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ABSTRACT

Aim The evaluation of biomarkers of acute ischemic brain injury
following surgical revascularization of the heart with the use of the
heart-lung machine (cardiopulmonary bypass, CPB).

Methods Twenty consecutive patients were divided into two grou-
ps: the first 10 patients received a potential neuroprotective human
recombinant erythropoietin, while the remaining 10 comprised
the control group. Neurological complications were monitored by
measuring serum concentrations of neuropeptide proenkephalin A
(PENK-A) and protachykinin A (PTA) before and in the first 5
days after surgery, comparing the neurological outcome with MRI
examinations.

Results Both the erythropoietin-treated group and control group
were comparable with a non-significant difference shown for the
postoperative concentrations of PENK-A and PTA. A comparison
of serum concentrations of the biomarkers of 16 patients without
brain ischemia and 4 patients with acute ischemia also displayed
no significant differences, regardless of erythropoietin therapy:.

Conclusion In our pilot study the analysis of PENK-A and PTA
serum concentrations might not be the strategy to enable the mo-
nitoring and evaluation of neuroprotective stroke treatment, but
further studies are required to investigate its role in acute ischemic
brain injury.
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INTRODUCTION

Neurological complications after cardiac surgery
and revascularization of the heart with the use of
the heart-lung machine (cardiopulmonary bypa-
ss, CPB) represent a significant problem in he-
althcare and stroke is one of the leading causes of
death in the world (1,2).

Ischemic stroke is associated with a variety of
pathophysiological changes which lead to glial
and neuronal brain changes. During the last few
years, several biomarkers have been proposed
to predict, diagnose and monitor brain injury.
Among them the most studied are serum neuron-
specific enolase (NSE), protein S-100B and N-
methyl-D-aspartate (NMDA) receptor peptides
and their antibodies. Biomarkers are associated
with infarct size and with damage to the blood-
brain barrier (BBB) (3-9).

Recent studies identified stable precursor fra-
gments of the neuropeptides enkephalin (pro-
enkephalin A, PENK-A) and substance P (pro-
tachykinin A, PTA) as markers of ischemic stroke
and BBB integrity and also myocardial infarction
(10,11). Both mature neuropeptides have a role
as neurotransmitters and evidence suggests a role
in immune and nociception stimulation. The dis-
tribution of PENK-A includes nervous system,,
adrenal medulla and immune system. Enkepha-
lins are co-released from nerve terminals with ca-
techolamines. The PENK-A and PTA are involved
in some neuropathologies, including Parkinson’s
disease, Alzheimer’s disease, and head injury (12).
In contrast to acute cardiac diseases, validated
markers for ischemic stroke are lacking. Early de-
tection of patients with increased risk is of great
importance, especially in stroke events. The identi-
fication of novel markers is of great importance for
both diagnostic and prognostic evaluation of pati-
ents admitted to the stroke unit, because no current
guideline makes recommendations for the use of
biomarkers for risk stratification in stroke (13,14).

Several recently published reports have descri-
bed tissue-protective nonhematological effects
of recombinant human erythropoietin (rHuEpo)
that could have potential protective effects on
ischemia-induced tissue damage in several or-
gans. The protective effects of rHuEpo on central
and peripheral neurons, cardiomyocytes, hepa-
tocytes, vascular endothelial cells, the pancre-
as, and uterus have been substantiated. Several

mechanisms of rHuEpo neuroprotection have
been recognized, including the decreasing of
glutamate toxicity, inducing the generation of ne-
uronal antiapoptotic factors, reducing inflamma-
tion, decreasing nitric oxide-mediated injury and
direct antioxidant effects (15,16).

The goal of the present study was to determine
whether molecular brain biomarkers PENK-A
and PTA could identify a lower burden of acute
ischemic brain injury following CPB in patients
treated with rHuEpo versus control, and whether
these molecular biomarkers are consistent with the
MRI findings. This study is an unpublished part of
the clinical study that has already been published
regarding clinical outcome (9,17). We separated
the clinical and biochemical parts due to a techni-
cal reason (analysis of brain biomarkers PENK-A
and PTA was performed in 2 months following the
conclusion of the clinical part of the study).

PATIENTS AND METHODS

Patients and study design

We prospectively evaluated 20 patients as a con-
secutive group undergoing cardiac surgery on
CPB. An approval was obtained by the National
Medical Ethics Committee of the Republic of
Slovenia as well as the written informed consents
of all the patients.

Patients under the age of 18, with known mali-
gnant hypertension, cancer, hematological dis-
order, renal or hepatic failure, receiving rHuEpo
therapy and allergies to medications were exclu-
ded from the study. The patients were assigned to
either the erythropoietin treated (Epo) or control
group in random mode. The10 patients in the Epo
group received 3 consecutive doses (24,000 1U)
of epoetinum alfa (Eprex; Janssen-Cilag, Turn-
hout, Belgium) administered intravenously. The
first dose was given 1 day before the procedure,
the second dose on the day of operation, and the
third dose 1 day after completion of the surgery.

Methods

Patients underwent preoperative testing within 2
days of surgery that included medical history, an
electrocardiograph (ECG), an magnetic resonan-
ce imaging (MRI) and physical and mental status
examination by a neurologist. Blood was collec-
ted prior to anesthesia on the day of surgery for
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subsequent biomarker analysis. Blood was again
collected and MRI examinations performed within
5 days after the surgery (a median of 4 days, range
2 to 5). All patients had a similar intravenously-
inhalation anesthesia and operation protocol re-
garding hypothermia, hemodilution, cardioplegia
and monitoring of all relevant clinical parameters
(arterial pressure, cardiac arrest, duration of extra-
corporeal circulation, etc.). A delirium assessment
was performed 24 and 48 hours after surgery.

Blood samples were centrifuged within 30 min-
utes and serum was stored at —20 °C until assayed
in duplicate in one batch within 6 months.
Concentrations of PENK-A and PTA were de-
termined by ELISA (reagents: Proekephalin A,
Cusabio Biotech and Protachykinin-1, Cusabio
Biotech; instrument Personal Lab™, Adalltis,
Italy). All samples were measured in one batch.

The lower levels of detection were 3.9 ng/L
(PENK-A) and 0.078 pg/L (PTA) and the measu-
ring range was set at 15.6 - 1000 ng/L for PENK-A
and 0.312 — 20 pg/L for PTA by the manufacturer.

The imprecision (coefficient of variation, CV) was
according to the specifications of manufacturer.

CV intra-assay: PENK-A < 8% (CV estimated
at three samples of known concentration tested
twenty times on one plate to assess); PTA < 8%
(CV estimated at three samples of known concen-
tration tested twenty times on one plate to assess)

CV inter-assay: PENK-A < 10% (CV estimated
at three samples of known concentration tested
in twenty assays to assess); PTA < 10% (CV esti-
mated at three samples of known concentration
tested in twenty assays to assess).

Magnetic Resonance Imaging (MRI) was perfor-
med using standardized protocols on a 3T instru-
ment (Magnetom Trio Tim; Siemens, Erlangen,
Germany) (18). Scans were always performed in
the same order with a T1-weighed 3-plane locali-
zer, diffusion-weighted imaging (DWI) sequence,
and fluid-attenuated inversion recovery (FLAIR)
sequence. The images were presented to one of the
investigators blinded to the clinical assessments.

Statistical analysis

Nonparametric statistics was used and a com-
parison using a Mann-Whitney independent
test performed. The significant level was set at
the level p<0.05.

RESULTS

The baseline characteristics of the erythropoie-
tin-treated ( Epo) and control group were com-
parable in terms of age, sex, blood pressure, dia-
betes, hyperlipidemia, body mass index, carotid
disease, peripheral arterial disease, chronic atrial
fibrillation and current smoking. None of the pa-
tients had significant carotid lesions. All of the
patients underwent complete coronary artery re-
vascularization.

All 20 patients survived open heart surgery. No
patient showed neurological dysfunction before
the operation. The MRI performed 24 hours be-
fore the surgery confirmed chronic multiple small
ischemic lesions (2 to 5 mm) in all of the patients.
Only 1 patient had a large ischemic region in the
left middle artery circulation. It was observed that
4 of 10 patients from the control group had posto-
perative ischemic brain lesions, two of them larger
than 5 mm (cerebrovascular insult). Another two
patients in control group showed small postopera-
tive ischemic lesions of about 2 mm in diameter.
MRI scans revealed no acute postoperative ische-
mic brain lesions in patients treated with human
recombinant erythropoietin.

The erythropoietin-treated group and control
groups were comparable with respect to serum
PENK-A and PTA (before and after surgery)
according to the comparable study of clinical
outcome (Table 1).

Table 1. Comparison of serum preoperative (pre) and
postoperative (post) concentrations of biomarkers of the
erythropoietin-treated (Epo) group and control group

Parameter (median) Epo Control p*
pre PENK-A (ng/L) 35.10 28.05

Q1-Q3 (ng/L) 25.35-38.07 21.65-35.55  0.283
post PENK-A (ng/L) 17.70 26.85

Q1-Q3 (ng/L) 14.125-27.77 15.05-48.70  0.509
pre PTA (ug/L) 0.343 0.383

QI1-Q3 (ug/L) 0.2048-0.3885  0.3355-0.4275 0.173
post PTA (ng/L) 0.239 0.257

Q1-Q3 (ug/L) 0.2153-0.3287  0.1835-0.3225 0.934

*10 patients from each group, Mann-Whitney test; PENK-A, proen-
kephalin A; PTA, protachykinin A; Q1-Q3, interquartile range

Pre- and postoperatively comparison of serum
concentrations of biomarkers in 16 patients wit-
hout brain ischemia and 4 patients with acute po-
stoperative ischemia regardless of erythropoietin
therapy also displayed no significant differences
(Table 2).
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Table 2. Comparison of serum preoperative (pre) and postop-
erative (post) concentrations of biomarkers of four patients
with (ISCH) and 16 patients without brain ischemia (NOISCH)
regardless of erythropoietin therapy

Parameter (median) NOISCH ISCH p*
pre PENK-A (ng/L) 34.20 25.45 0.395
Q1-Q3 (ng/L) 26.40-36.70 21.65-34.05

post PENK-A (ng/L) 24.85 15.05 0299
Q1-Q3 (ng/L) 15.65-33.65 8.35-38.50

pre PTA (ng/L) 0.348 0.396 0342
Q1-Q3 (ng/L) 0.2467-0.3918  0.303-0.4825

post PTA (ng/L) 0.2310 0.1835

0.342

Q1-Q3 (ng/L) 0.1855-0.3260  0.1635-0.2385

*Mann-Whitney test; PENK-A, proenkephalin A; PTA, protachyki-
nin A; Q1-Q3, interquartile range

Diagnostic accuracy through ROC analysis proved
similar specificity and a predictive value for pre-
and post-operative PENK-A and PTA (Table 3).

Table 3. Diagnostic accuracy in optimal cut-off values of
proenkephalin A (PENK-A) and protachykinin A (PTA) serum
preoperative (pre) and postoperative (post) concentrations of
four patients with and 16 patients without brain ischemia

Parameter S(;'S'i}:'(v;lt)y S('g’;f/’“ﬁg:)y +LR -LR +PV -PV
pre PENK-A (1972;2(;4) (47765;(;2_7) 3.00 033 429 923
post PENK-A (19?:;2(;4) (41("38;;59_0) 240 036 375 917
pre PTA (6.?3832) (592.356;69;3) 375 058 50.0 86.7
post PTA (1915:;%'4) (44?;’;39;2) 281 034 500 917

PENK-A: <=26.3 ng/L and <= 17.0 ng/L; PTA: >=0.411 pg/L and
<=0.19 pg/L; CI, confidence interval; LR, likelihood ratio; PV,
predictive value;

DISCUSSION

The current protocols for monitoring neurological
complications after cardiac operations are not op-
timal. Besides neurological examination and ma-
gnetic resonance imaging (MRI), biomarkers have
also attained attention in the last few years (3).

Cerebral complications are very important after
cardiac surgery with CPB as the leading cause
of disability and morbidity. The etiology of ne-
urological complications from heart surgery is
multifactorial, including intraoperative micro-
and macroemboli, abnormal cerebral perfusion,
reperfusion injury, inflammatory and neurohu-
moral responses (2). Currently, prediction and
diagnosis are based on several clinical, neuroi-
maging and electrophysiological methods (18).
The application of these methods is often diffi-
cult because of sedation and the hemodynamic
instability commonly seen in critically ill patients
(19). Routine application of specific biomarkers

with predictive and diagnostic capabilities could
in specific clinical situations represent a low cost
alternative that could be more suitable and im-
prove management of cardio- and cerebrovascu-
lar patients. The release patterns of neuronal and
glial tissue derived proteins before and after acu-
te stroke are associated with the neuroradiologi-
cal and neurobehavioral consequences of ische-
mic brain lesions and may be useful in short- and
long-term outcome prediction (4). The kinetics
of serum protein concentrations correlate and are
dependent on the subtype of stroke lesions and
do not always reflect the degree of brain damage.
On the contrary, they often express complex ne-
uronal-glial interactions as a pathophysiological
consequence of ischemic brain lesions (14,19).

The goal of the present study was to investiga-
te the diagnostic value of pre- and postoperative
serum levels of PENK-A and PTA for postope-
rative neurological complications after cardiac
surgery by CPB for two groups of patients: an
erythropoietin-treated and a control group. Com-
parison of some of the basic biochemical (pre-
and postoperative troponin, lactate) and clinical
parameters such as the outcome (number of co-
ronary artery bypass grafts, operative time, car-
diac arrest and extracorporeal circulation time,
mean blood pressure and transfusion) of both
groups also proved the insignificant difference
of the two groups (17). Only few clinical studi-
es have studied PENK-A and PTA as a markers
of stroke (10) and as far as we know this is the
first time that such a clinical scenario to monitor
neuronal injury was used. The study provides se-
veral findings. The erythropoietin-treated group
and control group were comparable with respect
to serum PENK-A and PTA according to a com-
parable study clinical outcome such as coronary
artery bypass grafts, operative time, transfusion
volume and blood pressure values at all stages
of operation. The comparison of MRI results,
neurological outcome and brain ischemia/injury
biomarkers proved an interesting finding especi-
ally regarding the untreated control group, where
we observed postoperative fresh ischemic lesi-
ons in 4 out of the 10 patients without rHuEpo
therapy. Two of them had lesions larger than 5
mm and experienced delirium (cerebrovascular
insult). Postoperative PENK-A and PTA levels
were lower in both groups of participants but the
decrease of PENK-A was much larger in the epo
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group. Comparison of serum concentrations of
biomarkers of 16 patients without brain ischemia
and 4 patients with acute ischemia regardless of
erythropoietin therapy displayed a nonsignificant
difference in pre- and postoperative PENK-A and
PTA levels. All concentrations were lower in is-
chemic patients except for the preoperative PTA,
where the concentrations were higher on average.

Diagnostic accuracy in optimal cut-off values of
PENK-A serum preoperative (pre) and postop-
erative (post) concentrations (< 26.3 ng/L and
< 17.0 ng/L) of 4 patients with and 16 patients
without brain ischemia proved relatively low
sensitivity and specificity for both (pre- & post-)
concentrations of PENK-A (of about 75%). Simi-
lar is the case with diagnostic accuracy in optimal
cut-off values of PTA serum preoperative (pre)
and postoperative (post) concentrations (> 0.411
pg/L and < 0.190 pg/L), except for the pre PTA
specificity of about 87%. The positive predictive
values for ischemic stroke is relatively low (<
50%) comparing the negative predictive value (=
86.7%) for both PENK-A and PTA values.

These findings are in concordance with our pre-
vious investigation on the same patient popula-
tion about the diagnostic value of pre- and po-
stoperative serum levels of N-methil-D-aspartate
(NMDA) receptor antibodies (NR2Ab), S100B
protein and neuron-specific enolase (NSE) for
postoperative neurological complications after
cardiac surgery by CPB (9). The main findings
obtained in our new study is that serum PENK-
A and PTA are not elevated in ischemic patients
compared to studies where PENK-A (but not
PTA) are elevated in acute stroke patients against
nonischemic events. The elevation of PENK-A
correlated with stroke severity and with CT bra-
in lesion size (10). It should be clarified that not
all brain injuries from ischemia lead to infarction
recognized by MRI. The use of brain biomarkers
is helpful because it can show injuries that cannot
otherwise be detected by imaging. The results
reported here suggest the possibility of a neuro-
protective effect of rHuEpo when administered
to patients in the perioperative period of cardiac
surgery. Despite the 40% difference in stroke in-
cidence between the treated and control groups,
the pre- and postoperative serum PENK-A and
PTA levels did not significantly differ. PENK-A
and PTA are considered markers of blood-bra-

in barrier (BBB) dysfunction. Ischemic stroke
is usually accompanied by BBB dysfunction;
however, BBB dysfunction is not necessarily
indicative of cerebral ischemia. Leakage of the
BBB integrity is one of the main features of stro-
ke pathophysiology. The mature neuropeptides in
blood are exposed to rapid degradation in vivo
and low stability in vitro, which is not the case
with stable PENK-A and PTA (12).

The key limitation of the study was the small stu-
dy group. The monitoring of biomarkers should
also be more frequently performed after cardiac
surgery to obtain peak concentrations while the
effects on long-term clinical outcome should be
followed up. The limitation might be also that
this study is an unpublished part of the clinical
study that has already been published regarding
clinical outcome (9,17). We separated the clinical
and biochemical parts due to a technical reason
as already mentioned in introduction.

In conclusion, we compared the preoperative,
postoperative blood levels of PENK-A and PTA
and MRI results of the erythropoietin treated and
control group of patients undergoing surgical
revascularization of the heart with CPB to dia-
gnose cerebral ischemia and ischemic stroke. Our
results regarding diagnostic values of pre- and
postoperative serum PENK-A and PTA levels
and brain protection with rHuEpo did not prove
benefit from medical intervention for the patients
known to be at increased risk pre- and postopera-
tively and did not correlate with MRI.

The question if PENK-A and PTA serum concen-
trations might be the strategy to enable the mo-
nitoring and evaluation of neuroprotective stroke
treatment still remains unanswered in our pilot
study. Further studies are required to investigate
their role in acute ischemic brain injury. Given
the significant risk of stroke associated with CPB,
future studies involving larger multisite trials are
warranted as well as the evaluation of alternative
molecular biomarkers (including RNA analysis)
to reliably identify ischemic brain injury in this
population (20-22).
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