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Abstract
Microthrombosis after aneurysmal subarachnoid hemorrhage (aSAH) is considered to initiate neuroinflammation, vessel remodeling,
and blood-brain barrier leakage. We aimed to verify the hypothesis that the intensity of thrombogenicity immediately after aSAH
depends on the amount and distribution of extravasated blood. This observational cohort study included 37 consecutive aSAH patients
admitted no longer than 24 h after ictus. Volumes of subarachnoid and intraventricular hemorrhages as well as the Subarachnoid
Hemorrhage Early Brain Edema Scale (SEBES) score were calculated in each case. Platelet system status was described by platelet
count (PLT), mean platelet volume (MPV), MPV to PLT ratio, and platelet-large cell ratio (P-LCR). Median hemorrhage volume
amounted to 11.4 ml (interquartile range 2.8–26.8 ml). Patients with more severe hemorrhage had lower PLT and higherMPV to PLT
ratio (ρ = − 0.49, p < .002; ρ= 0.50, p < .002, respectively). PLT decreased by 2.80 G/l per 1 ml of hemorrhage volume (95% CL
1.30–4.30, p < .001). Further analysis revealed that intraventricular hemorrhage volume was associated with P-LCR and MPV (ρ =
0.34, p < .039; ρ = 0.33, p < .048, respectively), whereas SAH volume with PLT and MPV:PLT ratio (ρ = − 0.40, p < .013; ρ =
0.41, p < .013, respectively). The odds of unfavorable neurological outcome increased 3.95 times per 1 fl of MPV (95% CI 1.19–
13.12, p < .025). MPV was independently correlated with SEBES (ρ = 0.44, p < .006). This study demonstrated that the extent and
distribution of aneurysmal subarachnoid hemorrhage are related to different types of acute platelet response, which may be interpreted
as local and systemic thrombogenicity. Increased mean platelet volume measured in the acute phase of aSAHmay identify patients at
risk for unfavorable neurological outcomes and may serve as a marker of early brain injury.
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Introduction

Despite introducing nimodipine [1] and changing manage-
ment strategies [2, 3], the morbidity and mortality after aneu-
rysmal subarachnoid hemorrhage (aSAH) remains over-
whelming [4]. Neuroscientists are currently evaluating novel
therapeutic approaches targeting early brain injury and de-
layed cerebral ischemia; one of the widely discussed topics
is microthrombosis [5, 6].

Microthrombosis merits special attention due to its critical
consequences, namely vessel obstruction and brain hypoper-
fusion, initiation of neuroinflammation, vessel remodeling,
and blood-brain barrier leakage [7, 8]. The proposed etiology
of this phenomenon involves a decrease in nitric oxide (NO)
concentration [9–11] and endothelial dysfunction; blood clots
surrounding cerebral arteries contain hemoglobin, which
scavenges NO and damages the endothelium [9, 12].
Therefore, an association between hemorrhage severity and
platelet activity was proposed, but recent studies were either
unsuccessful in proving the link [13] or used extrapolated data
from consecutive days after aSAH [14]. Moreover, it appears
that the distribution of hemorrhage should affect platelet ac-
tivity: blood clots in subarachnoid cisterns interact with arter-
ies, whereas intraventricular hemorrhage (IVH) may have an
effect on circumventricular organs.

We decided to investigate whether postulated pathophysi-
ological mechanisms can be detected in daily clinical practice.
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The main aims of the study were to confirm an association
between aSAH severity and thrombogenicity in the first hours
after SAH and investigate a relation between the distribution
of hemorrhage and platelet activity. In addition, we intended
to refer to the results of other studies and to test the prognostic
value of thrombogenicity measured in the acute phase of
aSAH.

Materials and methods

Study population and data collection

An observational cohort study was designed and conducted.
All procedures performed in the study were in accordance
with the ethical standards of the institutional and/or national
research committee and with the 1964 Helsinki declaration
and its later amendments or comparable ethical standards.
The study protocol was approved by The Ethics Committee
of The Central Clinical Hospital of theMinistry of Interior and
Administration, Warsaw, Poland (Number 109/2018).

From the hospital data system, we obtained a list of all
pat ients admit ted to the Clinical Department of
Neurosurgery between January 1, 2016, and December 31,
2018, with the diagnosis of aneurysmal SAH. An inclusion
criterion was the occurrence of aneurysmal SAH, while exclu-
sion criteria were referral from another hospital, admission >
24 h after aneurysm rupture, and known platelet dysfunction
(ongoing antiplatelet therapy, thrombocytosis > 450.000 G/l).

The choice of the exclusion criteria was dictated by the
desire to study acute platelet response to aSAH. Our experi-
ence suggested that patients referred from other hospitals are
frequently admitted later than 24 h after ictus. Moreover, pa-
tients’ clinical condition and comorbidities determine the pri-
ority of the transfer, which may lead to a significant selection
bias. Furthermore, different laboratories use different hemato-
logic systems providing different, unconvertible platelet vol-
ume indices; thus, including blood test results from other hos-
pitals in our study would affect the accuracy of the results.
Therefore, we analyzed a group of patients presented directly
to the emergency department of our hospital.

Demographic data, past medical history, clinical features at
onset, and clinical and radiological status at the time of diag-
nosis of SAH were taken into account. All patients were ex-
amined on admission and daily by a physician in charge. All
patients were assessed using the Glasgow Coma Scale (GCS)
[15] and theWorld Federation of Neurological Surgeons scale
(WFNS) [16]. Data regarding 90-day mortality and neurolog-
ical outcome 3 months after SAH (graded by the modified
Rankin scale [mRS]) were collected during follow-up ap-
pointments in the outpatient neurosurgical clinic or via tele-
phone interview, where data were missing.

Blood samples were routinely taken on admission with the
use of ethylenediaminetetraacetic acid (EDTA) as anticoagu-
lant and processed by a Sysmex XN-2000 analyzer within
120 min from the puncture of the peripheral vein, as recom-
mended [17]. With the use of the impedance method, the
hematology system provided platelet count (PLT) and platelet
volume indices (PVI): mean platelet volume (MPV), platelet-
large cell ratio (P-LCR).

Exposure and outcome measures

The results of computed tomography (CT) of the head on
admi s s i on we r e a s s e s s ed u s i ng Ana l y z e 12 . 0
(AnalyzeDirect, Overland Park, KS, USA) and volumes of
SAH and intraventricular hemorrhage (IVH) were calculated
with the use of the region of interest (ROI) method [18, 19]
(Fig. 1). The quantitative ROI method is characterized by a
strong interobserver agreement; therefore, an assessment by a
single observer was deemed satisfactory. Furthermore, all CT
images were graded with modified Fisher [20] and Hijdra [21]
scales. In order to calculate the Hijdra score, the amount of
blood in ten cisterns (paired suprasellar, deep and superficial
sylvian, ambient and unpaired quadrigeminal, and anterior
interhemispheric cisterns) and four ventricles is graded on a
scale from 0 to 4 and summed up. The observer was not
informed of the clinical data and laboratory test results.

Fig. 1 Example of application of ROI method in calculating the volume
of aneurysmal bleeding. Intraventricular hemorrhage in third ventricle
(“3V,” red outline) and cisternal hemorrhage (“CH”, blue outline) were
marked

2648 Neurosurg Rev (2021) 44:2647–2658



Although ordinal scales (such as modified Fisher and Hijdra
scales) have their disadvantages, we included them in our
research in order to be able to relate to results of other studies.
In order to investigate a relation between the distribution of
hemorrhage and platelet activity, Hijdra scores were divided
into two values: the sum of 10 scores representing cisternal
bleeding (subarachnoid hemorrhage, range from 0 to 30) and
the sum of 4 scores representing intraventricular hemorrhage
(intraventricular hemorrhage, range from 0 to 12). The inten-
sity of early brain injury was assessed by the Subarachnoid
Hemorrhage Early Brain Edema Scale (SEBES) [22]. The
MPV:PLT ratio was calculated in a similar manner as reported

previously using the formula MPV fl½ �
PLT G=l½ � ∙100 and as in the case of

MPV and P-LCR considered as a marker of platelet activation
and systemic thrombogenicity [13, 23–26].

Management protocol

Our institution follows the guidelines for the management of
aneurysmal SAH [27]. The occurrence of delayed cerebral
ischemia (DCI) was assessed routinely using a clinical defini-
tion introduced by Vergouwen et al. [28]: “The occurrence of
focal neurological impairment (such as hemiparesis, aphasia,
apraxia, hemianopia, or neglect), or a decrease of at least 2
points on the Glasgow Coma Scale (either on the total score or
on one of its individual components [eye, motor on either side,
verbal]). This should last for at least 1 hour, is not apparent
immediately after aneurysm occlusion, and cannot be attribut-
ed to other causes bymeans of clinical assessment, CT orMRI
scanning of the brain, and appropriate laboratory studies.”

Statistical analysis

Statistical analysis was performed using SAS® software, ver-
sion 9.4 (SAS Institute Inc., Cary, North Carolina, USA).
Quantitative variables were described using median and quar-
tile values. Wilcoxon and Fisher tests were used to compare
the groups of patients referred from other hospitals and admit-
ted directly from the emergency department in terms of sex,
age, WFNS and modified Fisher grades, time from ictus to
admission, and presence of intracerebral and intraventricular
hemorrhages. The Spearman rank correlation coefficients
were used to assess the associations of platelet parameters
and the following measures: total hemorrhage volume, sub-
arachnoid hemorrhage volume, intraventricular hemorrhage
volume, Hijdra score and its subdivisions representing sub-
arachnoid and intraventricular hemorrhage, SEBES score.
The correlations of platelet parameters with the total volume
of hemorrhage, volumes of SAH and IVH and SEBES score
were adjusted for the following parameters sequentially: age,
sex, WFNS, history of smoking, hypertension, and diabetes
mellitus. Linear regression models were calculated in order to

describe the mean change in PLT for every milliliter of hem-
orrhage volume. Univariate logistic regression with analysis
of maximum likelihood estimates and odds ratio estimates
were computed in order to find predictors of DCI and long-
term survival among platelet parameters.

Results

Two hundred and ninety-six patients were admitted to the
Clinical Department of Neurosurgery between January 1,
2016, and December 31, 2018, with a diagnosis of aneurysmal
SAH. A total of 249 patients were transferred from other hos-
pitals; 10 other patients met the remaining exclusion criteria.
One in three referred patients was admitted later than 24 h
after ictus; the percentage of late admission was significantly
higher among referred patients (12.8% vs. 31.7%, p < 0.008).
Patients referred from other hospitals and admitted directly
from the emergency department did not differ in terms of
sex, age,WFNS, and modified Fisher grades, nor the presence
of intracerebral and intraventricular hemorrhages. Among six
patients admitted beyond 24 h after SAH, the median of pre-
sentation time amounted to 4.5 days (range 2–10 days), five
patients were scored 15 points in GCS, and one patient 14
points. Eventually, 37 patients were enrolled (Fig. 2).
Table 1 shows demographic and clinical characteristics of all
patients.

There were no missing data on radiological studies, blood
test results, and follow-up. All radiological and laboratory
studies were performed no later than 24 h after ictus. None
of the patients was administered catecholamines or intensive
fluid resuscitation before obtaining blood samples. Table 2
summarizes exposure and outcome parameters. Data were ob-
tained in the second quarter of 2019.

Severity of aSAH and platelet activity

Both PLT and MPV:PLT ratio were correlated with the vol-
ume of hemorrhage (ρ = − 0.49, p < .002; ρ = 0.50, p < .002;
respectively) and Hijdra score (ρ = − 0.36, p < .026; ρ = 0.37,
p < .025; respectively). The associations could still be ob-
served, when adjusted sequentially for age, sex, WFNS, his-
tory of smoking, hypertension, and diabetes mellitus. Patients
with more severe hemorrhage (modified Fisher grades 3–4 vs.
1–2) had lower PLT (median 234.0, IQR 182.0–290.5 vs.
median 328.0, IQR 261.0–372.0, p < .007) and higher
MPV:PLT ratios (median 4.52, IQR 3.53–5.81 vs. median
3.37, IQR 2.79–3.99; p < .008; Fig. 3). A simple linear regres-
sion was calculated to predict PLT based on the volume of
hemorrhage. A significant regression model was found
(F(1,34) = 14.49, p < .001) with an R2 of .30. Mean platelet
count decreased by 2.80 G/l (95% CL: 1.30–4.30) for every
milliliter of hemorrhage volume (Fig. 3).
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Distribution of aSAH and platelet activity

The increasing volume of SAH was related to a decrease in
PLT (ρ = − 0.40, p < .013) and an increase inMPV:PLT ratio
(ρ = 0.41, p < .013). The associations could still be observed,
when adjusted sequentially for age, sex, WFNS, history of
smoking, hypertension, and diabetes mellitus. Similar corre-
lations were calculated using the Hijdra subscore, receiving
ρ = − 0.33, p < .045 and ρ = − 0.33, p < .050 for correlations
of PLT andMPV:PLT ratio with IVH volume, respectively. A
simple linear regression was calculated in order to predict PLT
based on the volume of subarachnoid hemorrhage. A signifi-
cant regression model was found (F(1,34) = 9.37, p < .004)
with an R2 of .22. Mean platelet count decreased by 2.61 G/l
(95% CL: 0.88—4.34) for every milliliter of subarachnoid
hemorrhage volume (Fig. 4).

The extent of IVH was in relation with MPV and P-LCR
(ρ = − 0.33, p < .046, ρ = − 0.34, p < .039, respectively);
however, it became insignificant, when adjusted for WFNS
(ρ = 0.23, p < .17, ρ = 0.25, p < .14 for partial correlations of

MPV and P-LCR with IVH volume, respectively). Patients
with greater IVH volume tended to present MPV above the
reference range (median 0.16, IQR 0.0 – 0.38 vs. median 0.89,
IQR 0.12 – 11.62, p < .063). Due to different anatomical dis-
tribution of hemorrhage from the rupture of anterior and pos-
terior cerebral circulation aneurysms, we performed a sensi-
tivity analysis for anterior circulation aneurysms; the correla-
tions between the volume of IVH and platelet volume indices
in this group were as follows: ρ = 0.53, p < .003, ρ = 0.50,
p < .006 for correlations of MPV and P-LCR with IVH vol-
ume, respectively.

Both platelet volume indices and MPV:PLT ratio are
markers of platelet activity. We observed a relation between
MPV:PLT ratio and the extent of hemorrhage, but we did not
observe a relation between platelet volume indices (PVI) and
the extent of hemorrhage. Therefore, we decided to test
whether the correlation between MPV:PLT ratio and the vol-
ume of hemorrhage was caused by that of PLT with hemor-
rhage volume. We calculated logarithms to the base of 10 of
PLT and MPV:PLT ratio and adjusted correlation between
MPV:PLT ratio and hemorrhage volume receiving ρ =
0.11, p < .51.

Platelet activity and clinical course

Eight patients were diagnosed with DCI, whereas eleven pa-
tients died within 90 days from aSAH. Logistic regression
analysis revealed predictors of unfavorable outcome—MPV,
P-LCR, and MPV:PLT ratio (Table 3); for a 1 fl change in
MPV, the odds of unfavorable neurological outcome (modi-
fied Rankin scale 3–6 vs. 0–2) are expected to change 3.95
times (95%CI 1.19—13.12). The platelet parameters were not
predictive of the occurrence of DCI.

The SEBES scores were correlated with PLT (ρ = − 0.32,
p < .051), MPV:PLT ratio (ρ = 0.37, p < .023), MPV (ρ =
0.44, p < .006) and P-LCR (ρ = 0.45, p < .005). The associa-
tions that could still be observed after adjusting sequentially
for volumes of SAH and IVH, age, sex, WFNS, history of
smoking, hypertension, and diabetes mellitus were correla-
tions with MPV and P-LCR (ρ = 0.42, p < .011; ρ = 0.45,
p < .007, respectively, controlled for the volume of SAH).

Discussion

Platelet response to severity of aSAH

The main objective of our study was to verify the hypothesis
of increasing thrombogenicity with increasing aSAH severity.
We found that with the increase in hemorrhage volume, the
platelet count decreases and the MPV:PLT ratio increases in
the first 24 h after aneurysmal bleeding. The associations were
independent from patients’ clinical characteristics. According

Table 1 Characteristics of the studied group

Characteristic N (%) or median (IQR), range

Female sex 22 (59.5)

Age 56 (40–67), 25–87

Smokinga 10 (34.5)

Hypertensionb 19 (55.9)

Diabetes mellitusb 4 (11.8)

Ictal seizures 5 (13.5)

Ictal loss of consciousness 24 (64.9)

Hydrocephalus on admission 9 (24.3)

WFNS

I–III 23 (62.2)

IV–V 14 (37.8)

Aneurysm location

ACoA 13 (35.1)

MCA 10 (27.0)

ICA 6 (16.2)

BA 4 (10.8)

PICA 2 (5.4)

AICA 1 (2.7)

PCA 1 (2.7)

Multiple aneurysms 12 (32.4)

Surgical clipping 20 (54.1)

Endovascular coiling 16 (43.2)

Time to aneurysm repair (days) 1.0 (0.5–1.0), 0.5–5.0

a 8 patients with missing data, b 3 patients with missing data. ACoA ante-
rior communicating artery, AICA anterior inferior cerebellar artery, BA
basilar artery, ICA internal cerebral artery, IQR interquartile range, MCA
middle cerebral artery, PCA posterior cerebral artery, PICA posterior
inferior cerebellar artery
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to our results, we support the thesis that aneurysmal bleeding
initiates acute platelet activation in a dose-dependent manner.

The volumes of aneurysmal hemorrhage usually do not
exceed 25 ml, which is less than 0.5% of the total blood
volume, and do not lead to substantial loss of platelets. None
of the patients were administered fluid resuscitation before
blood tests; therefore, PLT did not decrease by hemodilution.
Lower platelet count among patients with greater extent of
subarachnoid hemorrhage may result from thrombogenicity
limited to cerebral circulation. Blood clots located within sub-
arachnoid space interact with arterial walls leading to endo-
thelial dysfunction and scavenging of NO by hemoglobin [6,
9–12]. Damage of the endothelial cells causes an increase in
the expression of adhesion molecules and a decrease in the
production of antiaggregant factors such as nitric oxide and
prostacyclin [29, 30]. As a consequence, thrombocytes acti-
vate and form clots, which is reflected in blood tests as a
reduction in platelet count.

The study meets several of Bradford Hill’s criteria
(strength, specificity, temporality, biological gradient,

plausibility, and coherence) which allows for drawing causal
interfaces about subarachnoid hemorrhage volume and
thrombogenicity. Our findings indirectly confirm the hypoth-
esis that microthrombosis is dependent on the interaction of
blood clots with walls of arteries.

Taking into account several papers concerning
microthrombosis, we decided to calculate MPV:PLT ratio.
However, the association of MPV:PLT ratio with the volume
of SAH became insignificant when adjusted for PLT.
Moreover, we did not observe a relation between PVI and
the volume of hemorrhage. As opposed to MPV:PLT ratio,
platelet volume indices are verified markers of platelet activity
[24, 31–34], which suggests an absence of systemic
thrombogenicity and the need for further studying
MPV:PLT ratio as its marker. MPV is known to rise in several
conditions such as hyperdestructive thrombocytopenia, meta-
static colon cancer, myocardial infarction, ischemic stroke,
and inflammatory bowel diseases [24, 35, 36]; however, all
these states are characterized as prothrombotic or proinflam-
matory [32]. The main advantages ofMPV over more specific

Fig. 2 Flow diagram illustrating enrollment of patients in the study
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methods such as thromboelastography and vasodilator-
stimulated phosphoprotein are its accessibility and widespread
use.

The relation described above has not been observed before-
hand. Thrombogenicity after aSAH gradually rises during the
first days after ictus, reaches its maximum value in 3–5 days
and then gradually decreases [13, 14]. Previous studies on
SAH pathophysiology enrolled patients admitted 48 or 72 h
after ictus, which makes the analysis of acute platelet response
impossible. In opposition to all other studies on this topic, we
excluded all patients admitted later than 24 h after bleeding.

Platelet activity and distribution of aneurysmal
hemorrhage

The second objective of the study was to investigate an impact
of hemorrhage distribution on platelet activity. We anticipated
the difference in platelet response to intraventricular and sub-
arachnoid hemorrhage. Indeed, the volume of subarachnoid
hemorrhage turned out to be independently associated with
PLT and MPV:PLT ratio, whereas the volume of IVH was

associated with MPV and P-LCR. We discussed the former
relation above, because of its inseparability from the associa-
tion of total hemorrhage volume with platelet parameters.

The second trend may result from the irritation of
circumventricular organs by extravasated blood (Fig. 5).
Proinflammatory substances present in the cerebrospinal fluid
after aSAH [37–40] can easily pass into the brain through the
regions lacking a blood-brain barrier and a cerebrospinal
fluid-brain barrier [41] such as the vascular organ of lamina
terminalis, the subfornical organ, and the area postrema. These
organs control the hypothalamo-pituitary-adrenal axis [41]
and the sympathetic nervous system as well as contribute to
sickness behavior [42]. Sympathetic hyperactivity and elevat-
ed levels of catecholamines are well-known phenomena after
aSAH [43–46], which can activate platelets [47, 48] and stim-
ulate thrombopoesis [49, 50]. For this reason, we ensured that
none of the patients was given catecholamines before
obtaining blood tests. Furthermore, MPV was found to reflect
sympathetic overactivity [51]. On the basis of these facts and
our results, we believe that intraventricular hemorrhage stim-
ulates circumventricular organs, which leads to sympathetic
overactivity and an increase of MPV.

Aneurysms of posterior circulation usually rupture in the
proximity to the pons and medulla oblongata, and thus, blood
clots irritate these areas and distort the normal activity of car-
diovascular centers. Therefore, we performed a sensitivity
analysis in the subgroup of anterior circulation aneurysms,
which confirmed our theses. We also observed an inverse
relationship of WFNS grade with MPV; it may result from
the mentioned activity of circumventricular organs.

Platelet activity and clinical course

We found that MPV, P-LCR, and MPV:PLT ratio measured
in the acute phase of aSAH are predictors of neurological
outcome, but not delayed cerebral ischemia. As discussed
above, blood clots in ventricles might alter the function of
the autonomic nervous system and hypothalamus, which ex-
plains why MPV and P-LCR may predict neurological out-
comes. The role of mean platelet volume as a marker of sym-
pathetic dysregulation should be further studied. As suggested
by the results, the proposed mechanism is unconnected with
DCI.

The intensity of early brain injury measured by the SEBES
score was independently correlated with MPV and P-LCR,
which suggests that the parameters are markers of early brain
injury and provides another possible explanation for the pre-
dictive value of MPV and P-LCR.

Recent studies described several platelet parameters (in-
cluding time trends in PLT [52] and MPV:PLT ratio [13]) to
be predictive of DCI after aSAH [14, 53, 54]. We did not
detect predictors of DCI. As mentioned above, restrictive ex-
clusion criteria allowed us to analyze acute platelet response to

Table 2 Exposure and outcome parameters

Parameter N (%) or median (IQR), range

Volume of: (ml)

SAH 8.96 (2.64–21.51), 0.03–91.05

IVH 0.18 (0.0–0.66), 0.0–36.09

Total 11.41 (2.78–26.77), 0.60–91.70

Hijdra scale 13 (8–24), 0–34

SAH 10 (5–20), 0–30

IVH 2 (0–4), 0–11

Modified Fisher scale

1–2 13 (35.1)

3–4 24 (64.9)

PLT (G/l) 282 (192–325), 113–423

MPV:PLT ratio 3.82 (3.37–5.34), 2.41–8.67

MPV (fl) 10.6 (10.2–10.9), 9.0–12.6

P-LCR (%) 28.9 (25.4–31.3), 15.5–44.4

DCI 8 (21.6)

90-day mortality 11 (29.7)

Modified Rankin scale

0–2 20 (54.1)

3–6 17 (45.9)

SEBES

0–2 27 (73.0)

3–4 10 (27.0)

DCI delayed cerebral ischemia, IQR interquartile range, IVH intraventric-
ular hemorrhage, MPV mean platelet volume, P-LCR platelet-large cell
ratio, PLT platelet count, SAH subarachnoid hemorrhage, SEBES
Subarachnoid Hemorrhage Early Brain Edema Scale
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aSAH. The studies cited above included patients admitted
even 72 h after ictus, which resulted in a heterogenous group
of patients—some patients with initial thrombogenicity and
some already developing neuroinflammation. Our study
allowed the analysis of the influence of initial platelet re-
sponse on the development of delayed cerebral ischemia.
We hypothesize that it may be the thrombogenicity that de-
velops on consecutive days after aSAH rather than initial
thrombogenicity that is predictive of delayed cerebral ische-
mia. The thrombogenicity that was detected by the cited stud-
ies and develops on consecutive days after aSAH may be
secondary to the neuroinflammation—one of the fundamen-
tals of DCI pathophysiology.

Clinical implications and future research directions

Thrombocytes play a very important role in the pathogenesis
of the early brain injury and the delayed cerebral ischemia—
they not only formmicrothrombi, which reduce cerebral blood
flow, but also interact with various types of cells such as
endothelial cells, neutrophils, and monocytes. In the light of
their pleiotropic activity, attempts are being made to target
platelet activity after aSAH as a mode of action of promising

therapies such as antiaggregants [55, 56] or unfractionated
heparins (known widely as anticoagulants, but believed to
reduce microthrombosis) [57].

Our study implies that platelets respond to subarachnoid
hemorrhage with a few hours. This leads to the question
whether therapies targeting their activity should be started as
soon as possible after ictus (preventing from initiating neuro-
inflammation etc.). However, the impairment of hemostasis in
the acute phase of aSAH may lead to rebleeding, enlargement
of intracerebral hemorrhage, and hemorrhagic expansion of
ischemic regions. One can prevent only the former conse-
quence (by securing the aneurysm). Therefore, future research
should focus on developing therapies interfering with plate-
lets’ ability to initialize the inflammation without disruption of
hemostasis.

Our study confirms previous findings that it may be the
thrombogenicity that develops on consecutive days after
aSAH rather than initial thrombogenicity that is predictive of
delayed cerebral ischemia. Firstly, it provides onemore reason
to start therapies targeted on early brain injury as soon as
possible. Secondly, it suggests that early brain injury is not a
homogenous phenomenon, but involves various processes de-
veloping at different paces. According to the regression

Fig. 3 a Linear regression model predicting PLT in terms of the volume
of aneurysmal hemorrhage. Volumes of extravasated blood were
calculated with ROI method. b, c Correlations of hemorrhage volume
with P-LCR and MPV:PLT ratio. d Differences in MPV:PLT ratios

between patients with different SAH severity (modified Fisher grades
1–2 vs. 3–4). IVH intraventricular hemorrhage, MPV mean platelet vol-
ume, PLT platelet count, P-LCR platelet-large cell ratio, ROI region of
interest, SAH subarachnoid hemorrhage
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analysis model, we found that acute thrombogenicity is related to
aSAH severity, but the clinical factors modulating acute platelet
response and leading to thrombogenicity occurring on

consecutive days still remain unknown. Further studies on
microthrombosis should focus on identifying these factors, which
will contribute to the development of new therapeutic strategies.

Fig. 4 Associations between SAH distribution and platelet volume
indices. a Linear regression model predicting PLT in terms of
subarachnoid hemorrhage volume. b, c Correlations of IVH with P-
LCR and MPV:PLT ratio. Volumes of subarachnoid and intraventricular
hemorrhagewere calculated with the ROImethod. dAssociation between

the Subarachnoid Hemorrhage Early Brain Edema Scale (SEBES) and
MPV. Spearman’s rank correlation coefficients were calculated and pre-
sented. IVH intraventricular hemorrhage, MPV mean platelet volume, P-
LCR platelet-large cell ratio, PLT platelet count, ROI region of interest,
SAH subarachnoid hemorrhage

Table 3 Analysis of logistic
regression for platelet parameters
predicting outcome measures

Outcome parameter Predictor Odds ratio estimates

Point estimates Wald 95% CI limits Pr > χ2

90-day mortality PLT 0.994 0.984 1.003 .20

MPV:PLT ratio 1.514 0.983 2.333 .060

MPV 2.461 0.912 6.641 .075

P-LCR 1.114 0.986 1.257 .082

Neurological outcomea PLT 0.993 0.985 1.002 .15

MPV:PLT ratio 1.729* 1.042 2.868 .034*

MPV 3.954* 1.191 13.123 .025*

P-LCR 1.170* 1.016 1.347 .029*

DCI PLT 1.002 0.992 1.012 .69

MPV:PLT ratio 0.913 0.557 1.496 .72

MPV 1.316 0.495 3.494 .58

P-LCR 1.038 0.920 1.171 .54

aModified Rankin scale 3–6 vs. 0–2, *p < .05 (logistic regression model)
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The clinical value of MPV:PLT ratio as a marker of
thrombogenicity also needs to be studied. Our study shows
that it should always be analyzed in the context of PLT and
MPV. It is particularly important in the case of SAH, where
time trends of PLT [52] may have an impact on both the
MPV:PLT ratio and the percentage of active platelets.

Strengths and limitations of the study

The main strength of our study is enrolling a homogenous
group of patients in terms of admission time, applied diagnos-
tics, and management, which allowed the study of the acute
phase of aSAH. Other strengths include calculating the exact
volume of SAH and IVH in each case and no missing data
regarding exposure and outcome measures. Although the
sample size was limited, on the basis of the analysis described
above, we are of the opinion that the selected group was rep-
resentative. Recruiting patients to a study on the acute phase
of SAH is difficult due to the rarity of aSAH and delays in the
initial diagnosis, management, and transfer to the reference
neurosurgical center. On the other hand, the longer recruit-
ment time period may be affected by the cohort effect.

Our cohort study has some limitations. Due to the
limited sample size, we were unable to perform multi-
variate analysis. For obvious reasons, we did not draw
blood for analysis just before aneurysms rupture, and
therefore, we can only hypothesize that lower platelet
counts among patients with more extensive SAH arise
from platelet consumption. Noteworthy, all patients had

platelet counts greater than 100 G/l, which is thought to
provide accurate hemostasis [58, 59] and does not pro-
long the bleeding time [60]. We used platelet parame-
ters of known relevance for analyses; however, the re-
lation of the number of microthrombi with PVI and
PLT remains unknown.

Conclusions

Our research confirms that acute platelet response to aneurys-
mal subarachnoid hemorrhage depends on the severity and
distribution of bleeding. We found that the volume of sub-
arachnoid hemorrhage results in a decrease in PLT, whereas
the volume of intraventricular hemorrhage results in an in-
crease in MPV and P-LCR, which may be interpreted as local
and systemic thrombogenicity, respectively. We also found
that an increase in MPV and P-LCR measured in the first
24 h after aSAH may identify patients at risk for unfavorable
neurological outcomes and is connected with early brain inju-
ry; their role as markers of autonomic dysregulation needs
further studies. Our results confirm the hypothesis formulated
by experimental studies and suggest a time window for
introducing therapies targeted at the activity of throm-
bocytes and underline the need for further research on
the role of platelets in the pathophysiology of early
brain injury and the necessity of verifying the accuracy
of MPV:PLT ratio as a marker of thrombogenicity.

Fig. 5 Proposed model of
interactions of severity and
distribution of aneurysmal
bleeding with platelet activity.
SAH is responsible for local
thrombogenicity, which may be
observed as a decrease in PLT.
IVH may cause circumventricular
organs dysfunction and in result
systemic thrombotic state. CVOs
circumventricular organs, IVH
intraventricular hemorrhage,
MPV mean platelet volume, P-
LCR platelet-large cell ratio, PLT
platelet count, subarachnoid
hemorrhage.
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