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Abstract

Objectives: We performed this retrospective cohort study to establish which factors
are mostly indicative of the appearance of hemorrhagic transformation (HT) and of
its time course in a sample of nonlacunar ischemic strokes.

Materials and Methods: In 402 patients with nonlacunar ischemic stroke
(75.0 £ 12.7 years, 192 male), clinical, laboratory, and neuroimaging variables ob-
tained during the first 3 days of hospitalization were compared between patients
with and without HT at computer tomography scan.

Results: HT was documented in 129 patients (32.1%), including 36 with parenchymal
hematoma (PH), after a median time of 6 days (range 1-27). Many variables were univar-
iately associated with HT, but only 5 of them were confirmed in Cox regression (Hazard
Ratio, 95% Confidence Interval): maximum cerebral lesion diameter (CLD) in cm (1.12,
1.06-1.18; p = .0001), hemoglobin in g/dl (1.16, 1.06-1.27; p = .002), blood glucose
in mmol/L (1.10, 1.03-1.18; p = .007), prior anticoagulant therapy (1.82, 1.10-3.03;
p = .02), and edema with mass effect (1.72, 1.08-2.75; p = .02). Thus, the most signifi-
cant predictor was CLD. The overall risk of HT was minimum for CLD < 2 cm (1.5%),
intermediate for CLD > 2 and < 5 cm (22%), and maximum for CLD = 5 cm (58%). The re-
sidual probability of having HT decreased progressively over time, and a simple formula
is proposed to predict, from CLD in cm, when the probability of HT falls below 10%.
Conclusions: The main determinant of HT was CLD, a simple quantitative parameter
that could prove useful, in particular, in deciding the timing of anticoagulation in car-
dioembolic stroke patients.
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1 | INTRODUCTION

One of the main unfavorable evolutions of cerebral infarct is hem-
orrhagic transformation (HT). It is a relatively frequent event (on
average 8.5% of the cases, ranging from 0% to 85% in different stud-
ies [Lindley et al., 2004]). Its clinical manifestations may vary from
total absence of symptoms (mild “hemorrhagic infarct”), up to the
progression of neurological deficit and patient's death (severe “pa-
renchymal hematoma”).

In patients with cardioembolic stroke, the assessment of HT
risk is particularly relevant: even if no signs of bleeding are pres-
ent at neuroimages, early anticoagulation in high-risk patients
might favor subsequent important bleedings (Coull et al., 2002;
Marsh, Llinas, Hillis, & Gottesman, 2013). Vice versa, delaying the
treatment would uselessly expose low-risk subjects to increased
cardioembolic risk. Many studies have dealt with this topic, with
particular reference to the identification of the factors that may
suggest avoiding thrombolysis (Strbian et al., 2014). In this case,
the risk indicators should be immediately available on hospital
admission. Instead, in view of deciding when starting oral anti-
coagulation, the risk indicators may be obtained during the first
3-4 days, as current guidelines suggest that before that time an-
ticoagulation would be hazardous (Kirchhof et al., 2016; Paciaroni
etal., 2015, 2017; Powers et al., 2018).

The proposed risk indicators have been numerous. Foremost,
cerebral infarct size (Kerenyi et al., 2006; Lee et al., 2010; Marsh et
al., 2016; Paciaroni et al., 2008) and, in addition, diabetes and hy-
perglycemia (Kerenyi et al., 2006; Kunte et al., 2012; Marsh et al.,
2016; Paciaroni et al., 2009, 2008; Wang, Yang, Lin, & Lu, 2014),
age (Kunte et al., 2012; Larrue, Kummer, Zoppo, & Bluhmki, 1997;
Marsh et al., 2016; Paciaroni et al., 2009; Wang et al., 2014), male
sex (Ogren, Irewall, Bergstrom, & Mooe, 2015), female sex (Chen
et al., 2016), cardioembolic stroke (Chen et al., 2016; Paciaroni et
al., 2008; Wang et al., 2014), thrombolysis (Kablau et al., 2011;
Larrue et al., 1997; Ogren et al., 2015; Paciaroni et al., 2008),
National Institutes of Health Stroke Scale (NIHSS) score (Guo, Wu,
Zhang, Mikulis, & terBrugger, 2006; Wang et al., 2014), previous
hemorrhagic stroke (Lee et al., 2010; Ogren et al., 2015), renal
insufficiency with reduced glomerular filtration rate (Lee et al.,
2013; Marsh et al., 2016), oral anticoagulant therapy (Marsh et al.,
2016), hyperintense appearance of middle cerebral artery at neu-
roimages (Guo et al., 2006), low-density lipoprotein hypocholes-
terolemia (D'Amelio et al., 2011; Wang et al., 2014), leukocytosis
(Marsh et al., 2016), low platelet count (Lee et al., 2010), and high
C-reactive protein (Lee et al., 2010).

Despite this plethora of possible indicators of HT probability,
the attempts to practically utilize these items of information have
been rather scanty and not easily applicable in the clinical setting.
For example, Marsh et al. (2013) have proposed three parame-
ters (age, cerebral infarct volume, and glomerular filtration rate)
which, within the logistic equation, allow the calculation of the
probability of HT (HeRS score). In a validation study (Marsh et al.,

2016), the same authors decided to add three further parameters

(serum glucose, white blood cell count, and warfarin use prior to
admission) to obtain a satisfactory area under the ROC curve.
However, the difficulty of measuring infarct volume and calcu-
lating HT probability by the logistic equation makes this score
hardly applicable in the clinical routine. More recently, Kalinin,
Khasanova, and Ibatullin (2017) have proposed a simple scoring
system, the Hemorrhagic Transformation Index (HTI), to identify
acute ischemic stroke patients at high risk of having HT during the
first 14 days of hospitalization (their sample also included lacu-
nar strokes). The index is derived from four items: Alberta Stroke
Program Early CT (ASPECT) score, initial NIHSS score, hyperdense
middle cerebral artery sign, and atrial fibrillation on admission. The
authors reported very good HT predictivity with their index, but
they did not provide any indication on how this information should
be used to decide the timing of anticoagulation in cardioembolic
strokes. In addition, their index can be applied only to strokes in
the middle cerebral artery territory.

Based on these premises, we performed a retrospective study in
the hypothesis that one or more of the previously assessed variables,
or some new factor, may be indicative of the appearance of HT and
of its time course in nonlacunar ischemic strokes located in any vas-
cular territory. In particular, we utilized a simple quantitative method
to measure infarct size, namely its maximum diameter in cm. In addi-
tion, we propose a predictive method, easily applicable at patient's
bed, which might prove useful in deciding the timing of anticoagula-
tion in cardioembolic strokes.

2 | MATERIALS AND METHODS
2.1 | Patients

We considered for inclusion in the study 627 patients with ischemic
stroke consecutively admitted to our stroke unit from February 2011
to January 2014, within 24 hr from the onset of symptoms. Ischemic
stroke was defined as a sudden and persistent focal neurological
deficit not associated with signs of cerebral hemorrhage on first CT
scan. Lacunar strokes are associated with ischemic lesions of small
size that usually do not present HT. Moreover, since by definition
the strokes originated in a small artery are not deemed cardioem-
bolic, they do not need any anticoagulant therapy. For these reasons,
small artery strokes, defined according to the Trial of ORG 10,172 in
Acute Stroke Treatment (TOAST) criteria (Adams et al., 1993), were
excluded from the study (N = 138). In addition, further cases of is-
chemic stroke without 2 CT scans performed, or without any visible
cerebral lesion on second CT scan, were also excluded (N = 87). Thus,
the participants were 402 (mean age 75.0 + 12.9 years; 192 male),
including cases of ischemic stroke from large artery, cardioembo-
lism, other determined cause, or undetermined cause according to
the TOAST classification (Figure 1 and Table 1).

Because of the retrospective nature of this study, which included
several patients deceased after the stroke, a written informed con-

sent could not be obtained. However, the utilization for the present
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FIGURE 1 Flow diagram of patient selection and CT scan
execution

study of the data derived from medical records was approved by
our joint university-hospital Ethics Committee, and the study was
conducted in accordance with the WMA Declaration of Helsinki.

Aim of the study was the identification of HT determinants
among a series of clinical, laboratory, and instrumental variables
obtained during the first 3 days of stay (or, in patients with ear-
lier HT, before HT detection). The patients under antihyperten-
sive treatment, or with mean systolic blood pressure = 140 mmHg
or mean diastolic blood pressure =2 90 mmHg during the first
3 days of hospitalization, were considered hypertensive. The
patients under antidiabetic treatment, or with fasting blood glu-
cose > 7 mmol/L on the day after admission, were considered di-
abetic. The patients under statin treatment, or with serum total
cholesterol 2 5.18 mmol/L, were considered hypercholesterol-
emic. The patients who referred to drink any amount of alcohol
in a nonoccasional manner were considered alcohol drinkers. The
mean heart rate and systolic and diastolic blood pressure were
calculated from the values obtained in the morning during the
first 3 days. The maximum body temperature in °C during the first
3 days was also recorded (tympanic temperature was measured
3 times a day). Furthermore, previous major ischemic events, the
occurrence of current or previous atrial fibrillation, treatment with
antiplatelet or anticoagulant drugs prior to admission, and treat-
ment with i.v. thrombolysis were recorded.

Stroke severity was assessed on admission by the NIHSS score
(Lyden et al., 1999) and the Oxfordshire Community Stroke Project clas-
sification (Bamford, Sandercock, Dennis, Burn, & Warlow, 1991). The im-
pairment of consciousness was assessed on admission by the Glasgow
Coma Scale (Teasdale & Jennett, 1974). Finally, the etiology of stroke
was established according to the TOAST criteria (Adams et al., 1993).

Open Access,

2.2 | Brain CT scan execution and assessment

In our hospital, routine neuroimaging for stroke is normally obtained
by noncontrast CT scans, as suggested by current guidelines (Powers
et al., 2018). Brain CT scans were performed by a LightSpeed scan-
ner (General Electric Medical Systems), and the measurements on CT
scans were performed by Kodak Carestream PACS Web Software
(Eastman Kodak Company).

All patients (N = 402) underwent their first CT scan on admission in
the emergency department (day 0). In addition, all of them underwent
a second scan (median time: day 3 after admission, interquartile range
2-6), to visualize cerebral lesion and possible HT. Finally, 221 patients
(55%) underwent 3 or more scans after a median time of 13 days (IQR
7-19), mainly to exclude HT in cardioembolic strokes before starting
or restarting anticoagulation (at that time the European guidelines
suggested waiting 14 days or longer before starting anticoagulation
[European Heart Rhythm Association et al., 2010]; Figure 1). The me-
dian number of CT scans performed was 3 (interquartile range 2-3).

All CT scans were reassessed and agreed by 2 expert neurora-
diologists (L.F. and L.S.) who inspected the images together and re-

corded the following aspects:

1. Hemorrhagic transformation - HT was classified into 4 categories
according to the European Cooperative Acute Stroke Study (ECASS)
criteria (Fiorelli et al., 1999): HI 1 (hemorrhagic infarct with isolated
petechiae), HI 2 (hemorrhagic infarct with confluent petechiae), PH
1 (parenchymal hematoma < 30% of the infarcted area with some
mild mass effect), and PH 2 (parenchymal hematoma > 30% of
the infarcted area with mass effect usually causing midline shift).
These aspects were searched in all CT scans performed during
the stay (between 1 and 27 days after admission).

2. Cerebral lesion diameter (CLD) - This was normally obtained on
second CT scan (on average 3 days after admission), by measuring
the maximum diameter in cm in the CT slice where the maximum
extension of the ischemic area was present (Figure 2).

3. Mass effect - Compression of cerebral ventricles and/or suba-
rachnoid spaces, assessed on second CT scan, indicating cerebral
edema (Figure 2).

4. White matter lesions - Diffuse white matter hypodensity on first
CT scan as expression of chronic cerebral microvascular disease.
In this study, white matter lesions were defined as any degree > 1
according to Van Swieten, Hijdra, Koudstaal, and Gijn (1990).

5. Hyperdense appearance of middle cerebral artery, suggesting
possible thrombosis, visible on first CT scan.

2.3 | Laboratory variables

Routine laboratory variables were obtained from the fasting blood
sample withdrawn on the first morning after admission (“the base-
line”). The laboratory variables obtained on admission were disre-

garded, as they could potentially be altered by the acute phase.
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TABLE 1 Baseline clinical variables and risk factors in patients with and without hemorrhagic transformation of cerebral lesion

Baseline variable

Age (years)
Male sex
OCSP classification
LACS
PACS
TACS
POCS
TOAST classification
Large artery
Cardioembolism
Other determined cause
Undetermined cause
NIHSS score
GCS score
Hypertension
Ex-smoker
Current smoker
Diabetes
Hypercholesterolemia
Alcohol
Atrial fibrillation
Previous ischemic stroke
Previous TIA

Previous hemorrhagic stroke

Previous myocardial infarction

Heart failure

Chronic kidney disease

Preadmission antiplatelet drug

Preadmission oral anticoagulant

Average SBP (mmHg)
Average DBP (mmHg)

Average heart rate (beats/min)

Maximum body temperature (°C)

Thrombolysis

In-hospital antiplatelet drug
In-hospital low-dose subcutaneous heparin

In-hospital oral anticoagulant

Note: Numeric data are mean + SD, or median [25th-75th percentile], or number (percentage).

No HT (N = 273)

75.1+13.3
123 (45.1)

5(1.8)
150 (54.9)
76 (27.8)
42 (15.4)

64 (23.4)
101 (37.0)
14 (5.1)

94 (34.4)

8 [4-15]
15[13-15]
219 (80.2)
54 (19.8)
56 (20.5)
51(18.7)
154 (56.4)
25(9.2)
108 (39.6)
32(11.7)
15(5.5)
5(1.8)
35(12.8)
26 (9.5)
23(8.4)
120 (44.0)
20(7.3)
140.2 + 20.9
75.3+£10.1
75.8 +13.2
36.8[36.0-37.4]
35(12.8)
260(95.2)
181 (66.3)
81(29.7)

Any HT (N = 129)

741 £129
69 (53.5)

2(1.6)

34 (26.4)
78 (60.5)
15(11.6)

18 (14.0)
67 (51.9)
2(1.6)

42 (32.6)
16 [8-20]
13 [10-15]
111 (86.0)
32(24.8)
27(20.9)
28(21.7)
81 (62.8)
12(9.3)

74 (57.4)
17 (13.2)
7(5.4)
3(2.3)
21(16.3)
10(7.8)
13(10.1)
61 (47.3)
20 (15.5)
1394 +19.1
76.2+91
76.5+14.7
37.2[36.7-37.9]
19 (14.7)
108 (83.7)
104 (80.6)
6(4.7)

p Value?

45
A1

.84
<.0001
<.0001

.31

.03
.005
.09
71
.0001
.0001
15
.25
.92
48
.23
.96
.0008
.68
.98
.74
.35
.56
.59
.53
.01
74
42
.65
.0001
.60
.0001
.003
<.0001

A

A

PH (N = 36)
72.5£10.3
22(61.1)

0
8(22.2)
26(72.2)
2(5.6)

3(8.3)

18 (50.0)

0

15(41.7)
16.5[13.5-21]
13 [10-14]
31(86.1)

10 (27.8)

10 (27.8)
4(11.1)
23(63.9)
4(11.1)
22(61.1)
1(2.8)

0

1(2.8)
8(22.2)
4(11.1)
3(8.3)

18 (50.0)
6(16.7)
141.4 + 20.6
75.5+10.7
74.7 +15.2
38.0[37.0-38.1]
8(22.2)
23(63.9)
26(72.2)
2(5.6)

p Value®

17
.07

41
.0002
.0001
A1

A

.04
.13
16
.39
.0001
.0003
.40
.27
.32
.26
.39
71
.01
.10
15
.70
13
76
.99
.49
.06
.73
.94
.62
<.0001

A

<.0001
.48
.002

Abbreviations: DBP, diastolic blood pressure; GCS, Glasgow Coma Scale; HT, Hemorrhagic transformation; LACS, lacunar circulation syndrome;
NIHSS, National Institutes of Health Stroke Scale; OCSP, Oxfordshire Community Stroke Project; PACS, partial anterior circulation syndrome;
PH, Parenchymal hematoma; POCS, posterior circulation syndrome; SBP, systolic blood pressure; TACS, total anterior circulation syndrome; TIA,
transient ischemic attack; TOAST, Trial of ORG 10172 in Acute Stroke Treatment.

@Any HT vs. No HT.
PPH vs. No HT.

2.4 | Statistical analysis

Normal continuous variables were described by mean + SD, while the
variables with nongaussian distribution were described by median

and interquartile range. Means were compared with Student's t test,

medians with Mann-Whitney's test and percentages with chi-squared

test.

Multivariable analyses were performed by Cox proportional

hazards regressions with backward stepwise procedure to obtain

hazard ratios and 95% confidence intervals, with any HT or PH as
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FIGURE 2 CT image showing an example of maximum cerebral
lesion diameter measurement and mass effect

dependent variable. This type of regression takes into account the
day of appearance of HT/PH. In the cases without HT/PH, the day of
last CT scan performed was entered.

For each day between 0 and 30 days after admission, the percent
residual probability of HT was calculated as the ratio between the
number of patients who had HT from that day onwards and the total
number of patients.

Two-tailed tests were used throughout, and p values < .05 were
considered significant. Statistical analysis was performed with SPSS
software (SYSTAT 10, SPSS Inc).

3 | RESULTS

Of the 402 patients with nonlacunar stroke included in the study,
129 had HT (32.1%). In particular, 37 had HI 1 (9.2% of 402), 56 HI
2 (13.9%), 23 PH 1 (5.7%), and 13 PH 2 (3.2%). HT was detected
after a median time of 6 days (interquartile range 4-11, overall
range 1-27).

As shown in Table 1, the patients with any HT, compared with
the patients without HT, had more severe strokes, characterized by
higher NIHSS and lower GCS scores, and higher prevalence of total
anterior circulation syndromes. For completeness, also the TOAST
classification is shown, although in some cases, it could be estab-
lished after the third day of stay. Seven patients (2 with HT and 5
without) were clinically classified as lacunar circulation syndromes
(LACS), but subsequently, they were found to have nonlacunar cor-
tical lesions. Other HT determinants were cardioembolism, high
body temperature, and prior oral anticoagulant therapy. Instead,
cardiovascular risk factors (including age and sex), hemodynamic
parameters, previous cerebrovascular events, and preadmission
antiplatelet treatment were not associated with HT. The same as-
sociations, except those concerning cardioembolism and prior oral
anticoagulation, were confirmed in the subgroup with PH 1 or 2. The

table also reports the in-hospital administration of anticoagulants,
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antiplatelet drugs, and subcutaneous heparin before HT detection
or, for patients without HT, during the whole stay in stroke unit.
Eighty-seven patients were treated with oral anticoagulants (mainly
cardioembolic strokes). Among them, only in 6 cases oral anticoag-
ulation preceded HT detection. Subcutaneous heparin was more
often prescribed to patients with HT, while antiplatelet drugs were
more often prescribed to patients without HT. In fact, many patients
had HT on the first day, associated with paralysis of a lower limb. For
them, subcutaneous heparin was mandatory, while antiplatelet drug
prescription could be postponed (particularly in case of PH) to avoid
worsening of HT.

In addition (Table 2), the patients with any HT or PH had higher
baseline values of white blood cells, hemoglobin, hematocrit,
C-reactive protein, blood glucose and lower levels of HDL cho-
lesterol (except PH patients), and, more frequently, a hyperdense
appearance of middle cerebral artery. Finally, they also had larger
ischemic lesions and more often mass effect.

The variables associated with HT or PH with p values < .05 were
included as independent variables in two Cox regressions, where
the dependent variables were, respectively, HT and PH (Table 3).
In these analyses, the patients with missing data were excluded. In
addition, the analysis with PH as dependent variable did not include
the patients with HI. At the end of the procedures, four variables
remained significantly associated with both HT and PH: CLD, hemo-
globin concentration (which was missing in two non-HT patients),
blood glucose (missing in six non-HT and three HT patients), and
mass effect. Preadmission anticoagulant therapy remained associ-
ated with HT only.

Table 3 shows that the most significant determinant of any HT
was CLD (p =.0001), with a 12% increase in HT probability for every
cm of diameter. Table 4 shows that the relationship between CLD
and frequency of HT was very close and progressive. The table also
shows that for each lesion size the cumulative frequency of HT in-
creased in relation to the time of CT execution. Six cases of HT were
detected on admission (4.7% of all HTs, including 2 PHs), namely,
before CLD and edema assessment and baseline blood sampling.
These patients were not excluded, not to alter the complete pic-
ture of HT incidence and timing. According to CLD and final HT
frequency, the whole sample (N = 402) could be divided into three
main areas of bleeding risk: low risk (<2 cm, N = 65, HT 1.5%, PH
0%), intermediate risk (22 and <5 cm, N = 187, HT 21.9%, PH 3.7%),
and high risk (z5 cm, N = 150, HT 58.0%, PH 19.3%). The limit be-
tween intermediate and high risk was set at 5 cm because over that
limit the probability of HT exceeded 50%. The six cases of HT de-
tected after oral anticoagulation were so distributed: none among
low-risk patients, two among intermediate-risk patients, and four
among high-risk patients.

Figure 3 shows the residual probability of having any HT in rela-
tion to time in the three areas of risk. Most HTs occurred during the
first days and, in each area of risk, the percentage of patients that
could have HT decreased progressively over time. This percentage
fell below 10% after the 6th day for patients with CLD from 2 to
<5 cm or after the 14th day for patients with CLD equal or greater
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TABLE 2 Laboratory and neuroradiologic variables in patients with and without hemorrhagic transformation of cerebral lesion

Baseline variable

INR

aPTT (ratio)

White blood cells (x10°/L)
Hemoglobin (g/dl)
Hematocrit (%)

Platelet count (x10%/L)
C-reactive protein (mg/dl)

Blood glucose (mmol/L)

No HT (N = 273)
1.07 [1.02-1.13]
0.94 [0.85-1.06]
8.68 [6.96-10.60]
13.4 [11.9-14.5]
40.4[36.1-44.0]
243.9 [183-277]
0.81[0.34-3.24]
5.16 [4.55-6.11]

Any HT (N = 129)
1.09 [1.04-1.17]
0.94 [0.84-1.04]
9.711[7.97-11.24]
13.9 [12.6-14.8]
42.1[39.1-44.8]
217.5 [178.5-280.0]
1.45[0.51-3.66]
5.88 [5.05-7.05]

5.04+0.41
1.37+0.41

491+1.13
1.27 £0.35

Cholesterol (mmol/L)

HDL Cholesterol
(mmol/L)

1.17[0.93-1.53]
78.7 [68.1-95.0]

Triglycerides (mmol/L)

Creatinine (umol/L)

White matter lesions 86 (31.5) 34 (26.4)

Hyperdense MCA sign 42 (15.4) 47 (36.4)

Cerebral lesion diameter 3.3[2.1-4.7] 6.2 [4.4-9.4]
(cm)

Edema with mass effect 107 (39.2) 92 (71.3)

1.16 [0.88-1.44]
77.8 [68.1-92.8]

p Value? PH (N = 36) p Value”
.06 1.09 [1.04-1.14] 21
41 0.92[0.84-1.01] 40
.0008 10.47 [9.03-12.87] .0001
.004 14.5[12.4-15.3] .01
.0007 44.1[38.1-45.7] .006
.38 200.5 [167.0-242.0] .08
.02 3.27 [0.74-5.51] .004

<.0001 6.05 [5.16-6.99] .006
.28 4.80+0.96 .23
02 1.31+0.33 36
.51 1.10[0.80-1.42] .35
.88 82.2[69.0-88.4] .81
.29 7 (19.4) 14

<.0001 12(33.3) .008

<.0001 7.0 [5.9-10.3] <.0001

<.0001 33(91.7) <.0001

Note: Numeric data are mean + SD, or median [25th-75th percentile], or number (percentage).

Abbreviations: HDL, high density lipoprotein; HT, hemorrhagic transformation; INR, international normalized ratio; MCA, middle cerebral artery; PH,

parenchymal hematoma.
2Any HT vs. No HT.
PPH vs. No HT.

than 5 cm. The figure is based on all available CT scans, that is, at
least 2 scans for all patients and 3 or more scans for 221 patients.
The patients with 3 or more scans were so distributed in the 3 areas
of risk: 37 (56.9%) among low-risk patients, 94 (50.3%) among in-
termediate-risk patients, and 90 (60.0%) among high-risk patients
(p =.19).

This information might prove useful in deciding the timing
of anticoagulation in patients with cardioembolic stroke. The
decision should also consider the indications of Paciaroni et al.
(2015, 2017), according to which the interval of 3-4 to 14 days
after stroke onset would be the best one to start anticoagulation.
Thus (Table 5), (a) the minimum interval (3-4 days) could be ap-
plied to the patients with the minimum risk (lesion < 2 cm, 16%
of the patients with nonlacunar stroke); (b) an intermediate inter-
val (6 days, see Figure 3) could be applied to the patients with
intermediate-risk (lesion from 2 to <5 cm, 47% of the patients with
nonlacunar stroke); and (c) finally, the maximum interval (14 days,
see Figure 3) could be applied to the patients with high risk (le-
sion = 5 cm, 37% of the patients with nonlacunar stroke). In ad-
dition, within the two categories of intermediate and maximum
risk, the day on which the probability of HT becomes lower than
10% can be extrapolated in relation to the precise size of cerebral
lesion (Table 5). To remember Table 5, we propose this simple for-
mula: number of days from stroke onset = CLD + 3 (if CLD 0-4 cm)
or CLD + 7 (if CLD = 5 cm).

4 | DISCUSSION

This study has shown that, in patients with nonlacunar ischemic
stroke, among numerous variables obtained during the first 3 days
of hospitalization, the variable most closely associated with the ap-
pearance of HT was the size of cerebral lesion. It seems therefore
reasonable to estimate the probability of HT and its timing starting
from this parameter.

The frequency of HT in our study (32.1%) was higher than the
average frequency reported in the literature (Lindley et al., 2004).
This finding is explainable considering that lacunar strokes were ex-
cluded from the study and that all the available CT scans were used
to detect HT (up to 27 days after the acute event).

It is well known that the size of the ischemic lesion is an im-
portant factor favoring HT (Kerenyi et al., 2006; Lee et al., 2010;
Marsh et al., 2016; Paciaroni et al., 2008). According to the current
European guidelines on atrial fibrillation (Kirchhof et al., 2016),
both the size of brain infarction and HT should be taken into ac-
count to decide when starting anticoagulation. However, the same
guidelines only generically suggest “delaying” oral anticoagulation
in the presence of “large/moderate” lesions, without specifying
how long the delay should be and what large/moderate means.
In addition, NIHSS score is used as primary indicator of the tim-
ing of anticoagulation. NIHSS score is correlated, in principle, with

the extension of the ischemic lesion. However, in some cases, low
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TABLE 3 Baseline variables independently associated with the
appearance of hemorrhagic transformation

95%
Confidence
Variable Hazard ratio interval p Value
Dependent variable: Any Hemorrhagic Transformation
(N=117/363)*
Cerebral lesion 1.12 1.06-1.18 .0001
diameter (cm)
Hemoglobin (g/dL) 1.16 1.06-1.27 .002
Blood glucose 1.10 1.03-1.18 .007
(mmol/L)
Preadmission oral 1.82 1.10-3.03 .02
anticoagulation
Edema with mass 1.72 1.08-2.75 .02
effect

Dependent variable: Parenchymal Hematoma (N = 36/282)b

Edema with mass 7.84 2.26-27.23 .001
effect

Cerebral lesion 1.16 1.05-1.28 .005
diameter (cm)

Hemoglobin (g/dl) 1.25 1.04-1.51 .02

Blood glucose 1.13 1.01-1.26 .04
(mmol/L)

Note: Final result of Cox regressions with backward elimination
procedure of nonsignificant associations. The initial models included all
variables associated with hemorrhagic transformation or parenchymal
hematoma with p values < .05 in Tables 1 and 2.

@Patients with missing data were excluded.
bpatients with missing data or hemorrhagic infarct (HI) were excluded.

NIHSS scores may be associated with large lesions (nondominant
hemisphere, occipital lobe, and cerebellum), while on the contrary,
there may be small lesions causing elevated NIHSS scores (internal
capsule and brainstem). And, in fact, in our multivariable analysis,
which also included CLD, NIHSS was eliminated. Moreover, sev-
eral other factors (e.g., mechanical valve prosthesis, severe un-
controlled hypertension, or other determinants evidenced in this

_Wl LEYm

study) should be considered in deciding whether to anticipate or
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delay the timing of anticoagulation.

If CLD has to be used as one possible factor indicating the tim-
ing of anticoagulation, we should remember that the ischemic lesion
is clearly visible on CT scan only after 24-72 hr from the onset of
symptoms. This delay would be, however, compatible with the fact
that initiating anticoagulation earlier than 3-4 days would be haz-
ardous according to Paciaroni et al. (2015). A previous study from
the VISTA registry (Abdul-Rahim et al., 2015) suggested that anti-
coagulation could be performed safely even earlier. However, the
authors recognized that the highest risk of both stroke recurrence
and symptomatic intracerebral hemorrhage was in the first 2 days.
Nonvitamin K antagonist oral anticoagulants (NOACs) are associated
with a lower risk of intracranial hemorrhage than vitamin K antago-
nists. Thus, they might be prescribed earlier after an acute stroke.
This possibility is currently being assessed in three different ran-
domized trials (ELAN, START, and TIMING; Asberg etal.,, 2017; Ng &
Whiteley, 2017). However, a large registry study on the same subject
(Paciaroni et al., 2017) recently showed that the minimum compos-
ite rate of recurrence and major bleeding was obtained, again, when
NOACs were started between 3 and 14 days after acute stroke.

After literature revision, Paciaroni, Agnelli, Ageno, and Caso
(2016) have proposed an assessment of the probability of HT based
on the size of the ischemic lesion (small, medium, or large), consid-
ering small infarcts those <1.5 cm, medium infarcts those caused by
partial occlusion of cerebral arteries, and large infarcts those caused
by complete occlusion of cerebral arteries. Other authors have used
ischemic lesion volume, rather than its diameter, to assess the proba-
bility of HT (Marsh et al., 2013, 2016). This measurement is certainly
more precise, but is more complex to perform, and therefore, it is
not suitable for routine use. Instead, as we have shown in the pres-
ent investigation, the simple measurement of CLD may provide use-
ful information about the occurrence and timing of HT in everyday
practice.

Usually, edema with mass effect is associated with large ischemic
lesions. However, our multivariable analysis showed that mass effect

was associated with HT (especially PH) independently from CLD. On

TABLE 4 Frequency of hemorrhagic transformation in relation to cerebral lesion diameter and CT scan timing

1stCT Upto2nd CT Up to 3rd or further CT
Lesion (cm) N HT HT HT PH Overall risk
29 57 2 (3.5%) 4 (42.1%) 7 (64.9%) 13 (22.8%) HIGH
27 (<9) 33 1(3.0%) 2(36.4%) 9 (57.6%) 5(15.2%) HT = 87/150 = 58.0%
25 (<7) 60 1(1.7%) 7 (28.3%) 1(51.7%) 11 (18.3%) PH =29/150 = 19.3%
24 (<5) 58 2 (3.4%) 8(13.8%) 8(31.0%) 3(5.2%) INTERMEDIATE
23 (<4) 70 0 10 (14.3%) 5(21.4%) 1(1.4%) HT = 41/187 = 21.9%
22 (<3) 59 0 5(8.5%) 8 (13.6%) 3(3.4%) PH =7/187 =3.7%
>0 (<2) 65 0 1(1.5%) 1(1.5%) 0 LOW

HT =1/65=1.5%
PH =0/65=0%

Note: 1st CT scan: on admission (402 patients); 2nd CT scan: on average on day 3 (402 patients); and further CT scans: on average on day 13 (221

patients).
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Residual Risk of Hemorrhagic Transformation
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FIGURE 3 Residual risk of having any hemorrhagic
transformation in relation to time and cerebral lesion diameter. The
percentage of patients that could have hemorrhagic transformation
dropped below 10% after the 6th day with cerebral lesion
diameters from 2 to <5 cm, or after the 14th day with cerebral
lesion diameters equal or greater than 5 cm

the other hand, mass effect may be a consequence, rather than a
cause, of PH, as PH itself determines mass effect.

The existence of a direct association between hemoglobin and
HT had never been reported previously. It is noteworthy that he-
moglobin was the second parameter most strongly associated with
HT after CLD. Thus, it seems that polycythemia may favor HT, while
anemia would have a protective effect. The reasons for this are
presently unknown, although some explanations can be proposed.
HT generally occurs during cerebral lesion reperfusion (Fiehler et
al., 2005). Ischemia-reperfusion injury is mainly due to an oxida-
tive mechanism (Kaminski, Bonda, Korecki, & Musial, 2002), also
favored by reduced shear stress in the ischemic area (Kumar et al.,
2018). Ensuing endothelial dysfunction increases vascular permea-
bility (Lum & Roebuck, 2001), with possible blood extravasation (Lin
et al., 2007). While hematological disorders and polycythemia are
well-known (although sometimes unrecognized) causes of ischemic
stroke (Arboix, Jiménez, Massons, Parra, & Besses, 2016), anemia

with reduced blood density might favor the microcirculation, with
increased shear stress, less endothelial dysfunction, and reduced
permeability of the blood-brain barrier. In addition, the free iron re-
leased by erythrocytes exposed to hypoxia-reoxygenation may con-
tribute to oxidant stress (Ciccoli et al., 2004). Thus, fewer red blood
cells could mean less free iron and less oxidant stress in the ischemic
area. Finally, ischemic and hypoxic preconditioning has been shown
to protect the brain from more severe ischemic injuries (Arboix et
al., 2004; Ran, Xu, Lu, Bernaudin, & Sharp, 2005; Steiger & Hanggi,
2007). Anemia might possibly exert a protective preconditioning ef-
fect, with reduced occurrence of HT.

Current guidelines do not recommend recoagulation in the acute
phase of ischemic stroke, in the patients that were previously on oral
anticoagulant therapy. Thus, oral anticoagulation is just withdrawn,
and if warfarin was used, complete spontaneous recoagulation oc-
curs after a few days. It is therefore understandable that these pa-
tients have an increased risk of HT, especially during the first few
days of stay, as already shown by others (Marsh et al., 2016). The
finding that hyperglycemia favors HT is also in agreement with sev-
eral previous studies (Kerenyi et al., 2006; Kunte et al., 2012; Marsh
et al., 2016; Paciaroni et al., 2009, 2008; Wang et al., 2014).

The main limitations of this study derive from its retrospective
design, particularly from the fact that only the available data were
collected and some data (especially radiological) were not obtained
after prespecified intervals from stroke onset. However, all patients
underwent at least two CT scans, and those who underwent three
or more scans were numerous and equally distributed in the three
areas of risk. In addition, performing multiple scans at regular inter-
vals in all patients would be complicate and probably unethical.

Six patients had HT detected on first CT scan, before some ra-
diological and laboratory variables could be obtained. These patients
were not excluded, not to alter the description of HT incidence and
timing in its entirety. It seems improbable, however, that these few
cases may have significantly influenced the predictive model.

This observational study has sought HT determinants in a cohort
of consecutive patients with ischemic stroke: It was not designed to
study in detail the probability of HT associated with any particular
event. Some events, like previous hemorrhagic stroke or preadmission

TABLE 5 Proposed fractioning of time-to-low-risk of hemorrhagic transformation according to exact lesion size

Mean interval after which residual risk falls below

Overall risk 10% (days)?
HIGH 14

HT = 87/150 = 58.0%

INTERMEDIATE 6

HT =41/187 = 21.9%

LOW 0

HT =1/65=1.5%

Proposed time-to-

Lesion (cm) low-risk (days)®
29 16

27 (<9) 14

>5 (<7) 12

24 (<5) 7

23 (<4) 6

>2 (<3)

>0(<2) 3-4

The numbers in bold are those experimentally found. The other numbers are extrapolated.

2See Figure 3 and text.
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anticoagulant therapy in patients with PH, had been few, and this might
have caused the nonsignificance of their association with HT. Another
limitation comes from the possibility that the therapy administered
during the first days of stay may have influenced the results. Finally,

these results should be confirmed in a different cohort of patients.

5 | CONCLUSIONS

Although with limitations, this study has shown that, in patients with
nonlacunar ischemic stroke, 4 already known parameters (infarct
size, mass effect, hyperglycemia, and preadmission anticoagulant
therapy) and one new parameter (hemoglobin concentration) col-
lected during the first 3 days of hospitalization are independently
associated with the appearance of hemorrhagic transformation. In
particular, we have found a simple relationship linking the most rel-
evant of these parameters, cerebral lesion diameter, to the timing of
hemorrhagic transformation, which could be considered in deciding
when starting or restarting anticoagulation in cardioembolic strokes.
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