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values within the rMTT  1 1.3 segmented lesion (AUC = 0.71) 

had similar accuracy to the mean rMTT voxel values (AUC = 

0.65, p = 0.24) and mean rCBF voxel values (AUC = 0.64, p = 

0.22) within the DWI-segmented lesion. The only indepen-

dent predictors of HT were: (1) mean rMTT with rMTT  1 1.3, 

and (2) mechanical thrombectomy.  Conclusion:  Admission 

CTP-based hypoperfused tissue volumes and thresholded 

mean voxel values are markers of HT in acute stroke, with 

similar accuracy to DWI. This could be of value when MRI can-

not be obtained.  Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Hemorrhagic transformation (HT) is an unwanted 
complication of ischemic stroke that may severely worsen 
prognosis. Many studies have tried to determine clinical 
and imaging parameters associated with HT so as to 
identify patients at highest risk for thrombolytic or endo-
vascular therapies. These studies have found infarct-core 
volume on admission diffusion-weighted imaging (DWI) 
scans to be an independent predictor of HT  [1] . Other 
variables that have been correlated with HT include low 
mean apparent diffusion coefficient (ADC)  [1] , large ves-
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 Abstract 

  Background:  The utility of admission CT perfusion (CTP) to 

that of diffusion-weighted imaging (DWI) as a predictor of 

hemorrhagic transformation (HT) in acute stroke was com-

pared.  Methods:  We analyzed the admission CTP and DWI 

scans of 96 consecutive stroke patients. HT was present in 22 

patients (23%). Infarct core was manually segmented on the 

admission DWI. We determined the: (1) hypoperfused tissue 

volume in the ischemic hemisphere using a range of thresh-

olds applied to multiple different CTP parameter maps, and 

(2) mean relative CTP (rCTP) voxel values within both the 

DWI-segmented lesions and the thresholded CTP parameter 

maps. Receiver operating characteristic area under curve 

(AUC) analysis and multivariate regression were used to eval-

uate the test characteristics of each set of volumes and mean 

rCTP parameter values as predictors of HT.  Results:  The hy-

poperfused tissue volumes with either relative cerebral 

blood flow (rCBF)  ! 0.48 (AUC = 0.73), or relative mean transit 

time (rMTT)  1 1.3 (AUC = 0.70), had similar accuracy to the 

DWI-segmented core volume (AUC = 0.68, p = 0.2 and p = 

0.1, respectively) as predictors of HT. The mean rMTT voxel 
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sel circle of Willis occlusion  [2] , low attenuation  [3]  or 
poor collateral vessels  [4]  on CT angiography (CTA) 
source images, and signs of blood-brain barrier disrup-
tion such as increased CT perfusion (CTP) and MR per-
fusion permeability values  [3–5] , MRI hyperintense acute 
injury marker sign  [6] , and reduced cerebral blood vol-
ume (CBV) or flow (CBF)  [7, 8] .

  Multiple studies have suggested that HT results from 
reperfusion into a large volume of severely ischemic tis-
sue  [9] . Flow measures might therefore be useful to iden-
tify ischemic tissue at risk of HT. Indeed, Ueda et al.  [10]  
demonstrated an increased likelihood of HT in ischemic 
brain with more than 65% CBF reduction. In patients 
with middle cerebral artery (MCA) occlusion, ischemic 
tissue with a mean CBF ratio  ! 0.18 is more likely to hem-
orrhage  [9] . Low or completely absent contrast arrival in 
cerebral perfusion scans has been reported to reflect tis-
sue at risk for HT  [11] .

  The aim of our study was therefore to compare the 
utility of admission CTP to that of DWI as a predictor of 
HT of acute stroke. CTP-based risk markers have the po-
tential to substitute for DWI when the latter is not avail-
able. Imaging variables we studied included CTA-defined 
arterial occlusion, recanalization following endovascular 
treatment, DWI lesion volumes, and CTP parameter map 
volumes and thresholded voxel values. Clinical variables 
included admission NIH stroke scale (NIHSS) score, 
time elapsed from ictus to hospital admission, and the use 
of thrombolytic or mechanical endovascular therapies.

  Methods 

 Patients 
 We retrospectively reviewed the medical records and imaging 

data of 153 consecutive patients with acute ischemic stroke who 
were admitted to our emergency department between April 2008 
and May 2009. All patients had admission NIHSS scores recorded 
and underwent our routine stroke imaging protocol. Inclusion 
criteria for imaging evaluation consisted of a non-contrast CT 
(NCCT) of the head, CTA of the head, neck, and arch, CTP with 
8-cm anterior circulation coverage (shuttle mode), MRI-DWI 
within 9 h of symptom onset, and a follow-up scan (NCCT or 
MRI) within the following 5 days for HT evaluation. Ninety-six 
patients had a complete set of images and were included in our 
study. The 57 excluded patients had a similar incidence of HT and 
demographics compared to the study cohort ( table  1 ). Patients 
were treated according to standard institutional protocols, in-
cluding intravenous (IV) thrombolysis or intra-arterial (IA) ther-
apy as clinically indicated  [12] .

  Our institutional review board approved our retrospective re-
view of all medical and imaging data.

  Image Acquisition 
 CT imaging was performed using a helical scanner (Light-

Speed 64; GE Medical Systems, Milwaukee, Wisc., USA) in the 
emergency department. NCCT scans were performed in helical 
mode (1.25 mm thickness, 120 kV, 250 mA). CTA was performed 
during the administration of 80 ml of non-ionic contrast agent 
(Omnipaque 370; Nycomed Inc., Roskilde, Denmark) followed
by 40 ml of saline, both at a rate of 4 ml/s, from the aortic arch to 
vertex (1.25 mm thickness, 120 kV, 350–800 mA, 0.5–0.7 s/rota-
tion). CTP was acquired using shuttle perfusion mode during
administration of 35 ml of non-ionic contrast (7 ml/s) followed by 
40 ml of saline (4 ml/s) (time of acquisition 91 s, 80 kV, 500 mA), 
providing 16 slices with 5 mm thickness (8 cm coverage); total 
radiation exposure was  ! 500 mGy. Perfusion images were post-
processed using GE’s software CTP3. Using the protocol de-
scribed above, the total estimated effective radiation dose was
approximately 14.2 mSv (NCCT 2.0 mSv, CTA 4.3 mSv, and CTP 
7.9 mSv).

  MR scans were performed on a 1.5 T Signa whole-body scan-
ner (GE Medical Systems). TR was 5,000 ms; TE was minimum 
(typically 85–110 ms). Isotropic admission DWI and ADC maps 
were reviewed, as well as follow-up GRE T2 *  susceptibility se-
quences.

  Image Analysis 
 All images were analyzed by a radiologist with 5 years of gen-

eral and 1 year of dedicated neuroradiology experience (L.C.S.S.), 
blinded to the patients’ clinical histories, and follow-up imaging. 
Admission images were assessed for stroke laterality and the pres-
ence of target large vessel occlusion (LVO) on CTA, according to 
the Boston Acute Stroke Imaging Scale (BASIS) criteria  [13] . LVO 
was defined as occlusion of the terminal internal carotid artery, 
proximal MCA (M1 or M2), and/or the basilar artery. Follow-up 
scans were assessed for the presence of HT. The follow-up scans 
included NCCT in 70% (67/96) of cases and MR in the remaining 
30% (29/96). Of those patients with HT, 40% (8/22) had MRI and 
60% (14/22) had NCCT as their follow-up. Any new hemorrhage 
on follow-up was considered HT, collapsing the European Coop-

Table 1. D emographics of patients not included in the study

Patients not in the study
(n = 57)

Hemor-
rhage (%)

No hemor-
rhage (%)

Number of cases 16 (25) 41 (68)
Patients demographics   

Mean age 70 71
Female 11 (69) 19 (46)
Male 5 (30) 22 (53)

Clinical characteristics
Mean admission NIHSS 14 15.13

Imaging findings
DWI lesion volume 53.0 34.2
Large vessel occlusion (BASIS) 9 (69) 31 (75)

Treatment modalities
tPA 8 (61) 6 (14)

T here was a similar incidence of HT and similar demograph-
ics in those patients excluded from our study due to incomplete 
datasets.
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erative Acute Stroke Study I (ECASS I) classification system  [14]  
into a single category.

  Recanalization was determined in the subset of patients who 
received IA therapy, and in those who had a follow-up CTA or 
MRA, for vascular patency assessment. In those who underwent 
IA therapy, a TICI score of 2a or higher was considered recana-
lization. On non-invasive imaging, recanalization was defined 
as complete luminal opacification of previously occluded ves-
sels.

  For each patient, the volume of infarction was manually seg-
mented on the admission DWI based on visual qualitative assess-
ment of both the DWI and ADC images, using a commercial im-
age analysis software (L.S.) (Analyze 8.1, AnalyzeDirect; Mayo 
Clinic, Rochester, Minn., USA). All MRI-DWI, CTP scans, and 
the DWI outlined lesions were automatically co-registered to the 
MNI-152 template using the Linear Image Registration Tool 
(FLIRT5.5; Oxford Centre for Functional Magnetic Resonance 
Imaging of the Brain, Oxford, UK). On a voxel-by-voxel basis, 
relative CBF (rCBF), CBV (rCBV), mean transit time (rMTT), and 
permeability surface (rPS) values were calculated as the ratio of 
absolute voxel values in the ischemic hemisphere to correspond-
ing, contralateral mirror voxels, using a custom-made software 
program (Y.W.) (MatLab7.8; The MathWorks, Natick, Mass., 
USA). First, we used the resulting CTP parameter maps (consist-
ing of relative voxel values on the ischemic hemisphere) to exam-
ine the performance of the hypoperfused CTP lesion volumes in 
determining HT. Specifically, we determined the volume of the 
ischemic lesions with rCBF and rCBV voxel values below thresh-
olds ranging from 0.1 to 0.7 at 0.02 intervals, as well as those with 
rMTT and rPS above thresholds ranging from 1.3 to 2.8 at 0.05 
intervals. Next, the mean rCTP parameter voxel values within the 
hypoperfused lesion volumes were calculated for the thresholds 
that optimally determined HT. The mean rCTP voxel values 
within the infarct core – segmented admission DWI lesions – 
were also determined.

  Statistical Analysis 
 Patients were stratified into two groups based on the follow-up 

scan: those with HT versus those without HT (‘HT’ vs. ‘non-HT’).
  Receiver operator characteristic (ROC) curves were generated 

for the DWI and thresholded CTP lesion volumes to determine 
and compare their individual test characteristics in distinguish-
ing HT from non-HT patients, including area under curve (AUC), 
sensitivity and specificity. The CTP threshold with the highest 
AUC was selected for each parameter map (CBF, BCV, MTT and 
rPS).

  We performed univariate analyses to compare the imaging 
and clinical variables between these two groups. We used Stu-
dent’s t test (variables with normal distribution), Mann-Whitney 
rank test (variables without a normal distribution), and  �  2  (cate-
gorical variables).

  Using those clinical and CT-based imaging variables that were 
significant in the univariate analyses, we determined the inde-
pendent predictors of HT using multivariate binary logistic re-
gression modeling (thresholds for inclusion/exclusion of variables 
were p  ̂   0.05 and p  6  0.1, respectively). We have additionally 
performed univariate and multivariate analyses after stratifica-
tion according to time elapsed from ictus to scanning ( ̂  4.5 vs. 
 1 4.5 h). ROC curves were generated to evaluate each significant 
variable’s test characteristics in distinguishing HT from non-HT. 

STATA 10 (Stata Corp., College Station, Tex., USA) and SPSS 17.0 
(SPSS Inc., Chicago, Ill., USA) software were used to perform the 
statistical analyses. All values are expressed as either mean  8  SE, 
median (interquartile, IQ), or number (percentage), to the p  !  
0.05 level of significance.

  Results 

 Ninety-six patients were included in our analysis. Of 
these, 22 (23%) had HT on follow-up scan. Of the 22 hem-
orrhage cases, 3 were classified as parenchymal hemato-
mas (PH) and 19 as hemorrhagic infarctions (HI); there 
were insufficient PH cases to stratify for subgroup analy-
sis. A detailed list of the characteristics of the patients 
with hemorrhage is shown in  table 2 .

  The median ictus to CTP interval was 3.9 h (IQ 2–5), 
and the median CTP to DWI interval was 57 min (IQ 
41–78).

  CTP versus DWI 
 In the ROC curve analysis, DWI-based infarct volume 

had an AUC of 0.68 (p  !  0.01) for determining HT. At an 
admission infarct volume of 100 ml (the operating point 
of the ROC curve), there was 51% specificity and 91% sen-
sitivity. The Mann-Whitney test showed a significant dif-
ference between the median infarct volumes of the two 
groups (33 ml (IQ 15–74) for HT and 10 ml (IQ 4–48) for 
non-HT, p = 0.01).

  For CTP, the hypoperfused volumes in the ischemic 
hemisphere that optimally determined HT were obtained 
at thresholds of rCBF  ̂  0.48 and rMTT  6 1.3, with AUCs 
of 0.73 (p = 0.03) and 0.70 (p = 0.04), respectively. There 
was no significant difference between the DWI and the 
CTP-based volumes in distinguishing HT from non-HT 
(p = 0.21 vs. rCBF, and p = 0.10 vs. rMTT). For rCBF 
 ̂  0.48, at an optimal operating point threshold volume 
of 43 ml, there was 86% sensitivity and 53% specificity. 
For rMTT  6 1.3, at an optimal operating point threshold 
volume of 87 ml, there was 82% sensitivity and 60% spec-
ificity. The AUCs for both rCBV and rPS ROC curves 
were  ! 0.6 for determining HT, therefore these CTP pa-
rameters were excluded from further multivariate analy-
sis. The average volumes of hypoperfused brain based on 
the rCBF  ̂  0.48 and rMTT  6 1.3 thresholds were signif-
icantly higher in patients with HT versus those without 
(75.2  8  6.9 vs. 53.6  8  5.0 ml, p = 0.03, and 120.4  8  10.0 
vs. 89.5  8  6.9 ml, p = 0.04, respectively).

  The mean rCBF and rMTT values within the DWI-
segmented infarct core were significantly different be-
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tween the HT and non-HT groups (0.44  8  0.03 vs. 0.57 
 8  0.03, p = 0.02 for rCBF, and 3.08  8  0.22 vs. 2.48  8  
0.10, p = 0.01 for rMTT, respectively). Likewise, the mean 
rMTT within the MTT-segmented lesion (rMTT  1 1.3) 
was significantly different between the HT and non-HT 
groups (2.78  8  0.61 vs. 2.30  8  0.57, p = 0.001). There was 
no significant difference between the AUCs of these pa-
rameters (rMTT within the MTT-segmented lesion
AUC = 0.71 vs. rMTT within the DWI-segmented lesion, 
AUC = 0.65, p = 0.24, and vs. rCBF within the DWI-seg-
mented lesion, AUC = 0.64, p = 0.22).

  When patients were stratified according to time post-
ictus at admission (early =  ̂  4.5 h post-ictus, late =
 1 4.5 h post-ictus), for the early presentation group, those 
who developed HT had higher mean admission NIHSS 
score (11  8  7 vs. 17  8  4, p = 0.007), and larger median 
admission DWI lesion volume (36.6 vs. 12.8 ml, p = 
0.024). Likewise, the average volumes of hypoperfused 
brain based on the rCBF  ̂  0.48 and rMTT  6 1.3 thresh-
olds were significantly higher in patients with HT versus 
those without (83.0  8  30.8 vs. 53.6  8  31.5 ml, p = 0.005, 
and 130.2  8  36.8 vs. 91.1  8  50.6 ml, p = 0.006, respec-
tively). The mean rMTT values within the DWI-segment-
ed infarct core (3.1  8  0.8 vs. 2.5  8  0.9, p = 0.04) and 
within the MTT-segmented lesion (rMTT  1 1.3; 2.7  8  0.4 
vs. 2.3  8  0.6, p = 0.02) were also higher for those who 

developed HT. For the late presentation patients, only 
mean rMTT within the MTT-segmented lesion (rMTT 
 1 1.3) was significantly different between the HT and 
non-HT groups (3.2  8  1.0 vs. 2.3  8  0.5, p = 0.017).

  Other Imaging and Clinical Variables Studied 
 All patients with HT had a proximal LVO, whereas 

among the patients who did not bleed, 54 (69%) had a 
LVO (p  !  0.01).

  Treatment with either IV or IA thrombolytics had no 
effect on the incidence of HT. Of the 22 HT patients, 9 
(41%) received thrombolytic therapy (all IV), and of the 
74 without HT, 35 (48%) received thrombolytic therapy 
(32 IV/3 IA) (p = 0.50 for IA t-PA, and p = 0.45 for IV 
t-PA). IV and IA lysis were started at a mean time post-
ictus of 1.8 h ( 8 0.6) and 7.1 h ( 8 2.8), respectively.

  Mechanical thrombectomy increased the likelihood of 
bleeding by nearly four times (OR 3.7, 95% CI 1.2–11.9,
p  !  0.01). 9/22 (41%) of the HT group were treated with 
mechanical thrombectomy, whereas 11/74 (15%) of the 
non-HT group received the same treatment. On average, 
mechanical thrombectomy was initiated 6.4 h ( 8 2.5)
after stroke onset and HT occurred 9.8 h ( 8 7.7) after the 
procedure.

  For the 20 patients who underwent mechanical throm-
bectomy, the time from ictus to start of treatment was an 

Table 2. H emorrhagic transformation cases characteristics

HT Age Sex DWI 
vol, ml

0.48 CBF 
vol, ml

1.3 MTT
vol, ml

Mean rMTT
of 1.3 MTT 
lesion

IV 
t-PA

Mechan-
ical throm-
bectomy

Recana-
lization

Symp-
tomatic

Ictus – 
CTP 
interval

CTP – 
DWI 
interval

Ictus – 
IV t-PA
interval

Ictus – 
intervention 
interval

Interven-
tion – HT 
interval

Ictus-recan-
alization 
interval

HI1 51 F 67.7 102.4 132.8 4.1 Yes Yes Yes No 5:30 0:36 1:30 8:52 14:55 10:20
HI1 43 M 20.7 67.1 113.3 3.4 No No No No 5:50 4:01 N/A N/A N/A N/A
HI1 79 F 7.8 26.2 59.5 3.2 No No Yes No 5:00 0:37 N/A N/A N/A –
HI1 84 M 50.0 66.7 113.6 3.8 Yes No No No 4:28 1:10 2:45 N/A N/A N/A
HI1 37 F 11.2 43.4 28.4 5.4 No Yes Yes No 8:13 0:27 N/A 10:35 17:30 8:39
HI1 37 F 11.2 30.1 66.4 4.4 No Yes Yes No 8:10 0:25 N/A 10:20 17:20 8:30
HI1 58 M 92.7 93.3 152.3 3.8 No No No No 3:58 0:50 N/A N/A N/A N/A
HI1 62 M 31.9 139.3 221.1 3.1 No No – No 1:09 1:11 N/A N/A N/A –
HI1 60 M 24.7 83.8 131.1 4.0 Yes Yes No No 3:15 0:54 1:50 7:29 17:36 N/A
HI2 54 M 75.0 106.7 168.0 3.0 No Yes Yes No 4:57 0:23 N/A 7:58 4:09 9:09
HI2 59 M 34.8 85.5 164.2 3.5 No No – No 1:00 4:26 N/A N/A N/A –
HI2 77 F 128.8 118.7 196.6 4.3 Yes No No Yes 4:50 0:55 2:00 N/A N/A N/A
HI2 70 M 73.6 62.1 160.8 5.4 No No No Yes 7:00 1:04 N/A N/A N/A N/A
HI2 48 M 10.4 57.4 99.6 3.1 Yes Yes Yes No 0:27 0:27 1:05 3:18 0:36 4:52
HI2 85 F 135.1 44.6 106.0 3.7 Yes No Yes No 3:50 2:01 1:44 N/A N/A –
HI2 52 M 20.2 115.4 100.5 3.8 No Yes Yes No 3:38 0:44 N/A 6:20 1:06 8:30
HI2 74 M 49.1 65.4 99.8 2.7 Yes No – No 2:00 1:10 1:35 N/A N/A –
HI2 82 F 2.6 36.6 72.0 3.1 Yes Yes No Yes 4:50 0:50 1:51 6:50 12:46 N/A
HI2 77 M 107.3 128.6 151.2 4.2 Yes No – Yes 4:20 0:45 0:33 N/A N/A –
PH1 79 F 26.1 63.5 123.1 3.7 No No – Yes 3:38 0:47 N/A N/A N/A –
PH1 81 F 38.5 52.6 99.6 3.7 No No No No 1:50 0:53 N/A N/A N/A N/A
PH2 55 M 16.0 65.0 89.4 3.9 No Yes Yes Yes 4:50 5:49 N/A 7:20 1:37 9:33 
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average of 1.9 h later for those with than for those without 
HT (4.9  8  1.8 vs. 3.0  8  2.4 h, p = 0.075). Importantly, for 
the subset of patients who underwent mechanical throm-
bectomy with HT, time from ictus to recanalization was 
significantly longer than for those without HT (8.7  8  1.4 
vs. 6.2  8  1.7 h, p = 0.006).

  ROC curve analysis showed an AUC = 0.75, p  !  0.01 
for the admission NIHSS score determination of HT. An 
admission NIHSS score  ! 10 had a negative predictive val-
ue (NPV) of 100% (n = 32, 9 of whom were treated with 
IV lysis) for HT.

  A binary logistic regression, using as inputs admission 
NIHSS, mechanical thrombectomy, and all of the CTP-
based imaging variables that were significant in the uni-
variate analysis ( table 3 ), revealed only the two indepen-
dent predictors of HT: (1) mean rMTT within the rMTT 
 1 1.3 segmented lesion (OR 3.7, p = 0.007), and (2) me-
chanical thrombectomy (OR 3.7, p = 0.025).  Figure 1  
shows a sample case.

  When patients were stratified according to time post-
ictus at admission (early =  ̂  4.5 h post-ictus, late =

 1 4.5 h post-ictus), NIHSS was the only independent pre-
dictor of HT in those admitted early (OR 1.2, p = 0.015), 
whereas both (1) mechanical thrombectomy (OR 4.3, p = 
0.048) and (2) the mean rMTT within the MTT-segment-
ed lesion (OR 2.5, p = 0.08) were the independent predic-
tors in those admitted beyond 4.5 h.

  Discussion 

 Our study has confirmed that the extent and degree of 
hemodynamic derangement in acute stroke patients can 
help identify those at highest risk for HT, and, more im-
portantly, has shown that the detection of such severely 
ischemic tissue can be accomplished using CTP imaging 
with similar accuracy to that of DWI. These results sug-
gest that CTP may have added value in the evaluation of 
acute stroke patients when MRI is not available or con-
traindicated.

  Specifically, admission CTP CBF and MTT ischemic 
lesion volumes – relative thresholds of rCBF  ! 0.48 and 

Table 3. U nivariate analysis

 Hemorrhage No hemorrhage p value

Number of patients 22 (23%) 74 (77%)
Patients demographics

Mean age 64 68 0.23
Female gender 9 (40%) 27 (36%) 0.80

Clinical characteristics
Mean admission NIHSS score 16.5 10.9 0.001
Time from ictus (h:m) 4:14 3:42 0.33

Imaging findings
Median DWI lesion volume (ml) 33.3 (14.8–73.9) 10.3 (4.3–48.5) 0.011
Mean rCBF within DWI lesion 0.44 0.57 0.02
Mean rCBV within DWI lesion 0.91 0.97 0.28
Mean rMTT within DWI lesion 3.09 2.48 0.01
Mean rPS within DWI lesion 1.99 1.91 0.67
Volume of ischemic lesion with rCBF < 0.48 (ml) 75.2 53.7 0.03
Volume of ischemic lesion with rMTT > 1.3 (ml) 120.4 89.5 0.04
Mean rCBF within ischemic lesion with rCBF < 0.48 0.269 0.289 0.06
Mean rMTT within ischemic lesion with rMTT > 1.3a 2.78 2.30 0.001
Large vessel occlusion 22 (100%) 55 (74%) 0.01
Recanalization (n = 53) 9/17 (53%) 12/36 (33%) 0.23

Treatment modalities
Mechanical thrombectomya 9 (41%) 11(15%) 0.013
IV thrombolysis 9 (41%) 32 (44%) 0.50
IA thrombolysis 0 3 (4%) 0.45

a  Comparison of imaging and clinical characteristics between ischemic stroke patients with and without hemorrhagic transforma-
tion. NIHSS = National Institute of Health Stroke Scale; rCBF =  relative cerebral blood flow; rCBV = relative cerebral blood volume; 
rMTT = relative mean transit time; rPS = relative permeability surface area product; IV = intravenous; IA = intra-arterial.
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rMTT  1 1.3 – are strongly associated with HT. Indeed, the 
admission MTT lesion volumes showed a trend towards 
being slightly more accurate than the admission DWI le-
sion volumes in determining HT in our cohort, although 
this difference was not significant. These findings are in 
agreement with the concept that HT is a consequence of 
severe ischemic damage to vessel walls that leads to blood-
brain barrier disruption and leakage  [15] . CTP may better 
express the degree of ischemia associated with intense 
vessel wall damage than DWI, and hence have the poten-
tial to correlate more strongly with the development of 
HT. Our findings are supported by other studies that 
have reported reduced pretreatment CBF as a predictor of 
HT  [7, 8] .

  Permeability surface area product maps are intended 
to reflect the degree of blood-brain barrier leakage, and 
although they have been shown to correlate with HT  [3–

5] , they are potentially fraught with substantial variabil-
ity due to differences in acquisition and post-processing 
technique, including the size and molecular charge of the 
contrast agent used  [16] . In our study, we hypothesize that 
the absence of correlation between rPS and HT can be at-
tributed to our relatively short CTP acquisition protocol 
of 90 s. PS maps are typically calculated from CTP stud-
ies with acquisition times considerably over 120 s, to al-
low contrast sufficient time to leak into the interstitium.

  Presence of a LVO was strongly associated with HT. As 
already noted, the degree of ischemia may play a role in 
small vessel friability, especially in the setting of maximal 
autoregulatory vasodilatation of the collateral bed. Be-
cause the number of patients in each subgroup was small, 
we did not reveal an association between HT and either 
recanalization or treatment with IV or IA thrombolysis. 
For those patients who received both IA thrombolysis 
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  Fig. 1.  An 81-year-old female presenting 6 h after the onset of left-
sided weakness and right gaze preference; not a candidate for en-
dovascular therapy:  a  5-mm thick CTA source image shows poor 
tissue opacification of the right MCA territory,  b  CTA maximum 
intensity projection image shows proximal right MCA occlusion 
with poor collateralization,  c  DWI shows right MCA territory in-
farct core,  d  thresholded MTT lesion (rMTT  1 1.3), with 140 ml 

total volume,  e  CBV map shows relative hyperemia (increased 
blood volume) of the cortical right MCA territory,  f  CBF map 
show decreased flow of the right MCA territory, corresponding to 
the DWI lesion,  g  MTT map shows corresponding area of pro-
longed transit time in the right MCA territory, mean rMTT = 4.3, 
and  h  24 h follow-up NCCT shows HT at the anterior right MCA 
territory.   
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and mechanical thrombectomy, however, there was a 
strong association between HT and treatment, but im-
portantly only for those treated after 4.5 h post-ictus (i.e. 
those with late recanalization). The correlation between 
recanalization and HT has been previously noted and is 
thought to reflect the fact that there needs to be some de-
gree of reperfusion for bleeding to occur, although this 
point remains controversial  [1, 17] . It may be that it is not 
recanalization per se, but rather  late  recanalization, 
which is a risk factor for HT  [2, 15, 18, 19] . As discussed 
above, potential bleeding sources not only include the ol-
igemic recanalized tissue bed, but also the flow augment-
ed collateral vasculature  [20] . Some authors have report-
ed that good collateral circulation is associated with less 
severe blood-brain barrier disruption, and consequently 
a lower incidence of HT  [21] .

  Admission NIHSS scores were significantly higher in 
the HT patients. In this regard, the NIHSS score may 
function as a marker of ‘clinical penumbra’, as the func-
tional disabilities attributable to ischemia of eloquent 
cortex are believed to correlate with large volumes of se-
vere flow derangement, as suggested by the CBF and 
MTT maps.

  Our study has many limitations, arguably the most 
important of which was an insufficient number of pa-
tients with HT to stratify into symptomatic versus as-
ymptomatic groups, or PH versus HI groups. Ours also 
has all the limitations and potential biases inherent with 
a retrospective study, especially with regard to the rela-
tionship between HT and treatment, as the risk of hemor-
rhage was almost certainly considered when excluding 
both the most and least ill patients from thrombolytic or 
endovascular therapies. Of note, our PS maps likely failed 
to show a correlation with HT due to an insufficiently 

long acquisition time to accurately measure this param-
eter; many centers which perform CTP have similarly 
short acquisition times, especially given recent concerns 
regarding CTP radiation dose.

  In conclusion, the associations that we have shown be-
tween HT of acute stroke and the volume/degree of ad-
mission ischemia support those of previous studies, can 
be accurately estimated using CT scanning only (both 
CTA and CTP) if DWI cannot be performed, and may be 
of modest clinical relevance – especially for their NPV in 
identifying patients (with low admission NIHSS scores, 
no LVO, and small admission ischemic lesions) at mini-
mal risk for HT. Finally, although our retrospective pilot 
model suggests that late mechanical thrombolysis may be 
an independent risk factor for HT, this needs to be pro-
spectively validated in a larger cohort of patients.
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