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Abstract

Background: The frequency of circulating endothelial cells (CEC) in patients’ peripheral blood can be assessed as a
direct marker of endothelial damage. However, conventional enumeration methods are extremely challenging. We
developed a novel, automated approach to determine CEC frequencies and tested this method on two groups of
patients undergoing conventional (CAVR) versus trans-catheter aortic valve implantation (TAVI).

Methods: CEC frequencies were assessed by a flow cytometric approach, including automated pre-enrichment of
CD34 positive blood cell subpopulation and isotype controls. The efficacy and reproducibility of the CEC
enumeration method was validated by spiking blood samples of healthy control donors with defined numbers of
endothelial cells.

Results: CEC frequencies were significantly higher in the TAVI group before (9.8 ± 4.1 vs. 5.5 ± 2.2, p = 0.019) and
1 h after surgery (13.4 ± 5.1 vs. 8.2 ± 4.1, p = 0.030) corresponding to higher Euroscore, STS score in higher risk
patients from the TAVI group. Five days after surgery, CEC frequencies became significantly higher in the more
invasive CAVR group (39.0 ± 13.0 vs. 14.3 ± 4.4, p < 0.001) compared to minimally invasive TAVI approach.

Conclusions: The new flow cytometric approach might be a robust and reliable method for CEC enumeration.
Initial results show that CEC frequency is a valid clinical marker for the assessment of pre-operative risk, invasiveness
of surgical procedure and clinical outcome. Further studies are necessary to validate the practical clinical usefulness
and the potential superiority compared to conventional markers.
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Background
Endothelial cells regulate the interaction between compo-
nents of the blood stream and the vascularized tissue.
Endothelial injury compromises these functions resulting in
increased thrombogenicity and induction of the inflamma-
tory cascade [1]. Endothelial damage typically arises from
acute injury or chronic disease and is traditionally

diagnosed by secreted molecule markers in the blood
stream, i.e. von-Willebrand factor and thrombomodulin.
However, plasma concentrations of these markers are sub-
ject to intra-patient variability and may be affected by con-
founders such as concomitant procedures [2–4]. The
detection of mature endothelial cells in the peripheral blood
has emerged as an alternative marker for endothelial injury
[5, 6]. These cells are detached from the vessel walls as an
immediate consequence of compromised endothelial integ-
rity and can be detected as CEC in the peripheral blood [7].
The rarity of the indicative event, i.e. low frequency of CEC
within the multitude of other blood cells, explains the need
for the robustness and reproducibility of the detection

* Correspondence: a.sabashnikov@gmail.com
†Equal contributors
1Department of Cardiothoracic Surgery, Heart Center, University Hospital
Cologne, Cologne, Germany
2Center for Molecular Medicine Cologne, University Hospital Cologne,
Cologne, Germany
Full list of author information is available at the end of the article

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Sabashnikov et al. Journal of Cardiothoracic Surgery  (2017) 12:68 
DOI 10.1186/s13019-017-0631-3

http://crossmark.crossref.org/dialog/?doi=10.1186/s13019-017-0631-3&domain=pdf
http://orcid.org/0000-0002-6289-1035
mailto:a.sabashnikov@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


method. The original method for quantification of CEC
was based on the immuno-magnetic enrichment of CEC
(CD146 or CD34), followed by manual microscopic enu-
meration assessment of the labeled cells [7]. Although
standardization of this procedure has been proposed [8], it
suffers significantly from variable cell loss during manual
cell isolation, the need for error-prone visual microscopic
screening and the lack of rigid controls and documentation.
Flow cytometric approaches were introduced to address
this inaccuracy by enabling high throughput measurements
of cell suspensions with negative controls by using non-
specific isotype antibodies [9, 10]. In order to improve the
robustness and the reproducibility of this approach the total
number of events measured was reduced by immuno-
magnetic pre-sorting of blood cell sub-populations prior to
flow cytometric analysis [11], which has also been carried
out semi-automatically on a platform originally designed
for the detection of circulating cancer cells [12, 13].
For healthy persons and under physiological conditions

CEC are present at very low concentration [14]. Increased
levels of CEC have been shown for a variety of severe dis-
eases and conditions, such as acute coronary syndrome
[14], acute infections [15–17], chronic renal failure [18],
malignant tumors [19], diabetes mellitus type I [20] and II
[21], peripheral arterial occlusive disease [22], vasculitides
[23], sickle cell anemia [24], thrombotic microangiopathy
[25], chronic venous insufficiency [26] and after allogeneic
hematopoietic progenitor cell transplantation [27]. In the
field of cardiovascular disease CEC have recently been
shown as a marker of endothelial injury with clinical
relevance in cases of acute myocardial infarction [28, 29].
Furthermore, the detachment of endothelial cells into the
blood stream represents one of the multiple severe
adverse effects of CPB [30–33] that is required for most
cardiac surgical procedures.
CAVR represents a routine surgical procedure that in-

volves median sternotomy as a mean to access the oper-
ational situs and CPB. TAVI procedure was initially
introduced for the treatment of severe aortic valve stenosis
in high-risk patients as well as in patients with contraindi-
cations for surgery. This minimally invasive approach
underwent an extensive development over the last decade
[34, 35]. Despite acceptable postoperative morbidity and
mortality of high risk TAVI patients [34], this surgery may
be associated with an increased number of technical com-
plications, such as incorrect positioning leading to dis-
placement, paravalvular leaks or partial coronary
occlusion and, therefore, has not been recommended for
the treatment of low risk patients who can tolerate a more
invasive conventional procedure [35].
Our new robust method for the assessment of CEC

frequency as a novel parameter of endothelial integrity is
suggested to be a valuable and reliable tool in assessing
both, the pre-operative risk level determined by present

comorbidities and the extent of perioperative inflamma-
tion triggered by the use of CPB. We applied an opti-
mized and automated method for the detection and
enumeration of CEC in the peripheral blood and in-
cluded two patient cohorts with conceivable differences
in pre-operative condition, with respect to comorbidities
and age, resulting in distinct conventionally designated
pre-operative risk scores. The rationale for choosing
these different patient cohorts for the assessment of
CEC frequency was to test the validity of this novel
marker of endothelial damage by comparing these two
patient cohorts (details in the Results and Discussion
sections). The second rationale and the ultimate aim of
this study was to demonstrate the clinical relevance of
CEC as a marker of endothelial damage with potential
diagnostic and prognostic value for patients with severe
aortic valve stenosis undergoing either minimally inva-
sive procedure (TAVI) or conventional technique using
CPB (CAVR).

Methods
Circulating endothelial cell enumeration
CEC levels were determined and analyzed at 4 time points
perioperatively: immediately before skin incision, 1 h post-
operatively, on day 1 and day 5 after surgery. The enumer-
ation of CEC in peripheral blood was performed using the
CEC enrichment and enumeration kit (Miltenyi Biotec,
Bergisch-Gladbach, Germany) according to the manufac-
turer’s instructions. Briefly, the determination of CEC fre-
quency is based on the flow cytometric detection and
quantification using a MACSquant flow cytometer
(Miltenyi Biotec) equipped with 488 nm and 635 nm laser
for fluorescence excitation. For the characterization of
cells the following antibodies (with fluorescence label)
were included in the kit: anti-CD34 (fluorescein isothio-
cyanate, FITC), anti-CD146 (allophycocyanin, APC), anti-
CD45 (R-phycoerythrin, PE). After excluding cell debris
using the forward scatter (FSC) and sideward scatter
(SSC), cells positive for CD34 and CD146, while negative
for CD45 and propidium iodide (PI, as a positive marker
of dead cells) were considered CEC. In order to enhance
the accuracy of detecting these low-frequency target cells,
the blood sample was enriched prior to analysis by red
blood cell lysis and automated magnetic cell sorting of
CD34 expressing cells (via anti-CD34 antibodies coupled
to superparamagnetic microparticles, included in the kit)
using the internal MACSQuant column of the
MACSquant flow cytometer. Blood samples of patients
were acquired at indicated time points using EDTA-
anticoagulant collection tubes (Sarstedt, Nümbrecht,
Germany) and were stored for a maximum of 12 h at 4 °C.
A total sample volume of 10.2 mL was used for the CEC
enumeration procedure. Each blood sample was split into
three fractions, which were processed individually: 1)
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original fraction (0.2 mL), 2) CEC staining fraction (5 mL)
and 3) CEC isotype control fraction (5 mL). The original
fraction served as control for the quality of the blood
sample and frequency of CD34 positive cells before en-
richment. The CEC staining sample served for the actual
CEC detection in a pre-enriched cell fraction applying the
indicated target cell characteristics. The CEC isotype sam-
ple served as a control for the detection specificity in a
pre-enriched cell fraction by exchanging the specific anti-
CD146 antibody with an isotype matched unspecific
antibody.
In order to validate the efficacy and reproducibility

of the CEC enumeration method blood samples of
healthy donors were spiked with defined numbers of
endothelial cells.

Human arterial endothelial cell isolation
LIMA samples were obtained from residual material of
vessels prepared in elective patients undergoing CABG
at the Department of Cardiothoracic Surgery at the Uni-
versity Hospital Cologne. Informed consent was ob-
tained from the patients prior to surgery and this
analysis was conducted upon approval by the local ethics
committee. The tissue was rinsed with PBS (Invitrogen,
Karlsruhe, Germany) and clamped at one end. A solu-
tion of 2 mg/mL collagenase type I (Invitrogen, Darm-
stadt, Germany) in HBBS (Invitrogen) was injected into
the lumen and the tissue was incubated at 37 °C for
15 min. The clamp was then removed and the lumen
flushed with HBSS to collect the endothelial cells. Cells
were washed twice with HBSS and counted using a he-
macytometer (Roth, Karlsruhe, Germany).

Patients
In order to test the new approach we also prospectively
analyzed a cohort of patients assigned to either CAVR or
TAVI. This study was approved by the Institutional Ethics
Committee and individual informed consent was obtained
from each patient included. Twenty-two consecutive
patients with severe aortic valve stenosis scheduled for
isolated elective aortic valve replacement surgery were en-
rolled in the study and assigned to either CAVR (n = 11)
or TAVI (n = 11) group. The assignment of the patients to
each group was performed by our institutional interdiscip-
linary heart team consisting of at least two cardiac
surgeons and two cardiologists. The main criterion for the
patients with aortic valve stenosis to be considered for
TAVI procedure was the unacceptably high predicted risk
associated with conventional surgery based on age,
Euroscore and presence of comorbidities.
The exclusion criteria were the presence of the above-

mentioned diseases and conditions, primarily leading to
increased levels of CEC, as well as urgent (acute onset
or deterioration of potentially life-threatening condition)

and emergent (immediate life-saving procedures) cases.
Perioperative data were collected in the same time
period. CEC as well as serology and further perioperative
clinical end points (in-hospital mortality, hospital and
intensive care unit stay, ventilation time, blood loss,
transfusion requirements, post-operative atrial fibrilla-
tion, renal insufficiency, neurocognitive disturbance etc.)
were assessed by evaluating patients’ medical notes dur-
ing their hospital stay and after discharge.

Surgical procedure and peri-operative care
All patients underwent regulated pre-operative evaluation
including structured interview, medical examination, la-
boratory assessment, ECG, chest X-ray examination, TTE
and TEE, lung function test and coronary angiography.
Perioperative evaluation of TAVI patients included add-
itional CTA of the heart, the thoraco-abdominal aorta as
well as the iliac and femoral arteries. TAVI procedures
were performed in cooperation with interventional cardi-
ologists and CAVR were performed by senior cardiac sur-
geons in cooperation with experienced anesthesiologists
and perfusionists. In all TAVI cases a senior perfusionist
was involved stand by for potential emergent conversion
to sternotomy and CPB.

Conventional aortic valve replacement
The surgical access for conventional surgery was standard
median sternotomy. In all cases 300 IU/kg body weight of
heparin were administered prior to establishment of CPB
with an arterial cannula in the ascending aorta and a two-
stage venous cannula introduced through the right
atrium.

Trans-catheter aortic valve implantation
The TAVI procedures were performed in the hybrid
operating room of our department using standard ap-
proaches previously described in the literature [35]. Our
patients underwent TAVI either in the antegrade way
using direct trans-apical access (n = 9) or in the retro-
grade way using trans-femoral approach (n = 2). In
either case the native aortic valve was predilated by an
expandable valvuloplasty balloon during the rapid ven-
tricular pacing. The prosthetic valve was positioned and
deployed once the satisfactory position was achieved.
Accurate positioning as well as prosthetic valve function
was checked using trans-oesophageal echocardiography
and contrast aortography. In all cases 150 IU/kg body
weight of heparin were administered for sufficient antic-
oagulation. Postoperatively, all patients were transferred
for further observation to the ICU of our department.
Perioperative care of the patients was performed accord-
ing to internal standard protocols.
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Statistical analysis
Statistical analysis was performed using IBM SPSS Sta-
tistics version 21 software (SPSS, Chicago, IL). All con-
tinuous variables were expressed as mean ± standard
deviation. Categorical data were expressed as total num-
bers and percentages. Pearson’s χ2 or Fisher’s exact tests
were used for categorical data depending on the mini-
mum expected count in each cross tabulation. Statistical
analysis of metric parameters was carried out using the
Student t-test. A p-value of <0.05 was considered to in-
dicate statistical significance.

Results
Demographic data
Table 1 shows patients’ demographic data, comorbidities
and preoperative clinical characteristics for CAVR and
TAVI groups. TAVI patients were significantly older, had
higher Euroscore and STS score, higher serum creatinine
levels, higher incidence of pre-operative cardiac decom-
pensation, lower hemoglobin concentration, lower height
and lower body weight compared to CAVR patients.
History of CAD, arterial hypertension, hyperlipidemia,
and history of myocardial infarction were equally distrib-
uted between both groups. There were no considerable

discrepancies in terms of gender distribution, left ven-
tricular ejection fraction as well as aortic valve area.

Peri-operative data and outcome
The operating time as well as the total chest tube drainage
were higher in the CAVR group (Tables 2 and 3). There
were no significant differences regarding duration of total
hospital and ICU stay, transfusion requirements, incidence
of post-operative neurocognitive disturbance, atrial fibrilla-
tion and requirement for dialysis. The mean post-operative
peak aortic valve gradient was significantly higher in CAVR
patients compared to TAVI group. Additionally, the serum
levels of CK (CAVR: 306.9 ± 120.1 vs. TAVI:
104.2 ± 51.5 U/L, p < 0.001), CK-MB (CAVR: 35.1 ± 16.4
vs. TAVI: 20.6 ± 6.0 U/L, p = 0.012), Troponin T (CAVR:
0.613 ± 0.402 vs. TAVI: 0.223 ± 0.090 μg/L, p = 0.031) and
NSE (CAVR: 30.9 ± 6.1 vs TAVI: 19.7 ± 4.0 μg/L, p < 0.001)
were significantly higher 1 h after surgery in the CAVR
group (Figs. 1, 2, 3 and 4). There were no cases of cerebro-
vascular accident observed in either group. In all TAVI
cases there was no need for conversion to CPB or median
sternotomy for CAVR. One single patient in the TAVI
group died on 18th post-operative day due to pneumonia
resulting in severe sepsis and multi-organ failure.

Table 1 Patient demographics and perioperative data

CAVR (n = 11) TAVI (n = 11) p-value

Age [yrs] 69.0 ± 11.2 81.0 ± 4.8 0.004

Female [N] 5 (45.5%) 7 (63.6%) 0.670

Height [cm] 175.6 ± 5.0 166.2 ± 9.2 0.011

Weight [kg] 84.9 ± 11.6 65.5 ± 12.4 0.002

Log. euroSCORE 5.33 ± 4.40 19.37 ± 7.05 <0.001

STS score 1.90 ± 1.06 7.85 ± 3.59 <0.001

CAD [N] 4 (36.4%) 8 (72.7%) 0.198

Pre-operative creatinine [mg/dL] 0.92 ± 0.2 1.52 ± 0.9 0.042

Pre-operative hemoglobin [g/dL] 13.8 ± 1.3 11.6 ± 0.9 0.001

Pre-operative CK [U/L] 63.8 ± 24.7 42.0 ± 27.1 0.053

Pre-operative CK-MB [U/L] 6.73 ± 1.6 10.36 ± 5.6 0.053

Pre-operative Troponin T [μg/L] 0.01 ± 0.01 0.08 ± 0.10 0.031

Pre-operative EF [%] 61.9 ± 23.1 49.9 ± 26.0 0.355

Pre-operative AVA [cm2] 0.62 ± 0.30 0.60 ± 0.22 0.922

Pre-operative cardiac decompensation [N] 0 4 (36.4%) 0.045

Arterial hypertension [N] 10 (90.9%) 11 (100.0%) 1.000

Hyperlipoproteinemia [N] 10 (90.9%) 11 (100.0%) 1.000

Pre-operative pulmonary hypertension [N] 0 2 (18.2%) 0.476

Previous statin therapy [N] 10 (90.9%) 11 (100.0%) 1.000

History of AMI [N] 0 1 (9.1%) 0.168

AVA aortic valve area, CAD coronary artery disease, CK creatine kinase, CK-MB creatine kinase-muscle/brain (cardiac specific isoform), EF ejection fraction, AMI acute
myocardial infarction
Statistically significant p-values are presented in bold
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Circulating endothelial cell concentration and clinical impact
The efficacy of CEC quantification was validated by
measuring the frequency of endothelial cells in blood
samples that were beforehand spiked with a defined
number of freshly prepared coronary artery endothe-
lial cells. Here, the recovery (detected vs. spiked cells)
in a range of 50 to 200 endothelial cells /mL showed
a significant correlation (p = 0.001; R [2] = 0.617;
n = 4).

During the enumeration process the frequency of
CD34+ cells was typically increased by 1000×, when
comparing the original fraction (0.01% CD34+ cells
within vital cell fraction) with the enriched CEC staining
sample (10% CD34+) and the background of false posi-
tive events was below 15%, comparing the enriched CEC
staining fraction with the enriched CEC isotype sample
(Fig. 5).
Regarding the CEC frequencies in the peripheral blood

of TAVI and CAVR patients, pre-operatively acquired
samples revealed significant higher CEC in the TAVI
group (9.8 ± 4.1 vs. 5.5 ± 2.2 /mL, p = 0.019) as well as
1 h after surgery (13.4 ± 5.1 vs. 8.2 ± 4.1 /mL, p = 0.030).
On 5th post-operative day there were a statistically signifi-
cant higher CEC frequency in the CAVR group
(39.0 ± 13.0 vs. 14.3 ± 4.4 /mL, p < 0.001) compared to
TAVI (Fig. 6).
Despite small patient cohort observed in this trial we

were able to find similarities between CEC levels and a
number of clinical parameters routinely used for pre-
operative risk assessment and postoperative course. Our
analysis showed that similarly to higher pre-operative
Euroscore (TAVI: 19.37 ± 7.05 vs. CAVR: 5.33 ± 4.40;

Table 2 Intra-operative data

CAVR TAVI p-Wert

Operating time [min] 152.9 ± 45.9 74.2 ± 9.1 <0.001

Transfusion of PRBC [units] 0.6 ± 1.3 1.1 ± 1.0 0.97

Transfusion of FFP [units] 0.6 ± 1.3 0 0.177

Transfusion of platelets [units] 0.9 ± 0.3 0 0.329

CPB [min] 86.9 ± 20.5 n.a. n.a.

Aortic Cross-clamp time [min] 57.0 ± 15.6 n.a. n.a.

Reperfusion time [min] 20.0 ± 7.0 n.a. n.a.

FFP fresh frozen plasma, PRBC packed red blood cells, CPB cardio-pulmonary
bypass, n.a. not applicable
Statistically significant p-values are presented in bold

Table 3 Post-operative data

CAVR TAVI p-Wert

Ventilation time [min] 7.6 ± 1.8 8.4 ± 0.4 0.256

Total chest tube dranaige [mL] 880.0 ± 453.0 523.0 ± 152.7 0.048

ICU stay [d] 3.0 ± 2.2 5.9 ± 5.6 0.126

In-hospital stay [d] 13.6 ± 5.3 14.4 ± 6.5 0.750

Transfusion of PRBC [units] 1.4 ± 1.8 1.6 ± 1.7 0.724

Transfusion of FFP [units] 0.8 ± 1.8 0.5 ± 0.9 0.564

Transfusion of platetets [units] 0.1 ± 0.3 0 0.564

Paravalvular leak [N] 0 3 (27.3%) 0.214

Pmax [mm Hg] 25.6 ± 12.9 15.8 ± 6.3 0.044

Pmean [mm Hg] 14.6 ± 9.5 8.4 ± 4.1 0.194

Vmax [cm/s] 285.2 ± 61.3 248.5 ± 118.9 0.517

Symptomatic transitory psychotic syndrome 1 (9.1%) 5 (45.5%) 0.149

Atrial fibrillation [N] 7 (63.6%) 10 (90.9%) 0.311

Use of class III antiarrhythmics [N] 6 (54.5%) 8 (72.7%) 0.659

Readmission to the ICU [N] 1 (9.1%) 1 (9.1%) 1.000

Reintubation [N] 1 (9.1%) 0 1.000

Sepsis [N] 0 1 (9.1%) 1.000

Creatinine 24–48 h after surgery [mg/dL] 1.4 ± 0.9 1.9 ± 1.2 0.322

CVVH [N] 2 (18.2%) 2 (18.2%) 1.000

Wound infection [N] 0 2 (18.2%) 0.476

Cerebral vascular accident [N] 0 0

Hospital mortality [N] 0 1 (9.1%) 1.000

CVVH continuous veno-venous hemodialysis, FFP fresh frozen plasma, ICU intensive care unit, Pmax maximum pressure gradient, Pmean mean pressure gradient, Vmax

maximum velocity, PRBC packed red blood cells
Statistically significant p-values are presented in bold
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p < 0.001) and pre-operative STS score (TAVI: 7.85 ± 3.59
vs. CAVR: 1.90 ± 1.06; p < 0.001), CEC levels (TAVI:
9.81 ± 4.14 /mL vs. CAVR: 5.53 ± 2.16 /mL; p = 0.019)
were also in consistence with a higher pre-operative risk
in TAVI patients compared to CAVR patients.
Additionally, all patients with pre-operative CEC levels

higher than 10/mL (n = 5, mean: 13.06 ± 1.78 /mL) had
past medical history of CAD, developed post-operative
atrial fibrillation during the post-operative course and
tended to have higher post-operative creatinine levels
(2.0 ± 1.3 vs. 1.2 ± 0.2 mg/dL, p = 0.066), prolonged
ICU stay (7.2 ± 7.4 vs. 2.4 ± 0.7 days, p = 0.034) and
higher rate of transitory psychotic disorder (80% vs. 0%,
p = 0.002). No cases of CAD and transitory psychotic
disorders were found in the subgroup of patients with
CEC levels less than 5 /mL (n = 6). Additionally, those
patients showed a trend towards lower post-operative
creatinine levels (1.19 ± 0.25 vs. 1.6 ± 0.92 mg/dL) and
shorter ICU stay (2.5 ± 0.84 vs. 4.6 ± 5.3 days), however
not reaching statistical significance.

Discussion
The need for new and reliable markers of endothelial
damage has attracted several research groups in exploit-
ing the potential diagnostic and prognostic value of CEC
frequency in human blood. Since CEC have been pro-
posed as a valuable clinical marker, the accurate quanti-
tative assessment of CEC frequency using standardized
and reproducible methods has become an essential re-
quirement. Especially, research in the fields of cancer
[36, 37] and cardiovascular diseases [28, 29, 38] have
used various methods for the assessment of CEC fre-
quency to investigate its correlation with clinical diag-
nostics and outcome. Here, notable differences have
been reported for CEC frequencies in control samples
from healthy human donors ranging from 4 to 1300 cells
per ml of peripheral blood, depending on the method
applied [11, 39–41].
Taking these aspects into consideration, the overall ob-

jective of this study was to adopt a new reliable and re-
producible method of CEC enumeration and to
demonstrate the clinical relevance of CEC measured by
this approach in different patient cohorts. The presented

Fig. 1 Cardiac enzymes peri-operatively: Troponin T. Serial time course of Troponin T levels in patients operated using CAVR or TAVI technique.
Troponin T levels were significantly higher in the TAVI group pre-operatively. One hour after surgery, however, Troponin T levels became
significantly higher in the CAVR group. There were no significant differences during further post-operative course (*p < 0.05, **p < 0.001)

Fig. 2 Cardiac enzymes peri-operatively: CK. Serial time course of CK
levels in patients operated using CAVR or TAVI technique. CK levels
were comparable pre-operatively and significantly higher 1 h and 1
d after surgery in the CAVR group compared to the TAVI group. This
difference did not reach statistical significance 5 d after surgery
(*p < 0.05, **p < 0.001)

Fig. 3 Cardiac enzymes peri-operatively: CK-MB. Serial time course of
CK-MB levels in patients operated using CAVR or TAVI technique.
CK-MB levels were comparable pre-operatively and significantly higher
1 h after surgery in the CAVR group. There were no statistically
significant differences between the two groups during further post-op-
erative course. (*p < 0.05, **p < 0.001)
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method for CEC identification and enumeration is charac-
terized by two main aspects increasing accuracy and repro-
ducibility. Firstly, the immuno-magnetic pre-enrichment of
a CD34+ sub-population of cells from peripheral blood and
secondly, the flow cytometric detection and enumeration
(absolute cell number per sample) of CEC using an
integrated workflow. This method is similar to the one de-
scribed before using a CellTracks system, with the main dif-
ference of making use of the CD34+ and not CD146+

antigen for immuno-magnetic separation [12]. This
variation has the advantage of initial exclusion of contamin-
ating CD146+ activated lymphocyte subset [42], which were
shown to be responsible for over-estimation of CEC
numbers in earlier reports [43, 44]. In order to document
the robustness and overall validity to of the method applied,
we performed spiking experiments with isolated mature
endothelial cells, simulating as close as possible the actual
in vivo situation of CEC, and could show a significant
correlation between recovered and spiked cells. Analyzing
two groups of patients with clearly different preoperative
clinical state with respect to co-morbidities and age on one
hand and different invasiveness of the procedure performed
on the other served as a secondary control of the validity of
our methodological approach. Again, our results confirmed
higher preoperative endothelial damage for TAVI patients
as expressed by significantly higher preoperative CEC
frequencies as compared to patients receiving conventional
CAVR treatment. On the other hand, CAVR patients were
associated with significantly higher systemic inflammation
compared to the TAVI group after more invasive surgery.
Thus, investigation of two different cohorts of patients op-
erated on conventionally and using minimally invasive ap-
proach, revealed the importance of CEC as an alternative
and direct method of quantitative assessment of pre-
operative risk as well as post-operative systemic injury level.
Also, it could be shown that patients undergoing CAVR
procedure suffered from several complications underlined

by higher post-operative CEC-values compared to the TAVI
group, though those patients were significantly younger,
with a lower Euroscore and STS score and had fewer co-
morbidities. This finding was expected and corroborates
previous research suggesting that CEC seem to be a direct
quantitative parameter of endothelial injury caused by the
CPB which leads to systemic and organ damage [31, 33].
In reviewing the literature, a great deal of data on the

association between CEC and different clinical parame-
ters have been described [14, 19, 20, 23, 25, 45].
Supporting these previous results we were able to show
a strong relationship between CEC and different clinical
variables with the view to revealing the diagnostic role
of CEC during the post-operative course.
First, we demonstrated statistically increased preopera-

tive CEC levels in the TAVI group consisting of elderly pa-
tients with higher Euroscore, which is currently in daily
use in cardiac surgery [46], higher creatinine levels and
higher incidence of cardiac decompensations as compared
to the CAVR group, though all the patients with diseases
known to have elevated CEC levels were excluded from
this clinical trial. This correlation of CEC with increased
surgical risk demonstrated by using our novel CEC enu-
meration approach has not previously been described.
Hence, it could conceivably be hypothesized that CEC
may be a major predictor of the perioperative risk of
patients admitted either for conventional or minimally in-
vasive surgical procedures. Additionally, particularly as the
aggressiveness of indication for TAVI has been signifi-
cantly progressing over the last decade, CEC might help
clinicians in making decisions as to which surgical
approach should be considered as a treatment.
Second, one of the most striking observations to

emerge from the data comparison were statistically
higher post-operative CEC levels in the CAVR group,
emphasizing adverse effects of CPB and more invasive
surgical access. This elevation is even consolidated by
the dilution effect in the CAVR group caused by the
priming solution required for the circuit and is delivered
into patients’ circulation once CPB is connected and
started. However, the postoperative difference in CEC
frequency between the CAVR and TAVI groups only be-
came significant after a latent phase on the fifth post-
operative day. This interesting finding might be ex-
plained in many ways. First, in addition to the general
deleterious effects of CPB the observed increase in CEC
over the post-operative course could be attributed to the
various complications and side effects of both surgical
approaches prevailing in the CAVR group. This theory
can be supported by the fact that individual patients
with severe post-operative adverse events such as atrial
fibrillation or acute renal insufficiency were demon-
strated to have remarkably significant elevations in CEC
suggesting a strong correlation between CEC and the

Fig. 4 Neuron specific enolase (NSE) peri-operatively. Serial time course
of NSE levels in patients operated using CAVR or TAVI technique. NSE
levels were significantly higher 1 h after surgery in the CAVR group and
were comparable in both groups pre-operatively as well as 1 d and 5 d
after surgery (*p < 0.05, **p < 0.001)
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above mentioned clinical manifestations. Second, the late
phase of the CEC rise might be a response to the specific
post-operative treatment regimen of patients operated on
using CPB, such as significantly longer operating time
(Table 2) more intensive inotropic support, stronger antic-
oagulation, more aggressive chest tube drainage (Table 3)
and diuretic therapy. Finally, more invasive access with
median sternotomy and aortotomy, use of cardioplegia
and induced cardiac arrest in the CAVR group may have
additional impact on the detachment of endothelial cells.
Similarly to pre-operative findings, the obvious relation
between CEC and various clinical parameters can be em-
phasized by signifikantly higher levels of different

serologic parameters during the post-operative course in
the CAVR group, such as CK, CK-MB, Troponin T and
NSE (Figs. 1, 2, 3 and 6).

Limitations of the study
The clinical part of the present study was designed as a
single center trial with a small patient sample size in order
to provide initial results using the new CEC enumeration
approach. Due to the small patient cohort, no statistical
correlation analysis of Euroscore, STS score and CEC was
performed and statistical results should be interpreted
with caution. Therefore, the findings may not be transfer-
able to the general cohort. At last, there were no long-

Fig. 5 Flow cytometric detection and enumeration of CEC from peripheral blood. CEC frequency was assessed via a composite analysis, consisting of
three separate flow cytometric analyses of a single blood sample after erythrocyte lysis. a-d: ori sample, not immuno-magnetically enriched; e-h: iso
sample, immuno-magnetically enriched for CD34+ cells, antibody for CEC indicative CD146+ staining exchanged with isotype matched unspecific
antibody; j-m: stain sample, immuno-magnetically enriched for CD34+ cells, with specific antibody for CEC indicative CD146+ staining. a, e, j: Dot plots for
exclusion of debris and remaining erythrocytes (x-axis: forward scatter FCS; y-axis: sideward scatter, SSC) resulting in gate P1. b, f, k: Dot plots for exclusion
of dead cells (x-axis: CD45; y-axis: propidium iodide, PI) gated in P1 resulting in gate P2 (P1/P2). c, g, l: Dot plots for exclusion of hematopoietic cells (x-axis:
CD45; y-axis: CD34) gated in P2 resulting in gate P3 (P1/P2/P3). d, h, m: Dot plots for validation of CEC (x-axis: CD34; y-axis: CD146) gated in P3 resulting in
gate P4 (P1/P2/P3/P4). The number displayed in the P4 gate represents the absolute number of detected CEC in the respective fraction of the blood
sample (ori: 100 μl; iso: 5 ml; stain: 5 ml)
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term results obtained and, in turn, larger clinical trials are
required to confirm the present preliminary results.

Conclusions
Our initial results showed that CEC frequency could be
used as a predictive and diagnostic marker in cardiac sur-
gical procedures, such as AVR. The new flow cytometric
was shown to be an easily performable and reliable ap-
proach of CEC enumeration. However, further larger studies
are necessary to confirm its clinical value as well as poten-
tial superiority compared to conventional markers.
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