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Objective: There are animal models associating dopamine dysfunction with behavioral impairments that model attention
deficit hyperactivity disorder (ADHD). Erythropoietin (EPO) has trophic effects on dopaminergic neurons. The aim of
this study was to examine the EPO plasma levels and determine whether there was any correlation between plasma
EPO levels and clinical characteristics of ADHD.
Methods: Plasma EPO levels were measured in 78 drug-naïve children with ADHD and in 81 healthy children. The
severity of ADHD symptoms was determined by scores on the Korean ADHD Rating Scale (K-ARS) in ADHD children
and healthy controls.
Results: The difference between median plasma EPO levels in ADHD children and in healthy controls was not statistically significant. Adjusting for age and sex, a linear regression analysis showed that inattention score was significantly
higher in the second highest tertile of plasma EPO compared to those in the lowest tertile. Hyperactivity-impulsivity
score was significantly higher in the highest tertile of plasma EPO compared to those in the lowest tertile. Moreover,
total K-ARS scores were significantly higher in the second highest tertile of plasma EPO compared to those in the lowest
tertile.
Conclusion: These findings suggest that plasma EPO levels were related to some ADHD symptoms, which could be
used in the monitoring of the disorder.
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INTRODUCTION

prevalence of 4.5% [3]. ADHD is a common neuropsychiatric disorder in children and adolescents [4]. The
underlying pathophysiology of ADHD could involve dysregulation of the noradrenergic fronto-cortical inhibition
of dopaminergic striatal structures [5].
Erythropoietin (EPO) is a hematopoietic factor that controls the survival and proliferation of bone marrow progenitor cells during erythropoiesis [6]. In addition to the
kidneys, the liver is an important source of EPO, and the
hepatocytes and Ito cells are primarily responsible for
EPO synthesis in the liver [7,8]. A variety of organs, such
as the placenta, testis, lung, spleen, and brain have been
shown to express EPO [9,10]. Cultured astrocytes have
been shown to produce immunoreactive EPO [11,12].
There is accumulating evidence supporting the fact that
EPO has significant neuroprotective potential in disorders

Attention deficit hyperactivity disorder (ADHD) is a
neurodevelopmental disorder [1] that involves an apparent delay in the development of impulse control. Characteristics of ADHD include inattention, impulsivity, and
hyperactivity that are long-lasting and atypical compared
with people at similar developmental levels. ADHD has a
worldwide prevalence of 5.3% [2]. In Korea, ADHD has a
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of the peripheral nervous system [13]. EPO effects include
direct neurotrophic effects with EPO-mediated neuroprotection mechanisms [14]. High plasma levels of endogenous EPO were associated with protection from
acute neurologic deficits in Kenyan children with cerebral
malaria (CM). This result indicates a neuroprotective role
of EPO in CM [15].
There are a few animal models relating dopamine dysfunction with behavioral impairments that model ADHD
[16]. EPO, the important modulator of erythroid progenitor cells has trophic effects on dopaminergic neurons, and
promotes neuronal survival as well. EPO activates the
CREB transcription pathway and increases brain-derived
neurotrophic factor (BDNF) expression and production,
which contributes to erythropoietin-mediated neuroprotection [17]. There is a high plasma BDNF level in untreated ADHD patients, and high plasma BDNF levels
were significantly associated with the severity of inattention symptoms [18]. In addition, the total serum hepcidin levels in ADHD patients may cause iron dysregulation in ADHD patients [19].
However, to the best of our knowledge, no previous report has investigated the association between ADHD and
EPO. Therefore, the aim of the present study was to examine the EPO plasma levels and determine whether there
was any correlation between plasma EPO levels and clinical characteristics of ADHD.

METHODS
Participants
In total, 78 children with ADHD and 81 healthy children were enrolled. Children with ADHD were recruited
from the outpatient and inpatient clinics of the Soonchunhyang University Cheonan Hospital. They were medication-naïve. Individuals with a full-scale IQ lower than
70, neurological disorders, seizure disorders, pervasive
developmental disorders, Tourette’s disorder or chronic
tic disorder, bipolar mood disorders, or psychotic disorders were excluded. We recruited control-group participants from one elementary school in Cheonan after excluding children according to the following criteria: 1)
having major medical/neurological/psychiatric/developmental diseases, as determined through parent questionnaires; 2) exhibiting serious behavioral problems, as determined through teacher questionnaires; or 3) presenting

a total Korean version of the ADHD Rating Scale (K-ARS)
score falling above the 90th percentile cut-off point.
The study protocol was approved by the Institutional
Review Board of the Soonchunhyang University Cheonan
Hospital (no. 2017-11-020-001). Parents/guardians provided written informed consent, and the children or adolescents provided verbal assent regarding participation in
this study.

Measures
Assessment instruments
Diagnostic assessments of psychiatric disorders in the
children with ADHD were made according to the Diagnostic and Statistical Manual of Mental Disorders 4th edition criteria, the Kiddie-Schedule for Affective Disordersand
Schizophrenia for School-Age Children-Present and Lifetime-Korean Version (KSADS-PL-K) [20]. The K-SADS-PL-K
interviews with all children with ADHD and either one or
both parents of each child were carried out by clinically
experienced child/adolescent psychiatrists. All children
with ADHD completed a comprehensive and standardized
battery of psychological tests, including the Korean Educational Development Institute-Wechsler Intelligence
Scale for Children [21] and the ADHD Rating Scale (ARS)
[22]. The ARS is a behavior-rating scale consisting of 18
items, nine inattention items and nine hyperactive-impulsivity
items. The K-ARS parent and teacher forms have been
shown to be valid and reliable [23].
Blood sample collection and testing
For ADHD patients and healthy controls, blood samples were drawn from the participants’ antecubital veins
between 08:00 and 12:00 hour. Blood samples (2 ml)
were collected in a lithium heparin vacuum tube. After
centrifugation (3,000 rpm, 10 minutes), plasma samples
were divided into microcentrifuge tubes and frozen immediately at −70° C until use.
Plasma levels of EPO
For all patients and healthy controls, blood samples
were drawn from the antecubital veins of subjects between 7 and 8 a.m. following an overnight fast. Approximately 10 ml of blood was collected and placed in lithium
heparin vacuum tubes. Blood Plasma separated by centrifuge and stored at −80 until analysis. EPO levels were
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assayed using the sandwich ELISA method (BMS2035;
eBioscience, Vienna, Austria) following the manufacturer’s
instructions. The optical density of the color reaction in
the wells was read using a microtiter plate reader (Quant;
BioTek, Winooski, VT, USA) set for 450 nm. Duplicate
readings were averaged for each standard, control, and
sample, subtracting the average zero standard optical
density. For the standard curve, the data points were linearized by plotting the log of the EPO concentration vs. the
log of the optical density, and the best fit line was determined by regression analysis. The EPO level of each
sample was determined by the concentration read from
the standard curve. The intra- and inter-assay coefficients
of variance were less than 5%. All assays for both patients
and controls were carried out in the same run in duplicate
by the same operator.

Data Analyses
We performed all statistical analyses using STATA (version
11.0; StataCorp, College Station, TX, USA). Comparison
tests between ADHD patients and normal controls for
continuous and categorical variables were conducted using
the t test and chi-squared test, as appropriate. Unadjusted
difference in the plasma EPO levels between the two
groups was assessed using the Wilcoxon rank-sum test beTable 1. Demographic and psychometric variables in the study subjects
Variable

Normal controls
(n = 81)

Sex* (male/female)
31/50
Age (yr), (range)
9.1 ± 1.4 (7−14)
KEDI-WISC
Verbal IQ
Performance IQ
Total IQ
K-ARS subscale score
Inattention score*
4.4 ± 2.0
Hyperactivity-impulsivity
3.5 ± 2.2
score*
Total score*
7.9 ± 3.8
ADS T-score
Omission error
Commission error
Response time
Response variability

ADHD
(n = 78)
64/14
8.6 ± 2.2 (6−14)
103.1 ± 12.4
101.6 ± 13.9
102.7 ± 11.6
14.1 ± 6.1
12.9 ± 5.4

cause the plasma EPO values were not normally distributed. Correlation coefficients between plasma EPO and
K-ARS subscale scores were calculated using spearman’s
correlation. And we categorized the plasma EPO levels in
tertiles, based on the distribution in the whole study
subjects. Differences (95% confidence intervals, 95% CIs)
in each K-ARS subscale scores (Inattention score, Hyperactivity-impulsivity score and Total score) were estimated
comparing highest and the second highest tertiles to the
lowest tertile (baseline) of the plasma EPO using linear regression (i.e., tertile 2 and 3 vs. tertile 1). We also used logistic regression to examine odds ratios of ADHD associated with increased plasma EPO levels. A probability
level of p less than 0.05 was considered statistically
significant.

RESULTS
Demographic Characteristics and Evaluation of
Clinical Symptoms
The ADHD group consisted of 64 boys and 14 girls,
and the healthy control group consisted of 31 boys and 50
girls. The average age of the ADHD group was 8.6 ± 2.2
years, and that of the healthy control group was 9.1 ± 1.4
years. There was no significant difference in age. There
were significant differences in sex (p ＜ 0.01) and K-ARS
scores (p ＜ 0.01) between both groups. Baseline IQ
scores and computerized ADHD diagnostic system
T-scores for the ADHD group are presented in Table 1.
Comparison of EPO Levels between ADHD Patients
and Healthy Controls
The median plasma EPO level in ADHD patients was
12.9 (interquartile range [IQR] = 7.9−21.1) mIU/ml,
whereas it was 12.0 (IQR = 6.5−19.7) mIU/ml in the
healthy controls. This difference was not statistically significant (Wilcoxon rank-sum test; Fig. 1).

27.4 ± 9.8
73.1 ± 24.5
76.1 ± 24.3
52.9 ± 16.3
83.5 ± 27.5

Values are presented as number only or mean ± standard deviation.
ADHD, attention deficit-hyperactivity disorder; KEDI-WISC, Korean
version of the Wechsler intelligence scale for children; K-ARS, Korean
ADHD rating scale; ADS, computerized ADHD diagnostic system.
*p ＜ 0.01.

Association of EPO Levels and ADHD
Participants in the highest tertile of plasma EPO had a
1.49 times higher risk of ADHD than those in the lowest
tertile (95% CI [0.63, 3.55]), and those in the second highest tertile had a 2.39 times higher risk of ADHD than those
in the lowest tertile (95% CI [0.97, 5.94]), but there were
no statistically significant relationships between plasma
EPO levels and ADHD after adjusting for age and sex
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Table 3. Correlation between EPO and K-ARS subscale scores in study
subjects (Spearman’s correlation coefficients)
Variable

EPO

Inattention score
0.146
Hyperactivity-impulsivity score 0.157*
Total score
0.162*

Inattention
score

Hyperactivityimpulsivity
score

0.826**
0.938**

0.949**

EPO, erythropoietin; K-ARS, Korean ADHD rating scale.
*p ＜ 0.05, **p ＜ 0.01.

Fig. 1. Plasma levels of EPO in normal controls and ADHD patients.
ADHD, attention deficit-hyperactivity disorder; EPO, erythropoietin;
NC, normal controls.
Wilcoxon rank-sum test was used for the comparison between two
groups.

Table 2. Odds ratios (95% confidence interval) for ADHD by plasma
EPO levels (tertile)*
Plasma EPO
Case/
level (mlU/ml) Non-case
＜9
9−17.9
＞ 17.9

23/30
25/28
26/27

Model 1

Model 2

1 (reference)
1.46 (0.68, 3.14)
1.35 (0.63, 2.91)

1 (reference)
2.39 (0.97, 5.94)
1.49 (0.63, 3.55)

EPO, erythropoietin; ADHD, attention deficit-hyperactivity disorder.
Tertiles are based on the distribution in the whole study subjects.
Model 1 was not adjusted. Model 2 was adjusted for age and sex.
*Logistic regression was used for the test.

(Table 2).

Correlation between EPO Levels and K-ARS Scores in
ADHD Patients and Healthy Controls
Plasma EPO levels correlated positively with some
K-ARS scores (including hyperactivity-impulsivity score
and total score) as determined by Spearman’s correlation
test in ADHD patients and in healthy controls (r = 0.157,
p ＜ 0.05, and r = 0.162, p ＜ 0.05, respectively; Table 3).
Adjusting for age and sex, a linear regression analysis
(Model 2) showed that inattention score was significantly
higher (3.04, 95% CI [0.64, 5.44]) in the second highest
tertile of plasma EPO compared to those in the lowest
tertile. Hyperactivity-impulsivity score was significantly
higher (2.19, 95% CI [0.10, 4.38]) in the highest tertile of
plasma EPO compared to those in the lowest tertile.
Moreover, total K-ARS score was significantly higher
(5.06, 95% CI [0.74, 9.38]) in the second highest tertile of

Table 4. Difference (95% confidence interval) in K-ARS subscale
scores by plasma EPO levels (tertile)*
Plasma EPO
level (mlU/ml)

Model 1

Inattention score
＜9
0 (reference)
9−17.9
2.06 (−0.5, 4.61)
＞ 17.9*
1.57 (−0.99, 4.12)
Hyperactivity-impulsivity score
＜9
0 (reference)
9−17.9
1.26 (−1.12, 3.685)
＞ 17.9
2.15 (−0.23, 4.54)
Total score
＜9
0 (reference)
9−17.9
3.32 (−1.35, 7.99)
＞ 17.9
4.02 (−0.65, 8.69)

Model 2

0 (reference)
3.04 (0.64, 5.44)
1.70 (−0.67, 4.07)
0 (reference)
2.00 (−0.21, 4.21)
2.19 (0.10, 4.38)
0 (reference)
5.06 (0.74, 9.38)
4.2 (−0.06, 8.46)

Tertiles are based on the distribution in the whole study subjects.
Model 1 was not adjusted. Model 2 was adjusted for age and sex.
*Linear regression was used for the test.

plasma EPO compared to those in the lowest tertile (Table
4).

DISCUSSION
In the present study, we investigated plasma EPO levels
in children with ADHD and found that plasma EPO levels
correlated positively with K-ARS scores, including inattention, hyperactivity-impulsivity and total scores, in
ADHD children and healthy controls. Our findings show
that a higher peripheral EPO synthesis or release is related
to higher inattention score, hyperactivity-impulsivity
score, and total K-ARS score in ADHD children and
healthy controls.
The present study also found that EPO levels were associated with an impairment in executive functions, including inattention and hyperactivity-impulsivity. It remains
unclear whether the alteration in plasma EPO levels rep-

338 S. Shim, et al.

resents a pathological mechanism or a compensatory
mechanism. In our knowledge, this is the first study offering an analysis of plasma EPO levels in children with
ADHD. To the best of our knowledge, no previous studies
have investigated the relationship between cognitive
function in children and EPO levels.
Neonatal hypoxia-ischemia affects motor and cognitive
function [24]. ADHD has been related with early hypoxia-ischemia and prematurity [25]. The dopaminergic
neurotransmission from the mesencephalon to the forebrain is a key mechanism for proper motor and cognitive
processing, and the dopamine uptake transporter blocker,
methylphenidate, is effective in alleviating hyperactivity.
The pathophysiology underlying ADHD may involve disruption of dopaminergic neurotransmission [26]. EPO has
trophic effects on dopaminergic neurons. EPO also stimulates striatal dopamine release [27].
According to a recent study, high endogenous plasma
EPO levels have been associated with acute neurologic
deficits in Kenyan children with CM [15]. Severe malaria
causes upregulation of endogenous EPO levels [28]; levels caused by this upregulation can be greater than plasma levels caused by similar anemia without malaria [29].
An Ugandan study in children with CM also reported that
elevated plasma EPO levels are associated with coma prolongation and mortality increase in children with CM
[30]. The biological relevance of plasma EPO is usually
difficult to interpret in the absence of any direct measurement of EPO in the brain. EPO is found to permeate the
blood brain barrier (BBB) by active translocation, possibly
via EPO receptors expressed in the brain vasculature pattern [31].
A study assessing the levels of EPO in serum and cerebrospinal fluid (CSF) of epileptic children reported that
EPO is produced locally in the brain in response to neuronal injury due to epileptic seizures [32]. The CSF EPO levels in epileptic children were significantly higher than
those of control children because the CSF level of EPO determines the neuroprotective capacity of the brain. The
serum EPO levels of refractory epileptic children did not
differ significantly from those of control children. From
the abovementioned, several conclusions can be drawn:
that EPO is produced by the brain in response to neuronal
injury due to epileptic seizures, that the CSF EPO level determines the neuroprotective capacity of the brain, that
CSF EPO levels can be used as a marker of epileptic seiz-

ures, and that CSF EPO levels can predict prognosis and
degree of neuronal damage. Nakamura et al. [33] suggest
that, although the serum EPO concentrations were not different between depressed patients and healthy controls,
the brain of depressed individuals may be hypoxic and
that an increased EPO in the CSF may contribute to limit
hypoxia-induced damage to neurons in depressed individuals. Consistent with those findings, our present study
did not find a statistically significant difference in plasma
EPO levels between children with ADHD and healthy
controls either.
Serum EPO can only permeate an impaired BBB. Thus,
the aforementioned findings suggest that CSF EPO found
in patients with normal BBB function is most probably
produced in the brain itself [34]. The permeability of EPO
might also not be clearly confirmed. Further studies are
required to clearly understand the source and role of EPO
in ADHD.
The present study has some limitations. First, the relatively small sample size might have limited the generalizability of our results. Second, the origins of plasma EPO
remain unclear. Although EPO is principally produced in
the kidneys, it is also found in neurons and astrocytes
[11]. Furthermore, it is uncertain whether EPO levels in
plasma are correlated with EPO levels in the brain. Third,
in the present study, we measured only the plasma levels
of EPO from blood samples of children and adolescents,
resulting in a broad range of results, which was the major
limitation of this study. Although, to date, EPO levels were
analyzed in patients with a variety of disorders, the results
from these studies have been largely inconclusive because of this particular limitation.
Future studies are needed to establish the most reliable,
accurate method for measurement of EPO and to determine which source of EPO (platelets, plasma, serum,
whole blood, or CSF) provides the most reliable biological
marker of ADHD. Although we did not find the difference
between ADHD patients and healthy controls, we examined whether there was any correlation between plasma
EPO levels and clinical characteristics of ADHD. Further
studies on larger samples will help to clarify some important aspects of the pathophysiology of ADHD and the
clinical significance of EPO levels (its brain or blood levels) for children with ADHD.
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