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Abstract
Objective  The tightly packed arrays of polyhedral erythrocytes, polyhedrocytes, formed during thrombus contraction, have 
been detected in some intracoronary thrombi (ICT) obtained from patients with ST-segment elevation myocardial infarc-
tion (STEMI). We sought to investigate determinants of polyhedrocyte content in ICT and its association with reperfusion 
in STEMI.
Methods  We assessed the composition of ICT obtained during thrombectomy within 12 h since the symptom onset in 110 
STEMI patients, following 300 mg of aspirin (n = 110) and 600 mg of clopidogrel (n = 75). The predominance of fibrin, 
erythrocytes, polyhedrocytes or platelets was evaluated using scanning electron microscopy.
Results  Polyhedrocytes were found in 34 (30.9%) ICT, in which they covered 20–50% (median 38.8%) fields of view. Patients 
with polyhedrocytes in ICT had lower median minimal reference infarct-related artery (IRA) diameter by 20% (p < 0.0001) 
and area by 31% (p < 0.0001) versus those without polyhedrocytes. Time of ischemia showed association with the polyhe-
drocyte content (r = 0.26, p = 0.007). By multivariate analysis, minimal IRA diameter (β = − 0.50, p < 0.0001) and ischemia 
time (β = 0.20, p = 0.035) independently affected polyhedrocyte content in ICT (R2 = 0.45, p < 0.0001). Patients with ischemia 
time of > 3 h and polyhedrocytes present in ICT had more frequently TIMI-2/3 flow after thrombus aspiration (96% vs. 67%, 
p = 0.02) and final TIMI-2/3 myocardial perfusion grade (92% vs. 57%, p = 0.044) versus those without polyhedrocytes.
Conclusions  Our findings indicate that the presence of polyhedrocytes in ICT, observed in one-third of STEMI patients, is 
associated with smaller minimal IRA diameter, prolonged ischemia and their formation in late presenters is associated with 
more effective thrombus aspiration and better myocardial reperfusion.
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Introduction

Reduced in-hospital and long-term mortality in patients with 
acute myocardial infarction (MI) within the last decade is 
associated with improved pharmacological and invasive 
treatment [1–3]. Despite high rates of implementation of 
guideline recommended antithrombotic therapies including 
aspirin, clopidogrel, more potent P2Y12 inhibitors, heparins 
and bivalirudin [4], thrombus-related complications during 
mechanical reperfusion such as distal embolization, residual 
thrombus [5, 6], acute stent thrombosis [7] and especially 
the no-reflow phenomenon are still common [8–10] and 
their occurrence is usually associated with worse clinical 
outcomes [11, 12].

Plaque rupture associated with the exposure of collagen 
and tissue factor triggers both platelet activation, thrombin 
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generation and then the formation of fibrin, a major compo-
nent of intracoronary thrombus (ICT) [13, 14]. Fibrin–plate-
let meshwork of ICT is then contracted with simultaneous 
entrapment of large amounts of erythrocytes and inflamma-
tory cells. Recently, uniquely shaped compressed polyhe-
dral erythrocytes, called polyhedrocytes, have been found 
using scanning electron microscopy in the whole blood 
clots formed in vitro [15]. Confocal light microscopy with 
labeled erythrocytes, platelets and fibrin(ogen) allowed to 
ensure that those specific structures were not an artifact and 
appeared as a result of clot contraction. In vitro clot for-
mation was associated with fibrin exposure on clot surface 
and erythrocyte compression in the interior core into the 
tightly packed arrays of polyhedrocytes [15]. In vitro studies 
showed a stepwise clot contraction starting from its initiation 
followed by linear contraction and clot stabilization [16]. 
Moreover, thrombin, calcium ions, cross-linking by active 
factor XIII, and platelets promoted clot contraction, while 
red blood cells impaired contraction and reduced clot elastic-
ity [16]. In turn, polyhedrocytes have been observed in vivo 
in human arterial and venous thrombi as well as pulmonary 
emboli [17–19]. Moreover, it was found that the kinetics and 
extent of clot contraction can be different also in patients 
with acute ischemic stroke [20].

Little is known about factors that determine polyhedro-
cyte formation during ICT contraction in vivo. Fast clot 
contraction with a large content of polyhedrocytes in acute 
MI may facilitate myocardial perfusion restoration during 
mechanical recanalization of the infarct-related artery (IRA). 
Based on the previous studies [16, 18], we hypothesized that 
polyhedrocyte formation in the contracting ICT among MI 
patients is modulated by systemic factors and local environ-
ment. Therefore, we sought to investigate determinants and 
clinical significance of the polyhedrocyte content in ICT 
during STEMI.

Patients and methods

We studied consecutive STEMI patients treated in two cent-
ers within the first 6 months of 2016 with primary percu-
taneous coronary intervention (PCI) preceded by aspira-
tion thrombectomy. The inclusion criteria were chest pain 
onset within 12 h with concomitant ST-segment elevation 
of ≥ 1 mm in at least two contiguous leads or ≥ 2 mm in at 
least two contiguous precordial leads. The exclusion crite-
ria were cardiogenic shock on admission, previous MI at 
the same territory, previous coronary artery bypass surgery, 
history of malignancy, venous thromboembolism or stroke, 
liver injury (alanine aminotransferase > 1.5 ULN), serum 
creatinine > 177 µmol/L and current oral anticoagulation.

At first medical contact all patients received 300 mg of 
aspirin, 72 (65.5%) of them were loaded with 600 mg of 

clopidogrel and 75 (68.2%) received intravenous bolus of 
5000 IU of unfractionated heparin (UFH). On admission, 
hemoglobin, hematocrit, red blood cell count, white blood 
cell count, platelet count, lipid profile, glucose, creatinine, 
fibrinogen, and high-sensitivity C-reactive protein (CRP) 
were determined by routine laboratory techniques. Immedi-
ately before PCI patients received weight-adjusted bolus of 
UFH to achieve activated clotting time of 200–250 s. Of 255 
eligible consecutive STEMI patients, thrombotic material 
was successfully removed in 110 (43%) from the IRA mostly 
with the Export® Aspiration Catheter (Medtronic Inc., Min-
neapolis, Minnesota, USA), and those patients were included 
in further analysis.

The study protocol complied with the Declaration of 
Helsinki was approved by the Ethics Committee of the 
Jagiellonian University. All patients gave written informed 
consent.

Thrombus assessment

The ICT preparation and analysis were described previously 
[18, 21, 22]. Briefly, immediately after aspiration and visual 
assessment fresh thrombus was fixed with 2.5% glutaral-
dehyde, rinsed several times in phosphate-buffered saline, 
dehydrated in ethyl alcohol and then placed into tert-Butyl 
alcohol. After drying procedure, the outer portion of the 
thrombi was partly removed to obtain samples of the inte-
rior portions of the ICT and all thrombi were coated with 
gold using JEOL JFC-1300 Ion Sputter (JEOL Ltd., Tokyo, 
Japan) (Fig. 1a–c i–iii). Next, ICTs were photographed by 
means of the scanning electron microscope JCM 6000 and 
JSM 5410 (both JEOL) equipped with an energy disper-
sion spectrometer for chemical analysis (magnifications in 
Fig. 1a–c i, ii − 30×, iii − 100×, iv–vi − 3500×). All fields 
of view (FoV) with magnification of 3500× were randomly 
selected from different parts of every ICT, covered by a grid 
20 × 20 and analyzed using image software [18, 22]. In each 
of 400 squares of the grid superimposed on the scanning 
electron microscopic images, the dominant component of 
ICT was recorded, i.e., (1) fibrin, (2) erythrocytes, or (3) 
platelets. The content of each ICT component in every FoV 
was calculated by dividing the number of squares with the 
same component by 400 and expressed as a percentage. 
Because the distribution of content of fibrin, erythrocytes 
and platelets in FoV for every ICT was non-normal, median 
values were used for further analyses.

The erythrocytes were specified as either normal bicon-
cave disc erythrocytes (Fig. 1a iv–vi, b iv) or polyhedro-
cytes (Fig. 1c iv–vi, b v). Intermediate forms of erythrocytes 
(Fig. 1b vi) were included into polyhedrocyte population 
during analysis. The polyhedrocyte content in ICT was 
expressed qualitatively as either (1) polyhedrocyte presence 
in at least one FoV per ICT (named further as polyhedrocyte 
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Fig. 1   The intracoronary thrombi (ICT) in scanning electron micros-
copy. Three intracoronary thrombi (a–c i with magnification ×30) 
and representative fields of view with magnification ×3500 from 
scanning electron microscopy (a–c iv–vi) from random parts of ICT 

(a–c i, iii). a ICT with normal, biconcave disc erythrocytes, b ICT 
with polyhedrocytes and intermediate forms, c polyhedrocyte-rich 
ICT. (i) The whole ICT, (ii) after exposure of interior portion, iii. 
Inner part of ICT with magnification ×100
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presence in ICT, Fig. 1b) or as (2) the polyhedrocyte pres-
ence in more than 50% of FoV per thrombus (named as ICT 
rich in polyhedrocyte, Fig. 1c). The polyhedrocyte content in 
ICT was also expressed semi-quantitatively as a ratio of the 
number of FoV with present polyhedrocytes to the number 
of all examined FoV in each ICT. Two independent investi-
gators unaware of any clinical and laboratory data evaluated 
all thrombi, with the inter-observer and intra-observer agree-
ment of 94% and 96%, respectively.

Angiography analysis

The angiograms were analyzed off-line for the determina-
tion of the IRA, epicardial blood flow and distal emboli-
zation, based on visual inspection. Reference lumen diam-
eter (RLD) of IRA was measured immediately before the 
place of culprit lesion with the commercially available 
software in two contralateral projections (RLD1, RLD2). 
The lower value of RLD was specified as the minimal RLD 
(minRLD). Mean value of RLD (mRLD) was calculated as 
½ × (RLD1 + RLD2) (mm). In turn, IRA reference lumen 
area (RLA) was calculated as ¼ × π × RLD1 × RLD2 (mm2). 
The epicardial blood flow was evaluated by means of the 
thrombolysis in myocardial infarction (TIMI) flow scale 
and myocardial perfusion was scored according to the TIMI 
myocardial perfusion grades (TMPG) before PCI, after aspi-
ration and after PCI.

Fibrin clot properties

On admission blood samples were drawn atraumatically 
from an antecubital vein and centrifuged within 30 min at 
2500g and room temperature.

Clot permeability

Permeation properties of fibrin clots were investigated as 
described [18, 23]. Briefly, 20 mmol/l calcium chloride and 
1 U/ml human thrombin (Sigma-Aldrich, St Louis, MO, 
USA) was added to citrated plasma. After incubation at 
room temperature, tubes containing the clots were connected 
to a reservoir of a buffer (0.05 mol/l Tris–HCl, 0.15 mol/l 
NaCl, pH 7.5) and its volume flowing through the gels was 
measured. A permeation coefficient (Ks, 10−9 cm2), which 
indicates the pore size, was calculated from the equation: 
Ks = Q × L × µ/t × A × Δp, where Q is the flow rate in time t, 
L is the length of a fibrin gel, µ is the viscosity of liquid (in 
poise), A is the cross-sectional area (in cm2), and Δp is a dif-
ferential pressure (in dyne/cm2). The intra-assay variability 
of results was 7.2%.

Plasma clot lysis assay

Fibrinolysis induced by recombinant tissue plasminogen 
activator (rt-PA, Boerhinger Ingelheim, Ingelheim, Ger-
many) was evaluated as described [18, 23]. Briefly, 100 µl of 
citrated plasma was diluted with 100 µl of a Tris-buffer, con-
taining 20 mmol/l calcium chloride, 1 U/ml human thrombin 
and 1 µmol/l rt-PA. Assembly kinetics was monitored by 
absorbance at 405 nm in duplicate. Lysis time (t50%, min) 
was defined as the time required for a 50% decrease in fibrin 
absorbance. The inter- and intra-assay coefficients of vari-
ation were < 7%.

Reperfusion and clinical outcomes

Serum creatine kinase (CK, IU/l), isoenzyme MB of creatine 
kinase (CK-MB, IU/l) and troponin I (TropI, ng/ml) was 
measured on admission and every 8 h during the first 48 h 
after PCI. Maximum of CK-MB (CK-MBMAX) and troponin 
I (TropIMAX) were analyzed.

Before discharge left ventricular ejection fraction was 
evaluated by two-dimensional echocardiography. A 30-day 
clinical outcome included death, recurrent MI and recurrent 
hospitalization due to symptoms of heart failure.

Statistical analysis

In this study, there was no formal sample size calculation 
because of lack of primary endpoint. However, based on pre-
vious polyhedrocyte prevalence in ICT of about 20% [18], 
the study was powered to have a 90% chance of detecting a 
correlation between polyhedrocyte content and minimal IRA 
lumen diameter of more than |− 0.33| using a p value of 0.05. 
To demonstrate such an association or greater, 100 patients 
were required in the study group.

Statistical analyses were performed with SPSS 20.0 soft-
ware. Continuous variables are expressed as mean ± SD 
or median (interquartile range) and categorical variables 
as number (percentage). Continuous variables were first 
checked for normal distribution by the Shapiro–Wilk statis-
tic and compared by Student t test when normally distributed 
or by the Mann–Whitney U test for non-normally distributed 
variables. Categorical variables were analyzed by Chi-square 
or Fisher’s exact test. The Pearson or Spearman rank cor-
relation coefficients were calculated to test the association 
between two variables with a normal or non-normal distri-
bution, respectively. All clinical, biochemical and coronary 
angiography parameters associated (p < 0.2) with the content 
of polyhedrocytes in an univariate model and not correlated 
with another independent variable were then included in 
the multivariate regression analysis to determine predictors 
of polyhedrocyte content in ICT. A two-sided p < 0.05 was 
considered statistically significant.
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Results

Polyhedrocytes in ICT

Patients baseline and procedural characteristics are shown 
in Tables 1 and 2. A total of 1061 fields of view within 110 
thrombi were assessed, with a median (IQR, interquartile 

range) of nine fields (8–10) per thrombus. Polyhedrocytes 
were found in 34 (30.9%) ICT, in which they were observed 
in 20–50% (median 38.8%) of fields of view. Moreover, ICT 
rich in polyhedrocytes were found in 11 (10%) patients. In 
all ICT, the median fibrin content was 55.7 (35.5–70.9)%, 
erythrocyte content was 29.1 (15.6–48.9)% and platelet con-
tent was 3.1 (0.9–11.7)%.

Table 1   Baseline characteristics

Data are expressed as number (percentage), median (interquartile ranges) or mean ± standard deviation
MI myocardial infarction, PCI percutaneous coronary intervention, LDL low-density lipoprotein, HDL 
high-density lipoprotein

ICT without polyhe-
drocytes, n = 76

ICT with polyhedro-
cytes, n = 34

p value

Age, (years) 63.1 ± 12.4 64.1 ± 11.2 0.67
Male gender 50 (65.8) 23 (67.6) 0.85
Body mass index, (kg/m2) 27.2 ± 3.6 26.9 ± 4.0 0.72
Cardiovascular risk factors
 Hypertension 48 (63.2) 21 (61.8) 0.89
 Diabetes mellitus 23 (30.3) 10 (29.4) 0.93
 Dyslipidemia 40 (52.6) 12 (35.3) 0.09
 Current smoking 37 (48.7) 16 (47.1) 0.82
 Family history of coronary artery disease 15 (19.7) 10 (29.4) 0.27
 Prior stroke 1 (1.3) 0 0.51
 Peripheral artery disease 1 (1.3) 1 (2.9) 0.56

Previous MI 7 (9.2) 3 (8.8) 0.95
Prior PCI 7 (9.2) 3 (8.8) 0.95
Angina before MI 20 (26.3) 7 (20.6) 0.80
Treatment with aspirin prior to MI 12 (15.8) 6 (17.6) 0.85
Renal failure 3 (3.9) 1 (2.9) 0.80
Killip class on admission
 I 69 (90.8) 31 (91.2) 0.96
 II 4 (5.3) 2 (5.9)
 III 3 (3.9) 1 (2.9)

Time delay, (min)
 Onset of chest pain to balloon inflation 197 (145–350) 230 (180–420) 0.25
 Loading dose of clopidogrel to blood sampling 70 (48–110) 75 (50–112) 0.41

Lab results on admission
 White blood cells, (× 103/µl) 10.7 (9.0–13.7) 11.2 (9.2–13.8) 0.73
 Hemoglobin, (g/dl) 14.5 (13.4–15.2) 14.5 (13.1–14.8) 0.45
 Hematocrit, (%) 41.8 (39.5–44.0) 42.3 (39.5–44.2) 0.95
 Red blood cells, (× 106/µl) 4.76 (4.40–5.08) 4.55 (4.20–4.93) 0.15
 Platelet count, (× 103/µl) 218 (190–271) 230 (184–269) 0.98
 Glucose, (mmol/l) 8.4 (7.2–10.3) 7.5 (6.6-9.0) 0.12
 Fibrinogen, (g/l) 3.78 (2.99–4.43) 3.40 (2.47–4.23) 0.43
 Creatinine, (µmol/l) 94 (78–105) 88 (77–103) 0.55
 Total cholesterol, (mmol/l) 5.30 (4.34–6.20) 4.87 (4.22–6.30) 0.96
 LDL-cholesterol, (mmol/l) 3.24 (2.48–4.1) 3.09 (2.35–4.10) 0.89
 HDL-cholesterol, (mmol/l) 1.10 (0.98–1.32) 1.25 (1.10–1.40) 0.07
 Triglycerides, (mmol/l) 1.21 (0.72–1.81) 1.12 (0.70-2.00) 0.95
 hs C-reactive protein, (mg/l) 1.96 (1.00-6.23) 2.96 (1.71–28.67) 0.042
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Polyhedrocyte content was moderately correlated with 
erythrocyte content (r = 0.32, p = 0.001) and inversely 
correlated with platelet content (r = − 0.28, p = 0.006). 
There was no correlation between fibrin and polyhedrocyte 

content in ICT. Similar findings were observed in the 
polyhedrocyte-rich thrombi, in which erythrocyte content 
(p < 0.05) was larger, platelet content (p < 0.001) lower and 

Table 2   Antithrombotic 
pharmacotherapy and invasive 
procedure

Data are expressed as number (percentage) or median (interquartile range)
FMC first medical contact, PCI percutaneous coronary intervention, TIMI Thrombolysis in myocardial 
infarction, TMPG TIMI myocardial perfusion grade, CK-MBMAX isoenzyme MB of creatine kinase

ICT without polyhedro-
cytes, n = 76

ICT with polyhedro-
cytes, n = 34

p value

Aspirin, 300 mg p.o.
 Pre-hospital FMC 76 (100) 34 (100) 1.0

Clopidogrel, 600 mg p.o. 0.044
 Pre-hospital FMC 48 (63.2) 27 (79.4)
 During PCI 29 (36.8) 6 (20.6)

Abciximab, i.v.
 During PCI, as a bail-out procedure 21 (27.6) 10 (29.4) 0.85

Unfractionated heparin
 Pre-hospital FMC, 5000 IU i.v. 49 (64.5) 23 (67.6) 0.88

Infarct-related artery 0.37
 Left anterior descending 43 (56.6) 16 (47.0)
 Left circumflex 5 (6.6) 4 (11.8)
 Right coronary artery 28 (36.8) 14 (41.2)

TIMI at baseline
 0/1 69 (90.8) 33 (97.0) 0.46
 2 5 (6.6) 1 (3.0)
 3 2 (2.6) 0

TIMI after aspiration
 0/1 20 (26.3) 3 (8.8) 0.096
 2 21 (27.6) 10 (29.4)
 3 35 (46.1) 21 (61.8)

TIMI after PCI
 0/1 1 (1.3) 1 (3.0) 0.21
 2 17 (22.4) 3 (8.8)
 3 58 (76.3) 30 (88.2)

TMPG after PCI
 0/1 24 (31.6) 6 (17.6) 0.17
 2/3 52 (68.4) 28 (82.4)

Distal embolization during PCI 12 (15.8) 5 (14.7) 0.88
Reference lumen diameter, (mm) 3.40 (2.90–3.40) 2.75 (2.55–3.35) < 0.0001
Reference lumen area, (mm2) 9.07 (6.60–9.07) 5.94 (5.10–8.29) < 0.0001
Stent size, (mm) 3.5 (3.0–3.5) 3.00 (2.75–3.50) 0.002
Total stent length, (mm) 20 (16–27) 18 (13–23) 0.18
Creatine kinase MAX, (IU/l) 2285 (1408–3838) 2656 (1062–5742) 0.67
Isoenzyme MB of creatine kinase, (IU/l) 274 (136–417) 317 (183–480) 0.23
Troponin IMAX, (ng/ml) 46.00 (20.77–105.34) 29.57 (7.39–67.86) 0.14
Left ventricular ejection fraction before 

discharge, (%)
41 (35–50) 45 (40–50) 0.31
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fibrin content (p = 0.79) similar as compared with patients 
without polyhedrocytes in ICT.

Patient characteristics and polyhedrocytes in ICT

Demographic variables and cardiovascular risk factors were 
not associated with polyhedrocyte presence and content in 
ICT (Table 1, Supplementary Table 1).

A pre-hospital bolus of UFH also did not influence poly-
hedrocyte content (Table 2). However, in 75 (68.2%) patients 
who had been pretreated with loading dose of clopidogrel 
before hospital admission, polyhedrocytes were found more 
frequently (36% vs. 17.1%, p = 0.044). Also median content 
of polyhedrocytes in those patients was higher as compared 
with individuals not pretreated with clopidogrel (16.1 ± 13.4 
vs. 5.2 ± 6.2%, p = 0.022). Moreover, ICT rich in polyhe-
drocytes were found only in patients pre-loaded with clopi-
dogrel (14.7% vs. 0%, p = 0.017). Patients pretreated with 
clopidogrel had higher content of fibrin in ICT (58 [41–75] 
vs. 52 [31–61] %, p < 0.05).

There was no association between the presence or content 
of polyhedrocytes in ICT and baseline laboratory investi-
gations including red blood cell count, platelet count, and 
fibrinogen (Supplementary Table 1). In patients who formed 
polyhedrocytes, CRP was higher as compared with the 
remainder (3.4 [1.7–35.2] vs. 2.0 [1.0–6.2] ng/ml, respec-
tively, p = 0.042). CRP was correlated with polyhedrocytes 
content in ICT (r = 0.29, p = 0.01). Fibrinogen but not CRP 
was positively correlated with fibrin content (r = 0.30, 
p < 0.01) and inversely associated with erythrocyte content 
(r = − 0.33, p = 0.004) in ICT.

Fibrin clot properties were measured in a subgroup of 
71 patients. There was no correlation between Ks or t50% 
and polyhedrocytes content in ICT (Supplementary Fig. 1). 
Moreover, there were no differences regarding Ks (p = 0.38) 
and t50% (p = 0.97) between patients with polyhedrocyte-
rich thrombi and those with lower polyhedrocytes content 
in ICT.

The longer time of ischemia the higher number of FoV 
with polyhedrocytes. The time from onset of chest pain to 
balloon inflation was positively correlated with the polyhe-
drocyte content in the ICT (r = 0.26, p = 0.007) (Fig. 2a). 
Polyhedrocytes were present in ICT of 9 (20.9%) patients 
with time of ischemia of ≤ 3 h and in 25 (37.3%) patients 
with ischemic time of > 3 h (p = 0.09). Time of ischemia was 
also longer in patients with ICT rich in polyhedrocytes as 
compared with those with < 50% of FoV covered by poly-
hedrocytes (360 [200–480] vs. 208 [148–350] min, respec-
tively, p = 0.023). Of 11, 10 patients with polyhedrocyte-rich 
ICT had time of ischemia of > 3 h. Longer time of ischemia 
was also associated with higher content of fibrin (r = 0.27, 
p = 0.005) and a non-significant trend to lower content of 
erythrocytes (r = − 0.19, p = 0.063) in ICT.

Infarct‑related artery characteristics 
and polyhedrocytes in ICT

Both median values of mRLD and minRLD were inversely 
correlated with polyhedrocyte content in the ICT (r = − 0.44 
and r = − 0.53, respectively, p < 0.0001 for both) (Fig. 2b). 
A median value of minRLD was lower by 20% (p < 0.0001) 
in patients with polyhedrocytes present in ICT as compared 
with the remainder (2.73 [2.40–3.23] vs. 3.40 [2.90–3.40] 
mm, respectively) (Fig. 2c). MinRLD was significantly 
lower in patients with polyhedrocyte-rich ICT as compared 
with subjects with < 50% FoV covered by polyhedrocytes 
(2.50 [2.20–2.70] vs. 3.30 [2.90–3.40] mm, respectively, 
p < 0.0001) (Fig. 2d).

The smaller IRA reference lumen area, the higher poly-
hedrocytes content (r = − 0.43, p < 0.0001) (Fig. 2b). The 
median RLA was lower in patients who formed polyhe-
drocytes in ICT by 31% (p < 0.0001) as compared with the 
remaining subjects (6.26 [5.03–8.52] vs. 9.05 [6.58–9.05] 
mm, respectively) (Fig. 2c). The RLA was also lower in pol-
yhedrocyte-rich ICT as compared with patients with lower 
number of FoV with polyhedrocytes [5.08 (4.61–5.94) vs. 
8.76 (6.58–9.05) mm, respectively, p < 0.0001] (Fig. 2d). 
Similar relationships were found for stent diameter 
(Fig. 2b–d).

The content of fibrin, erythrocytes and platelets in ICT 
was not associated with mRLD, minRLD, RLA, stent diam-
eter and its length (all p > 0.25 for each relationship).

Clinical outcomes and myocardial reperfusion

Within 30-day follow-up, two patients died, three had 
recurrent MI and 17 (15.5%) required hospitalization due to 
symptoms of heart failure. In five patients who died or had 
recurrent MI within 30-day follow-up, a median polyhedro-
cyte content was similar as compared with patients without 
these endpoints (p = 0.73).

Patients with and without polyhedrocytes in ICT did not 
differ significantly in terms of final epicardial TIMI-3 flow 
(88.2 vs. 76.3%, p = 0.10). However, the higher number of 
patients with polyhedrocyte-rich ICT the better TIMI myo-
cardial perfusion grade after the whole procedure (p = 0.022, 
Fig. 3a). There was a tendency in favor of patients with 
higher polyhedrocyte content in ICT concerning better 
restored epicardial blood flow immediately after ICT aspi-
ration (p = 0.06, Fig. 3b) and myocardial perfusion after 
the whole PCI (p = 0.07, Fig. 3c). In patients with time of 
ischemia of more than 3 h (n = 67), polyhedrocytes pres-
ence in ICT was associated with more frequent TIMI-2/3 
flow after thrombus aspiration (96% vs. 67%, p = 0.02) 
and TIMI-2/3 myocardial perfusion grade after PCI (92% 
vs. 57%, p = 0.044) as compared with patients without 
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polyhedrocytes in ICT (Fig. 4). Similar findings were not 
observed in patients with time of ischemia of ≤ 3 h.

Predictors of polyhedrocyte content in ICT

The multivariable model for polyhedrocyte content in ICT 
is shown in Table 3. The independent variables identi-
fied as associated (p < 0.2) with polyhedrocyte content in 

ICT in univariate model (Tables 1, 2; Fig. 2, Supplemen-
tary Table 1) were included to the multivariate regression 
model. Moreover, significant correlations between independ-
ent variables including mRLD, minRLD, RLA and stent 
diameter (for all r > 0.95, p < 0.0001), dyslipidemia and red 
blood cells (r = 0.31, p = 0.001), CRP and time of ischemia 
(r = 0.28, p = 0.005), HDL-cholesterol and time of ischemia 
(r = 0.24, p = 0.017) were found. In a final multivariable 

Fig. 2   Polyhedrocyte presence or content in intracoronary thrombus 
(ICT) versus time of ischemia, infarct-related artery lumen diameter, 
area and stent diameter. Prolonged time of ischemia is associated with 
higher content of polyhedrocytes (a). The lower IRA lumen area or 

diameter, the higher polyhedrocyte content in the ICT (b–d). The 
polyhedrocyte content in the ICT is expressed as a ratio. IRA infarct-
related artery, minRLD minimal reference lumen diameter of IRA, 
RLA reference lumen area of IRA
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model, minimal IRA reference lumen diameter and time of 
ischemia independently affected polyhedrocyte content in 
the ICT with variance of R2 = 0.45 (p < 0.0001) (Table 3).

Discussion

The current study is the first to demonstrate that both local 
vascular factors and clinical conditions affect the formation 
of polyhedrocytes in the intracoronary thrombus aspirated 
from the IRA in STEMI patients within 12 h since chest pain 
onset. To our knowledge, this is the largest study in which 
the polyhedrocyte content in ICT was analyzed in detail. We 
identified factors that affect polyhedrocyte formation in vivo 
in epicardial arteries in acute MI, namely narrow infarct-
related artery and late presentation of MI. Importantly, in 
patients with time of ischemia of more than 3 h, polyhe-
drocytes presence in ICT was associated with significantly 
better epicardial blood flow following thrombus aspiration 

Fig. 3   Polyhedrocyte content in the intracoronary thrombus (ICT) 
and reperfusion in angiography. Higher polyhedrocyte content in the 
ICT was in favor of better epicardial blood flow immediately after 
aspiration thrombectomy (b) and better myocardial perfusion after 
PCI (a, c). The polyhedrocyte content in the ICT is expressed as a 
ratio. In a, percentages were calculated as the number of patients with 
polyhedrocyte-rich ICT divided by the number of all patients with the 
same final perfusion and multiplied by 100% (for TMPG-0/1 − 0/30, 
for TMPG-2–3/40 and for TMPG-3–8/40 respectively). FoV field of 
view, TIMI thrombolysis in myocardial infarction, TMPG TIMI myo-
cardial perfusion grades, PCI percutaneous coronary intervention

Fig. 4   The epicardial and myocardial reperfusion in relation to 
polyhedrocytes presence in the intracoronary thrombus and time of 
ischemia. In patients with time of ischemia of more than 3 h, TIMI-
2/3 flow immediately after thrombus aspiration and final TIMI-2/3 
myocardial perfusion grades after PCI were more frequent in subjects 
with polyhedrocytes present in ICT. TIMI Thrombolysis in myocar-
dial infarction, TMPG TIMI myocardial perfusion grades, PCI percu-
taneous coronary intervention, TISCH time of ischemia
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and better myocardial perfusion after the whole procedure 
of primary PCI.

Our findings suggest that polyhedrocyte formation and 
clot contraction are modulated by modifiable and unmodifi-
able factors, which expands the current knowledge on clot 
compression in arteries based largely on ex vivo studies. 
In a model of in vitro formed and then contracted whole 
blood clots obtained from the healthy volunteers without 
antiplatelet therapy [15], it has been found that the inner part 
of the clot is composed of closely packed polyhedral eryth-
rocytes with little fibrin and few platelets. In turn, the outer 
surface of the contracted clots was composed primarily of a 
dense meshwork of fibrin together with platelet aggregates. 
Similar findings have been found for STEMI patients [18]. 
In our study, we have shown that after aspirin administra-
tion and on clopidogrel in two-third of cases at the time of 
ICT aspiration from infarct-related artery, almost one-third 
of thrombi contained polyhedrocytes, including one-tenth 
of ICT, in which polyhedral erythrocytes covered of more 
than 50% of fields of view. Our findings suggest that in ICT 
in which its size is limited by the diameter of IRA lumen, 
polyhedrocyte formation is the most pronounced in smaller 
epicardial arteries as compared with those of larger diam-
eter. Moreover, it is possible that polyhedrocyte formation 
might be enhanced in MI by arterial wall contraction with 
the pressure inversely proportional to the artery diameter 
according to the Laplace’s law. This suggests the important 
role of vascular factors in thrombus compression in vivo.

As expected, we confirmed that the time of ischemia is 
important predictor of intracoronary thrombus composi-
tion and longer ischemia is associated with lower content 
of platelets and higher content of fibrin [18] and also poly-
hedrocytes. In vitro experiments indicate that shortly after 
clotting erythrocytes were biconcave, but as contraction 
occurred, biconcave erythrocytes became polyhedral [16]. 
We found that prolonged time of ischemia was also accom-
panied by higher plasma CRP. In turn, it was shown that 
CRP binds to fibrinogen and thus may modify fibrin forma-
tion [23, 24].

Clot contraction is dynamic and multifactorial process 
which is enhanced by thrombin, high platelet counts, plate-
let–fibrin interactions, factor XIIIa cross-linking and activa-
tion of platelet myosin enhance clot contraction, whereas 

high fibrinogen, high hematocrit and increased red blood cell 
rigidity have the opposite effect [16]. Contrary to in vitro 
observations [15, 16], we did not find any relationships 
between polyhedrocyte presence or content in ICT and any 
of the three variables, i.e., hematocrit, red blood cell count 
and plasma fibrinogen concentration in vivo (all concen-
trations above 2.5 g/l). This indicates that intravascular 
thrombus composition in STEMI does not simply reflect 
erythrocyte count and fibrinogen levels at the time of acute 
ischemia. Despite our previous findings showing that ex vivo 
measured fibrin clot properties are independently associated 
with ICT structure [18], we did not find any relationships 
between polyhedrocytes content in ICT and fibrin clot per-
meability or clot lysis time. Regarding platelet count, it is 
known that if platelet count is < 75 or 125–150 × 103/µl, 
clots made ex vivo did not contract or poorly contracted, 
respectively [16]. Our SEM images showed that in vivo 
platelets (despite the use of antiplatelet agents) still support 
fibrin formation in ICT and are involved in contraction.

Contraction of the blood clot formed in  vitro from 
stroke patients was significantly reduced as compared with 
healthy subjects [20]. It has been postulated that clinical 
consequences of clot contraction are beneficial by increas-
ing blood flow in the obstructed vessel. In our patients with 
higher content of polyhedrocytes in the ICT, it was easier to 
restore complete epicardial blood flow immediately follow-
ing aspiration thrombectomy and as a result also myocardial 
perfusion after the whole procedure. Different demographic 
[25, 26], laboratory [27–31], ECG [32, 33], associated with 
cardiac function [34–37] and treatment [38–42] factors influ-
ence the immediate and long-term outcomes in myocardial 
infarction. We found that, in patients with time of ischemia 
of more than 3 h, polyhedrocytes presence in ICT was asso-
ciated with significantly better angiographic outcome. It 
is likely that well contracted thrombi are more effectively 
aspirated from IRA during primary angioplasty and there-
fore novel therapies altering cot compression might be use-
ful in acute phase of MI. Previous findings showed that 
erythrocyte-rich thrombi were linked with impaired myo-
cardial reperfusion in STEMI patients [43] and histo-path-
ologically classified as old intracoronary thrombi predicted 
1-year mortality after STEMI [44]. Long-term follow-up is 
needed to assess clinical endpoints in relation to thrombus 

Table 3   Multivariable analysis 
with polyhedrocytes in 
intracoronary thrombus as a 
dependent variable

ICT intracoronary thrombus, CI confidence interval, R2 variance, r regression coefficients

Polyhedrocyte content in ICT Independent variables β 95% CI for β p value

R2 = 0.45
F (4106) = 21.80
p < 0.0001

Minimal IRA reference lumen 
diameter (per 1 mm)

− 0.50 − 0.55 − 0.44 < 0.0001

Time of ischemia (per 1 min) 0.20 0.16 0.24 0.035
Clopidogrel loading (no/yes) 0.13 0.08 0.18 0.12
Stent length (per 1 mm) − 0.14 − 0.20 − 0.07 0.45
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compression in STEMI patients treated as recommended in 
the present guidelines.

In the current study, scanning electron microscopy as a 
reference method for the demonstration of morphological 
features of polyhedrocytes was used. In turn, confocal light 
microscopy with an optical clearing method termed cCLOT 
enables intravital imaging of structures deep within clots, 
however, with lower resolution. Recently, also T2-weighted 
technique of magnetic resonance enabled to follow the 
dynamic process of clot formation and effects of forces gen-
erated during contraction of erythrocytes [15].

Our study has several limitations. First, the sample size 
and the number of clinical adverse events are not enough to 
draw clinical conclusions, but the study was adequately pow-
ered for surrogate endpoints. We are aware of the fact that 
associations do not necessarily mean the cause–effect rela-
tionship. Second, during primary PCI, thrombus aspirations 
often are not complete and not all of the thrombi components 
are available for the analysis. Therefore, the removed mate-
rial may not be representative for the whole intracoronary 
thrombus. Third, platelet reactivity was not measured and 
the method for the detection of polyhedral erythrocytes was 
only semiquantitative, however, inter-observer and intra-
observer agreement was high. Finally, we cannot exclude 
that patients with no or lower polyhedrocytes content in ICT 
might have developed a higher number of polyhedral eryth-
rocytes if the intervention would have been performed later.

In conclusion, our findings demonstrate that during 
acute phase of STEMI, polyhedrocytes in the intracoronary 
thrombi are formed in a large amount in the narrow infarct-
related artery, in subjects with prolonged time of ischemia, 
and their presence in patients with late MI presentation is 
associated with more effective thrombus aspiration and bet-
ter myocardial reperfusion. Our study shows that in contrast 
to ex vivo findings, intravascular thrombus composition, 
including polyhedrocytes, is subjected to a potent impact of 
local and disease-specific factors. Further in vivo studies on 
a role of polyhedrocytes in thromboembolic disorders are 
needed to elucidate their clinical relevance.
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