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Abstract 
Objectives: CT angiography (CTA)-based machine learning methods for infarct volume estimation have shown a tendency to overestimate in
farct core and final infarct volumes (FIV). Our aim was to assess factors influencing the reliability of these methods.
Methods: The effect of collateral circulation on the correlation between convolutional neural network (CNN) estimations and FIV was assessed 
based on the Miteff system and hypoperfusion intensity ratio (HIR) in 121 patients with anterior circulation acute ischaemic stroke using 
Pearson correlation coefficients and median volumes. Correlation was also assessed between successful and futile thrombectomies. The tim
ing of individual CTAs in relation to CTP studies was analysed.
Results: The strength of correlation between CNN estimated volumes and FIV did not change significantly depending on collateral status as 
assessed with the Miteff system or HIR, being poor to moderate (r¼ 0.09-0.50). The strongest correlation was found in patients with futile 
thrombectomies (r¼ 0.61). Median CNN estimates showed a trend for overestimation compared to FIVs. CTA was acquired in the mid arterial 
phase in virtually all patients (120/121).
Conclusions: This study showed no effect of collateral status on the reliability of the CNN and best correlation was found in patients with futile 
thrombectomies. CTA timing in the mid arterial phase in virtually all patients can explain infarct volume overestimation.
Advances in knowledge: CTA timing seems to be the most important factor influencing the reliability of current CTA-based machine learning 
methods, emphasizing the need for CTA protocol optimization for infarct core estimation.
Keywords: stroke; neuroradiology; machine learning; computed tomography angiography. 

Background
Assessing the extent of irreversible injury, that is, the infarct 
core, currently plays a vital role in treatment selection in 
patients with acute ischaemic stroke (AIS).1 Infarct core vol
ume solely or together with the volume of potentially salvage
able tissue (the ischaemic penumbra) and the ratio between 
these two determines patient eligibility for intravenous 
thrombolysis or endovascular therapies.2,3 According to 
European and American guidelines, the preferred methods to 
determine the infarct core and penumbra are MRI diffusion- 
weighted-imaging (DWI) and MR or CT perfusion (CTP).1,4

Owing to availability issues outside larger stroke centres,5

there has been a search for alternative methods of determin
ing the core volume.

CT angiography (CTA) has been found to be superior to 
non-contrast CT (NCCT) in determining infarct core extent, 
especially in the early time window.6 With the advent of ma
chine learning applications in medical imaging, various auto
mated CTA-based approaches for ischaemic tissue detection 
and volume estimation have been proposed.7-11 In our previ
ous publications, we reported a good correlation between 
core estimates from a CTA-based convolutional neural net
work (CNN) and final infarct volumes (FIV) in patients 
treated with intravenous thrombolysis or supportive care, but 
found a poorer correlation in patients successfully treated 

with thrombectomy.12,13 This raises the question of whether 
the quality of collateral circulation had an effect on the reli
ability of CNN estimates as it has been shown previously that 
good collateral circulation is associated with lower ischaemic 
core growth and smaller 24-h ischaemic core volume in both 
patients with successful thrombectomy and those not treated 
with reperfusion therapies.14,15

In this study, we aimed to analyse whether differences in 
collateral circulation or the outcome of thrombectomy affect 
the reliability of CNN estimations by comparing correlations 
between CNN estimations and FIV between different collat
eral classes and successful and futile thrombectomies. The ef
fect of CTA timing is also known to affect the reliability of 
core estimates.16 Therefore we also analysed the timing of the 
CTAs of our study population based on a time attenuation 
curve derived from patients’ respective CTP studies.

Methods
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 
Helsinki University Hospital ethical committee approved this 
retrospective study (research license HUS/211/2020) and 
patients’ informed consent was waived.
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Study population
The clinical and imaging findings of consecutive suspected 
stroke cases that presented to Helsinki University Hospital 
between January 2018 and December 2019 were studied ret
rospectively. A total of 443 thrombectomies were performed 
during this period. Inclusion criteria for this study were: (1) 
admission stroke protocol imaging using fast CTA acquisi
tion protocol and CTP, (2) anterior circulation large vessel 
occlusion (LVO) at CTA (distal ICA, MCA M1, MCA M2), 
and (3) a follow-up NCCT or an MRI study with DWI per
formed no later than 3 days after symptom onset. Patients 
with haemorrhagic transformation of infarct resulting in 
mass effect (n¼ 32) were excluded. This exclusion was done 
so that the haematomas and related oedema would not result 
in errors in infarct volume measurements. Patients with failed 
intra-arterial access (n¼6), a failed CTA, CTP, or follow-up 
imaging study (n¼8), or a re-thrombectomy within 1 week 
(n¼4) were also excluded. Using these criteria, 121 patients 
were left for analysis.

Image acquisition and pre-processing
A majority of patients (n¼ 108) were imaged in the acute set
ting using a Somatom Definition Edge (Siemens Healthineers, 
Erlangen, Germany) 128-slice CT scanner. The CTA parame
ters were tube voltage 120 kVp, reference current time 150 
mAs, pitch 1.3, reconstruction kernel I30f, and slice thick
ness/increment 0.75/0.5 mm. The iodine concentration of the 
contrast agent was 350 mg/mL with an amount of 50 mL and 
injection rate of 5 mL/s. The timing of the scan was 12 s after 
time to peak of the test bolus in the ascending aorta. Six 
patients were imaged with a 128-slice Siemens Somatom 
Definition Flash, three patients with a 64-slice Siemens 
Somatom Definition AS, two patients with a 128-slice ASþ, 
and two patients with a 128-slice Revolution EVO (GE 
Healthcare, Milwaukee, WI). In 109 patients, CTP was per
formed before CTA acquisition and in 12 patients after the 
CTA. CT was used for follow-up in 111 patients and 10 
patients underwent a follow-up MRI. A majority (n¼93) of 
the follow-up studies were performed using the same scanner 
as the CTA (Somatom Definition Edge). Ten follow-up stud
ies were performed with a Somatom Definition Flash and 
eight with a Revolution EVO. Follow-up MRI studies were 
performed with a Siemens Magnetom Verio 3 T (n¼4), a 
Siemens Magnetom Skyra 3 T (n¼3), and a Siemens 
Magnetom Avanto 1.5 T (n¼3). Almost all follow-up studies 
were conducted 24 h (±6 h) after admission (n¼113). Images 
were anonymized and stored on a server running the 
Extensible Neuroimaging Archive Toolkit, version 1.1.6.17

All follow-up studies were evaluated for FIV by a neurora
diologist in training (LH) with 7 years of experience. The in
farcted regions were segmented on follow-up CT and 
diffusion-weighted MRI scans using 3D Slicer Image process
ing and visualization platform.18 Collaterals were assessed vi
sually from a maximum intensity projection of a single-phase 
baseline CTA by LH and assigned one of three grades: (1) 
poor, (2) moderate, and (3) good, using the Miteff system.19

All previous and future CT and MR studies, if available, were 
used by the radiologist to help segment the infarcts as accu
rately as possible. Equivocal cases were resolved in agreement 
with a senior neuroradiologist with 20 years of experience 
(MK). Image data pre-processing and 3D CNN implementa
tion were conducted by a physicist (TM).

The CNN model (Figure 1) had been previously trained 
and validated against expert segmentations. A detailed de
scription of the CNN architecture can be found in a previous 
publication.20

Study design
Lesion volumes from CNN outputs and manual segmenta
tions of final infarcts were calculated for all lesions in the af
fected cerebral hemisphere. Only lesions in the affected 
cerebral hemisphere were selected for analysis using a volume 
threshold of > 0.1 mL and a probability threshold of 0.5 for 
lesion inclusion. False positive lesions in the contralateral 
hemisphere or cerebellum were excluded from the analysis. 
This approach was chosen because the site of arterial occlu
sion is readily identifiable from CTA in LVO cases.

Commercial software, Rapid CTP (iSchemaView, Menlo 
Park, CA), was used to calculate infarct core (cerebral blood 
flow <30%) and ischaemic penumbra (time-to-maximum >
6 s) volumes as well as hypoperfusion intensity ratios (HIRs) 
from computed tomography perfusion data. HIR values were 
used as a surrogate marker for collateral circulation assess
ment in addition to visual assessment. Based on previous 
studies, HIR values <0.5 and �0.5 were considered represen
tative of good and poor collaterals, respectively, although 
lower thresholds have also been proposed in the literature.

Convolutional neural network performance was compared 
against manually segmented FIV, and the effect of collateral 
circulation was assessed based on the Miteff system and HIR- 
values. Thrombectomies were classified as successful or futile 
based on the Thrombolysis in Cerebral Infarction (TICI) clas
sification as assessed by the interventional radiologist who 
performed the procedure. Thrombectomies with TICI classifi
cations of 0, 1, or 2a were considered as futile and 2b, 2c, or 
3 as successful. Comparisons between CNN estimations and 
Rapid CTP-derived infarct core and penumbra estimations 
were also made. All collateral grades were also assessed for 
possible differences between patients presenting <6 h or 6- 
24 h from last known well (LKW). LKW time was presumed 
to be the midpoint between going to sleep and waking up in 
patients presenting with wake-up stroke.

Finally, the timing of individual single-phase CTA studies 
in relation to dynamic CTP data from the same patient was 
assessed. Each study was assigned to one of four time points 
on the time attenuation curve, (1) early arterial, (2) mid- 
arterial, (3) between mid-arterial and delayed venous phase, 
and (4) delayed venous phase. For this analysis, regions of in
terest (ROIs) were placed on either the supraclinoid ICA or 
ACA and superior sagittal sinus on corresponding axial slices 
of both CTA and CTP studies to assess Houndsfield unit 
(HU)-values of AIF and VOF, respectively. CTP studies were 
motion corrected by rigidly co-registering the subsequent 
timesteps with the first timestep using the BRAINSFit tool.21

3D Slicer was used for ROI placement. After extracting the 
HU-values from the ROIs, a time attenuation curve was cre
ated for the CTP study for both AIF and VOF. A third curve 
representing the mean HU-value across the whole field of 
view was calculated as a surrogate marker for overall brain 
attenuation. HU-values from the corresponding CTA study 
were superimposed on these curves. To assess CTA timing in 
relation to the AIF, VOF and overall HU-curve, the HU-value 
of the VOF was subtracted from the AIF to create another 
curve. CTA timing was deducted from the intersection of the 
difference of between the AIF and VOF curves in the CTA 
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and CTP studies. A representation of this analysis is shown 
in Figure 2.

Statistical analysis
A linear model was fitted between CNN-derived volume out
puts and manually segmented FIVs and Rapid CTP derived 
volumes. Pearson correlation coefficients (r) as well as intra
class correlation coefficients and their 95% CI were calcu
lated to evaluate the correlation of CNN derived volumes 
against FIV in different subgroups (Table 2) and enable com
parison with prior studies. Normality of data was assessed 
using the Shapiro-Wilk test. Differences in median volumes 
of CNN estimates as well as FIV across different collateral 
and TICI groups were compared using the Kruskal-Wallis 
test (Table 3). Statistical tests were two-sided and were con
sidered significant with P< .05. Statistical analyses were 

performed using SPSS Statistics for Windows, version 28.0 
(IBM Corp., Armonk, NY).

Results
Patient characteristics are presented in Table 1.

When all patients were included in the analysis, the 
strength of correlation between CNN-derived volume esti
mates and FIV was moderate (r¼ 0.44, P< .001). When all 
patients were classified according to collateral circulation as 
assessed with the Miteff system, only weak to moderate cor
relations were found as shown in Table 2. The same was also 
true when classification was based on HIR values. In patients 
presenting 6-24 hours after symptom onset, statistically sig
nificant moderate correlations were found in the HIR <0.5 
and successful thrombectomy groups.

The strength of correlation between CNN-derived volume 
estimates and FIV was strong in patients with futile throm
bectomy (r¼0.61, P¼ .002) when all patients were included 
in the analysis. A strong correlation was also found in 
patients presenting <6 h from LKW (r¼0.82, P< .001). This 
latter group was small (n¼12), however, and the CNN had a 
tendency for underestimating the FIV.

Among all patients regardless of collateral status or throm
bectomy result, a strong correlation between CNN estimates 
and Rapid CTP estimates of infarct core and penumbra was 
found, with the CNN showing a tendency to markedly under
estimate the penumbra and to a lesser extent overestimate the 
infarct core as estimated by Rapid CTP (Figure 3).

Figure 1. An overview of the neural network processing pipeline. (I) A CT angiography image volume is cropped to include only the cranial region and 
resampled to a standard isotropic resolution. (II) A left-right mirrored copy of the volume is non-rigidly registered with the original volume to incorporate 
local information from corresponding contralateral regions. (III) The two volumes resulting from steps I and II are used as inputs for a 42-layer deep, three- 
dimensional, fully convolutional network (FCN), which (IV) performs voxel-level predictions of the ischaemic area. The curved arrows indicate skip 
connections facilitating gradient propagation during training. A threshold of predicted probability �0.5 is used to produce the final segmentation. The FCN 
model was initially trained using data from 25 stroke and 25 control patients, with manually outlined ischaemic areas, with a Sørensen-Dice coefficient of 
0.61 (95% CI: 0.52-0.67).20

Figure 2. A representation of the CTA timing analysis. The orange line 
represents the mean HU-value across the entire field of view as a 
surrogate marker for whole brain attenuation. Dotted lines represent HU- 
values from arterial and venous regions of interest from the CTA study 
and are constant due to image acquisition at a single time point. 
Continuous lines represent HU-values from AIF and VOF of the CTP 
study. CTA timing was deducted from the intersection of the difference 
of AIF and VOF curves on CTA and CTP studies. Abbreviations: CTA ¼
computed tomography angiography, HU ¼ Houndsfield unit, AIF ¼ arterial 
input function, VOF ¼ venous output function, AIF-VOF ¼ VOF subtracted 
from AIF.

Table 1. Patient characteristics.

Number of patients 121
Age (years), mean (SD, range) 68 (12.3, 38-92)
Male sex, number (%) 64 (53)
NIHSS, median (IQR)a 13 (7-18)
Time from symptom onset to start  

CTA (min), median (IQR)b
240 (111-431)

Intravenous thrombolysis, number (%) 45 (37)
Most proximal target occlusion location, n (%)

Distal ICA 12 (10)
MCA M1 77 (64)
MCA M2 32 (26)

Abbreviations: NIHSS ¼National institutes of health stroke scale, CTA ¼
computed tomography angiography, MCA ¼ middle cerebral artery.

aNIHSS was reported for 118 patients.
bExact time from last known well was unknown in three patients.
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The majority of patients (n¼104) had a Rapid CTP infarct 
core estimation of <50 mL. In this group, the correlation co
efficient between CNN estimates and Rapid CTP core esti
mates (r¼0.55, y¼1.50x þ27.0) was comparable to the 
correlation in the entire study population, albeit with more 
severe overestimation. In contrast, among the 18 patients 
with Rapid CTP estimated infarct core volumes of >50 mL, 
correlation with CNN estimates was r¼ 0.45 (y¼0.55x 
þ 62.2).

When comparing all patients, a statistically significant dif
ference was found in the medians of both the CNN estimates 
and FIV between patients with good or poor collaterals based 
on the Miteff system (Table 3).

This finding was also true for patients presenting in the 6- 
24-h time window. However, when patients were classified 
according to HIR-values, a statistically significant difference 
in FIVs could only be seen in the 6-24-h time frame. No dif
ference was found in CNN estimates between successful and 
futile thrombectomies. In patients presenting <6 h from 
LKW, there was a significant difference in median FIV with 

notably smaller FIV in patients who underwent a successful 
thrombectomy.

When all patients were plotted on a time-attenuation 
curve, we found that one CTA was timed somewhere be
tween the early arterial and mid-arterial phases, but all other 
120 patients were imaged in the mid-arterial phase.

Discussion
In this study, assessing factors that could possibly influence 
the reliability of a CTA-based CNN in infarct volume estima
tion, there was no significant difference in correlation coeffi
cients between good and poor collateral circulation. The best 
correlation with FIV was found in patients that presented 
<6 h from symptom onset and who had a futile thrombec
tomy. Analysing the timing of CTA studies in relation to CTP 
time attenuation curves revealed that practically all patients 
were imaged in the mid-arterial phase. This could explain 
why our previous study12 found a better correlation between 
CNN estimates and FIV in patients who were treated with 

Figure 3. Correlation and Bland-Altman plots between CNN estimates and Rapid CTP penumbra (Tmax > 6 s) (A, B) and core (CBF <30%) volumes (C, D). 
In the Bland-Altman plots, the solid lines show the mean differences, and the dotted lines represent 2.5th and 97.5th percentiles. Abbreviations: CNN ¼
convolutional neural network, CTP ¼ CT perfusion, Tmax ¼ time-to-maximum, CBF ¼ cerebral blood flow.
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intravenous thrombolysis or supportive care only, as CNN 
estimates seem to include some penumbra in addition to the 
infarct core. This finding is also supported by evidence sug
gesting that infarct volume could evolve due to intracranial 
pressure changes occurring in the first day after stroke.22

However, regarding volumetric data, the CNN estimates fall 
somewhere between the Rapid CTP estimates of penumbra 
and core volumes (Figure 3). These findings are in line with 
previous studies, that have explored the effect of CTA timing 
on infarct core volume estimates.16,23,24 With older genera
tion CT-scanners and slower image acquisition, CTA-based 
core volume estimations were found to be comparable to 
DWI.6 However, subsequent studies have shown contradic
tory results, which have been thought to be due to faster 
scanning times and the aim to optimize contrast opacification 
in cerebral arteries to facilitate LVO detection.16,23,24

In 2012, Pulli and Yoo emphasized that until protocol 
parameters are standardized, CTA should be used cautiously 
to inform treatment decisions in patients with AIS.25 Of par
ticular interest is that in studies that reported good correla
tion with DWI or cerebral blood volume-based core volumes, 
image acquisition was slower than with modern scanners or 
delay time was based on peak enhancement at the superior 
sagittal sinus. In a recent study in this field, Estrada et al de
duced that the optimal imaging phase for infarct core estima
tion on CTA is between the mid-arterial and late venous 
phase.26 This fits well with our results, as previous studies 
have shown that CTA overestimates the infarct core when 
faster scanning and delay times are used, which is due to the 
fact that a steady-state of contrast opacification in brain tis
sue has not yet been achieved.

Previous studies from other groups using CTA-based auto
mated or machine learning methods for infarct volume esti
mation have not addressed the issue of CTA timing. Reidler 
et al made a notion of CTA timing though, to explain their 
finding that their method based on relative HU-values overes
timated infarct core volumes and FIV with respective correla
tion coefficients of r¼ 0.29 and r¼0.32.10 Wang et al on the 
other hand achieved good correlation with Rapid CTP core 
estimations using an additional CTA acquisition with an 8 s 
additional delay after standard CTA acquisition.11 Sheth et al 
did not disclose details of their CTA protocol, but it would 
be reasonable to assume that it was similar to ours, given that 
CNN correlation with Rapid CTP estimates of infarct core 
volumes was of the same magnitude as that achieved by their 
DeepSymNet (r¼0.64 and r¼0.70, respectively) and their 
data were gathered from patients presenting between 2016 
and 2018.8

Our finding that the correlation between CNN predictions 
and FIV did not significantly change between good and poor 
collateral circulation can be thought of as a consequence of 
the early imaging phase as slower collateral flow has not yet 
reached the ischaemic area. Different results might have been 
attained had the CTA acquisitions been performed between 
the mid-arterial and delayed venous phases.

The fact that the CNN only achieved moderate correlation 
with FIV can also be related to the significant variation of 
FIV, as the median CNN volume estimates and FIVs still 
showed statistically significant differences between good and 
poor collaterals in a logical direction, that is, patients with 
good collaterals having both smaller CNN estimates and FIV. 
The same trend was also observed between successful and fu
tile thrombectomies, with smaller median FIV in patients 

with successful thrombectomies, although a statistically sig
nificant difference was only observed in patients presenting 
<6 h from LKW. Finally, infarct evolution is a complex pro
cess that is affected by a myriad of factors, which leads to 
considerable uncertainty in FIV estimation regardless of the 
method used, be it conventional CTP27 or a deep learning- 
based method. Factors affecting the FIV estimations of our 
CNN have been explored in depth in a previous 
publication.13

The main limitation of this study was that due to the stan
dardized CTA protocol in our institution, we found that 
practically all CTA acquisitions were made in the mid- 
arterial phase, which made it impossible to analyse the effect 
of CTA timing on CNN volume estimates in this study popu
lation. Instead, only suggestive interpretations regarding this 
variable could be made. A major limitation was also the use 
of a single observer for the segmentation of FIVs, which we 
aimed to address by double reading equivocal cases and using 
CTP maps and, when available, more recent CT studies for 
additional information. However, inter-observer variability 
has been shown to be low when interpreting follow-up CT 
studies for ischaemic stroke.28 The single-centre retrospective 
design of this study was also a limitation, which we aimed to 
address by selecting consecutive patients to simulate real-life 
performance. In the majority of cases, NCCT was used for 
follow-up, because a 24 h follow-up CT is the standard pro
tocol in our institution. This limits the sensitivity of infarct 
detection somewhat compared to DWI. Different vendors 
were used for CTA imaging. However, one specific scanner 
was used in most studies, which limits the generalizability of 
the results. Likewise, biases in the original CNN training can 
affect the accuracy and repeatability of the results. Potential 
limitations include noise in the training data (such as annota
tor bias), the representativeness of patients in the original 
training data, and limited variability in scanner models and 
manufacturers.

In conclusion, our study showed no significant difference 
in the correlation of CNN-derived infarct volume estimates 
and FIV between good or poor collaterals or successful or fu
tile thrombectomy. CTA acquisition was made in the mid- 
arterial phase in practically all patients in this study popula
tion, which is not ideal for core volume estimation and may 
help explain the limited correlation between CNN estimates 
and FIV found in this and previous studies. It would be cru
cial to optimise CTA timing in the future development of 
CTA-based deep learning methods to achieve the best results.
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