6 months after baseline
examination) and 15 non-responders [20]. This study
emphasized the clinical importance of early recognition
of erythropoietic response to adjust dose of ESA and to
identify specific cause such as subclinical inflammation
or iron deficiency and treatment. Therefore, we defined
follow up period as 3 months, and found that erythrocyte
creatine content was the most important marker predict-
ing the improvement of anaemia. Moreover, a cut-off
point of 1.78 pmol/gHb had an excellent diagnostic accu-
racy in predicting the improvement of anaemia. Thus,
erythrocyte creatine content, an index of erythropoiesis,
is a reliable marker predicting the improvement of anae-
mia 3 months ahead receiving ESA treatment.

ESA resistance, related to increased mortality, is
defined as lack of improvement anaemia despite receiv-
ing high dose of ESA [21-25]. Previous studies demon-
strated that a significant number of patients failed to
improve anaemia despite modifying many factors to
optimize patients’ response to ESA [9, 27, 28]. Several
factors are involved in ESA resistance, such as iron defi-
ciency, inflammation, hyperparathyroidism or bone mar-
row dysfunction [21, 24, 25]. In this study, there were no
significant differences in haptoglobin, C-reactive protein,
serum ferritin and intact parathyroid hormone between
Group 1 and Group 2. Iron deficiency, one of the causes
of ESA resistance, has been widely investigated [20, 27,
28, 31]. Because patients with absolute iron deficiency
were treated by iron supplements, there was no signifi-
cant differences in the incidence of iron deficiency at
baseline, evaluated by transferrin saturation and serum
ferritin Group 1 and Group 2. Therefire, iron deficiency
was not a reason of ESA resistance in this study.

At least 1-2 months are needed to evaluate the effect of
ESA on the improvement of anaemia [27, 30]. However,
due to the long life-span of mature red blood cell, eryth-
rocyte indices do not provide information of the rapid
change in erythropoietic activity. In contrast, erythrocyte
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creatine content, a quantitative marker of mean red
blood cell age, because young blood cells contain higher
creatine levels than older blood cells, reflects average or
cumulative erythropoiesis during 3 months of ESA treat-
ment (between 3 months prior to the enrollment and the
baseline measurement) [17-19]. As patients in Group
1 had significantly higher erythrocyte creatine content
level and were receiving significantly higher dose of ESA.
These data indicate that 32 patients in Group 1 were
good responders to ESA due to acceleration of erythro-
poiesis by ESA judged by the higher erythrocyte creatine
content. Lack of improvement of anemia observed in 40
of 60 patients (Group 2) was due to under-dosing of ESA
(<9,000 units/week). In constrast, ESA resistance may
have existed in 20 of 60 patients receiving high dose of
ESA (>9,000 units/week) in Group 2.

Clinical implications (Fig. 3)

The dose of ESA is recommended to be maintained in
patients achieving target haemoglobin with high eryth-
rocyte creatine content value (>1.78 umol/gHb), whereas
the dose of ESA should be reduced in patients exceed-
ing target haemoglobin to avoid complication caused
by excessive ESA. On the other hand, improvement of
anaemia could be achieved by giving a higher dose of
ESA in patients with low erythrocyte creatine content
value (<1.78 pmol/gHb) receiving<9,000 units/week
of ESA, whereas ESA resistance should be searched in
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patients with low erythrocyte creatine content value
(<1.78 umol/gHb) despite receiving> 9,000 units/week
of ESA. Thus, measurement of erythrocyte creatine
content provides a valuable information involving ESA
therapeutic strategy in patients receiving maintenance
haemodialysis and should therefore be included rou-
tinely for surveillance of dialysis patients for monitoring
the therapeutic utiliy of ESA and to prevent the risk of
anaemia.

Limitations

Four limitations of this study should be addressed. First,
this study is limited by a small number of patients. Fur-
ther studies are warranted to confirm the prognostic sig-
nificance of erythrocyte creatine content in a large group
of haemodialysis patients receiving ESA. Second, we
measured erythrocyte creatine content levels after keep-
ing the same dose of ESA 3 months before the baseline
measurement. However, potential wash-out effect could
have remained during this 3 months. Nonetheless, eryth-
rocyte creatine content, not reticulocyte count, emerged
as an important variable of erythropoiesis. Third, the
change in haemoglobin is influenced by iron status [20,
28, 31]. Reticulocyte haemoglobin content and/or high-
fluorescence reticulocyte count are reported to be better
predictors of iron-deficient erythropoiesis in patients on
ESA treatment [31, 32]. Although we did not measure
reticulocyte haemoglobin content or high-fluorescence

Patients (n = 92)
v v
Erythrocyt
o >1.78 <178
creatine content, ( 39) ( 53)
n= n=
umol/gHb
v v v v
Dose of ESA, <9,000 > 9,000 <9,000 > 9,000
units/week (n=14) (n=25) (n=39) (n=14)
Maintain l\‘lalol;tam Increase Search for
Strategy ESA dose Iieiice ESA dose ESA
ESA d(;sc resistance
Improved n=12 n=23 n=13 n=3
anaemia (86%) (92%) 33%) (21%)
No improve n=2 n=2 n=26 n=11
anaemia (14%) (8%) (67%) (79%)
Fig. 3 Treatment strategy. ESA, erythropoiesis stimulating agent
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reticulocyte count, intravenous and oral iron supple-
ments were given as needed to avoid possible functional
iron deficiency. Fourth, although non of our patients
were taking creatine creatine supplements, creatine sup-
plementation is recommended to maintain endogenous
creatine pools in haemodialysis patients with impaired
creatine homeostasis [33, 34]. Basal erythrocyte creatine
content of vegetarians reported to be significantly lower
than that of meat-eaters [35]. Further study is needed to
investigate clinical significance of erythrocyte creatine
content in patients taking creatine supplementation or
vegetarians, but erythrocyte creatine content is an accu-
rate indicator of erythropoietic activity among patients
with ordinary dialysis-diet, who are not taking creatine
supplementation.

Conclusion

By a single blood sample measurement, erythrocyte cre-
atine content can accurately predict the improvement of
anaemia 3 months ahead in patients receiving mainte-
nance haemodialysis.

Abbreviations
ESA: erythropoiesis stimulating agent.

Acknowledgements

The authors thank all the assistants who participated in the study. We
acknowledge the assistance of Tomoko Yonezawa and Tomoko Toda in data
collection, professor Dr. Kohei Aizawa at Department of Medical Informatics,
Niigata University Medical and Dental Hospital in statistical analyses and the
secretarial assistance provided by Yuko Matsumura.

Authors’ contributions

All authors have contributed in writing and reviewing the manuscript. Authors’
contributions: O.H, S.H, and S.N.: data interpretation and manuscript writing.
TS.: study design and study protocol writing. Y.T.: data collection and statistical
analyses. N.T, S.K. and K.M: data interpretation and critical editing of the text
and the figures. T.O.: measuring erythrocyte creatine content, technical advice
and providing the information to analyse collected data. M.B.: participant
recruitment and patients'management. 1.S.: conceptual and methodologi-

cal support to the all of this work. All authors read and approval the final
manuscript.

Funding
None.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the ethics committee of Takarazuka Hospital
(approval number 2022002) and permission to conduct the study was
obtained from Takarazuka Hospital included in the study. All methods were
performed in accordance with the relevant guidelines and regulations by
including a statement. Research involving human participants or human data
was performed in accordance with the Declaration of Helsinki. All participants
of the study were informed about the study, and they gave written informed
consent to be included in the study.

Page 8 of 9

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Nephrology and Cardiology, Takarazuka Hospital, 2-1-2
Nogami, Takarazuka, 665-0022 Hyogo, Japan. “Department of Internal
Medicine II, Kansai Medical University, Osaka, Japan. >Department of Nephrol-
ogy, Kansai Medical University Kori Hospital, Osaka, Japan. *Cardiovascular
Medicine, Faculty of Medicine, Kindai University, Osaka, Japan. >Department
of Medical Laboratory Science, Kochi Gakuen University, Kochi, Japan.

Received: 19 October 2022 Accepted: 30 December 2022
Published online: 03 January 2023

References

1. Adamson JW, Eschbach JW, Finch CA. The kidney and erythropoiesis. Am
J Med. 1968;44(5):725-33.

2. Wineries CG, Oliver DO, Pippard MJ, Reid C, Downing MR, Cotes PM.
Effect of human erythropoietin derived from recombinant DNA on
the anaemia of patients maintained by chronic haemodialysis. Lancet.
1986,328(8517):1175-8.

3. Eschbach JW, Egrie JC, Downing MR, Browne JK, Adamson JW. Correction
of the anemia of end-stage renal disease with recombinant human eryth-
ropoietin. N Engl J Med. 1987;316:73-8.

4. Eschbach JW. Erythropoietin 1991-an overview. Am J Kidney Dis.
1991;18(4 Suppl 1):3-9.

5. Chandra M, McVicar M, Clemons GK. Pathogenesis of the anemia of
chronic renal failure: the role of erythropoietin. Adv Pediatr Infect Dis.
1988;35:361-89.

6. Rao M, Pereira BJ. Optimal anemia management reduces cardiovascular
morbidity, mortality, and costs in chronic kidney disease. Kidney Int.
2005;68:1432-8.

7. Kilpatrick RD, Critchlow CW, Fishbane S, et al. Greater epoetin alfa respon-
siveness is associated with improved survival in hemodialysis patients.
Clin J Am Soc Nephrol. 2008;3(4):1077-83.

8. Solomon SD, Uno H, Lewis EF, et al. Erythropoietic response and
outcomes in kidney disease and type 2 diabetes. N Engl J Med.
2010;363(12):1146-55.

9. Regidor DL, Kopple JD, Kovesdy CP, et al. Associations between changes
in hemoglobin and administered erythropoiesis-stimulating agent and
survival in hemodialysis patients. J Am Soc Nephrol. 2006;17(4):1181-91.

10. Griffiths WJ, Fitzpatrick M. The effect of age on the creatine in red cells. Br
J Haematol. 1967;13(2):175-80.

11. JiaoY, Okumiya T, Saibara T, Tsubosaki E, Matsumura H, Park K, et al. An
enzymatic assay for erythrocyte creatine as an index of the erythrocyte
life time. Clin Biochem. 1998;31(2):59-65.

12. Kameyama M, Koga M, Okumiya T. A novel method for calculating mean
erythrocyte age using erythrocyte creatine. Aging. 2020;12(9):8702-9.

13. Okumiya T, Ishikawa M, Nishi T, Tadafumi D, Kamioka M, Takeuchi H,
et al. Evaluation of intravascular hemolysis with erythrocyte creatine in
patients with cardiac valve prostheses. Chest. 2004;125(6):2115-20.

14. Sugiura T, Okumiya T, Kubo T, Takeuchi H, Matsumura Y. Evaluation of
intravascular hemolysis with erythrocyte creatine in patients with aortic
stenosis. Int Heart J. 2016;57(4):430-3.

15. Kubo T, Okumiya T, Baba T, Hirota T, Tanioka K, Yamasaki N, et al. Erythro-
cyte creatine as a marker of intravascular hemolysis due to left ventricular
outflow tract obstruction in hypertrophic cardiomyopathy. J Cardiol.
2016,67(3):274-8.

16. Sugiura T, Okumiya T, Kamioka M, Kubo T, Hirakawa Y, Hisahara T, et al.
Intravascular hemolysis in patients with mitral regurgitation: Evaluation
by erythrocyte creatine. J Cardiol. 2018;71(4):414-8.

17. Matsumura K, Okumiya T, SugiuraT, et al. Shortened red blood cell age on
patients with end-stage renal disease who were receiving haemodialysis:
a cross-sectional study. BMC Nephrol. 2020;21:418.



Hayashi et al. BMC Nephrology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

(2023) 24:1

Takemoto Y, Okumiya T, Tsutida K, Nakatani T, Yamamoto K. Erythrocyte
creatine as an index of the erythrocyte life span and erythropoiesis.
Nephron. 2000;86(4):513-4.

Okumiya T, Kageoka T, Hashimoto E, Park K, Sasaki M. Clinical usefulness
of measurement of ceatine contents in human eythrocytes as an index of
erythropoiesis. Jon J Clin Pathol. 1992;40(2):165-71 Japanese.

BeguinY, Loo M, R'Zik S, et al. Early prediction of response to recombinant
human erythropoietin in patients with the anemia of renal failure by
serum transferrin receptor and fibrinogen. Blood. 1993;82(7):2010-6.
PanichiV, Rosati A, Bigazzi R, et al. on behalf of the RISCAVID Study Group.
Anaemia and resistance to erythropoiesis-stimulating agents as prog-
nostic factors in haemodialysis patients: results from the RISCAVID study.
Nephrol Dial Transplant. 2011;26(8):2641-8.

Suttorp MM, Hoekstra T, Rotmans JI, et al. Erythropoiesis-stimulating
agent resistance and mortality in hemodialysis and peritoneal dialysis
patients. BMC Nephrol. 2013;14:200.

Luo J, Jensen DE, Maroni BJ, Brunelli SM. Spectrum and burden of eryth-
ropoiesis-stimulating agent hyporesponsiveness among contemporary
hemodialysis patinets. Am J Kidney Dis. 2016,68(5):763-71.

Lopes-Gomez JM, Portoles JM, Aljama P. Factors that condition the
response to erythropoietin in patients on hemodialysis and their relation
to mortality. Kidney Int. 2008;74:575-81.

Johnson DW, Pollock CA, Macdougall IC. Erythropoiesis-stimulating agent
hyporesponsiveness. Nephrology. 2007;12(4):321-30.

Hasegawa S, Nakamura S, SugiuraT, et al. Evaluation of recombinant
human erythropoietin responsiveness by measuring erythrocyte creatine
content in haemodialysis patients. BMC Nephrol. 2021;22:413.

Yamamoto H, Nishi S, Tomo T, et al. 2015 Japanese society for dialysis
therapy: guidelines for renal anemia in chronic kidney disease. Renal
Replacement Therapy. 2017;3:36.

Tsubakihara Y, Nishi S, Akiba T, et al. 2008 Japanese Society for Dialysis
Therapy: Guidelines for Renal Anemia in Chronic Kidney Disease. Ther
Apher Dial. 2010;14:240-75.

OkumiyaT, Jiao Y, Saibara T, et al. Sensitive enzymatic assay for
erythrocyte creatine with production of methylene blue. Clin Chem.
1998;44(7):1489-96.

Lamb EJ, Levey AS, Stevens PE. The Kidney Disease Improving Global Out-
comes (KDIGO) Guideline Update for Chronic Kidney Disease: Evolution
not Revolution. Clin Chem. 2013;59(3):462-5.

Chuang LG, Liu RS, Wei YH, Huang TP, Tarng DC. Early prediction of
response to intravenous iron supplementation by reticulocyte haemo-
globin content and high-fluorescence reticulocyte count in haemodialy-
sis patients. Nephrol Dial Transplant. 2003;18(2):370-7.

Mitsopoulos E, Tsiatsiou M, Zanos S, Katodritou E, Visvardis G, Papadopou-
lou D, et al. Impact of C-reactive protein on absolute reticulocyte count
in haemodialysis patients: the role of iron status. Nephrol Dial Transplant.
2011;26(3):992-7.

Kreider RB, Stout JR. Creatine in health and disease. Nutrients.
2012;13(2):447.

van der Veen Y, Post A, Kremer D, et al. Chronic dialysis patients are
depleted of creatine: Review and rationale for intradialytic creatine sup-
plementation. Nutrients. 2021;13(8):2709.

Maccormick VM, Hill LM, Macneil L, Burke DG, Smith-Palmer T. Elevation
of creatine in red blood cells in vegetarians and nonvegetarians after
creatine supplementation. Can J Appl Physiol. 2004;29(6):704-13.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Diagnostic accuracy and clinical usefulness of erythrocyte creatine content to predict the improvement of anaemia in patients receiving maintenance haemodialysis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Study patients
	Study protocol
	Haemodialysis
	Laboratory measurements
	Measurement of the erythrocyte creatine content
	Statistical analyses

	Results
	Diagnostic accuracy

	Discussion
	Clinical implications (Fig. 3)
	Limitations

	Conclusion
	Acknowledgements
	References


