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Introduction

Among patients presenting acutely with ischemic stroke,
CT angiography (CTA) is commonly used to identify

Abstract

Objective: Software developed using artificial intelligence may automatically
identify arterial occlusion and provide collateral vessel scoring on CT angiogra-
phy (CTA) performed acutely for ischemic stroke. We aimed to assess the diag-
nostic accuracy of e-CTA by Brainomix™ Ltd by large-scale independent testing
using expert reading as the reference standard. Methods: We identified a large
clinically representative sample of baseline CTA from 6 studies that recruited
patients with acute stroke symptoms involving any arterial territory. We com-
pared e-CTA results with masked expert interpretation of the same scans for
the presence and location of laterality-matched arterial occlusion and/or abnor-
mal collateral score combined into a single measure of arterial abnormality. We
tested the diagnostic accuracy of e-CTA for identifying any arterial abnormality
(and in a sensitivity analysis compliant with the manufacturer’s guidance that
software only be used to assess the anterior circulation). Results: We include
CTA from 668 patients (50% female; median: age 71 years, NIHSS 9, 2.3 h
from stroke onset). Experts identified arterial occlusion in 365 patients (55%);
most (343, 94%) involved the anterior circulation. Software successfully pro-
cessed 545/668 (82%) CTAs. The sensitivity, specificity and diagnostic accuracy
of e-CTA for detecting arterial abnormality were each 72% (95% CI = 66—
77%). Diagnostic accuracy was non-significantly improved in a sensitivity anal-
ysis excluding occlusions from outside the anterior circulation (76%, 95%
CI = 72-80%). Interpretation: Compared to experts, the diagnostic accuracy of
e-CTA for identifying acute arterial abnormality was 72-76%. Users of e-CTA
should be competent in CTA interpretation to ensure all potential thrombect-
omy candidates are identified.

candidates for thrombectomy. This CTA is principally
used to identify proximal intracranial arterial occlusion in
the internal carotid and middle cerebral arteries (ICA and
MCA, respectively) and the vertebral and basilar arteries,
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Independent testing of e-CTA

collectively referred to as LVOs (large vessel occlusions).
In addition, for patients with LVO, CTA can be used to
determine the extent of collateral blood supply reaching
affected brain.' Thus, CTA provides some measure of
ischemic brain tissue viability.>

Since in most patients the potential benefit of throm-
bectomy diminishes with time,” acute stroke CTA should
be acquired, interpreted and acted upon rapidly. How-
ever, expertise for immediate interpretation of stroke
CTA is not available 24/7, nor is it necessarily widely dis-
tributed outside comprehensive stroke centres.”

Software developed using artificial intelligence (AI)
designed to assist clinicians interpret stroke CTA and
detect LVO are increasingly available. However, in this
rapidly evolving field of radiology Al, standardised testing
methods do not yet exist, and peer-reviewed evidence of
Al software efficacy is only beginning to emerge.’

e-CTA is one software application developed using Al
to automate the identification of distal ICA or proximal
MCA occlusion and to score anterior circulation arterial
collaterals on CTA. The software is cleared for clinical use
(currently only for collateral quantification in the US),
but there is limited peer-reviewed testing of e-CTA.%™®
Our study aims to independently assess the diagnostic
accuracy of e-CTA for detecting arterial abnormality in
acute ischemic stroke.

METHODS

Study design

We used prospectively collected data from clinical trials
and observational studies of acute stroke in which CTA
had been assessed by panels of masked experts (reference
standard). We compared e-CTA (Brainomix™ Ltd) soft-
ware results (index test) with the previously acquired
expert interpretation of the same scans. Expert interpreta-
tion was completed before the index test was applied.
We conducted analyses in two ways:
1 Using all patients in a clinically representative cohort
2 To comply with the manufacturer guidance for use of
e-CTA software, we conducted a sensitivity analysis in
a subset of patients excluding those with non-ICA-
MCA occlusion and where CT slice thickness was
>1 mm.
We report our results according to STARD (Standards
for Reporting Diagnostic Accuracy Studies).”

Patient population

We have previously described the RITeS (Real-world
Independent Testing of e-ASPECTS Software) study,'”'" a
collaboration of up to 10 multicentre national and
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international acute stroke studies that recruited patients
within 6 h of symptom onset. For the present analysis, we
identified all patients in RITeS with CTA acquired at
baseline. Six of nine RITeS studies that recruited patients
with ischemic stroke collected (single phase) CTA for
some participants. These six studies include five
randomised-controlled trials (two testing thrombolytics,
one testing thrombectomy, one testing imaging strategies
and one testing blood pressure lowering) and one pro-
spective  observational study (assessing glycaemic
control).”*'” All six studies centrally recorded patient
demographics, stroke severity (National Institutes of
Health Stroke Scale, NIHSS), time elapsed from stroke
onset to imaging, treatment allocation and 3-6 months
functional outcome collected by central masked
researchers. All six studies individually obtained research
ethics committee approval. Consent was acquired from or
on behalf of all recruited patients.

Sample for e-CTA evaluation

We have previously described our method for deriving a

‘real-world’ clinically representative dataset from all

patients available to RITeS.'*!" In this analysis of e-CTA,

we:

1 Aimed for age, sex, stroke severity and time since
symptom onset similar to results provided by UK
national audit (SSNAP, April 2018-March 2019, www.
strokeaudit.org), and pooled randomised-controlled
trial data.”'® We expected RITeS patients to be within
the ranges presented by the other datasets.'®'" If neces-
sary, we used stratified random sampling to modify the
case mix.

2 Did not exclude imaging based solely on quality, if
intracranial arterial occlusion involved vessels other
than the ICA-MCA axis, or if the centrally adjudicated
final diagnosis (derived using all available clinical and
imaging data) was not ischemic stroke (a small number
of patients were given a final diagnosis of stroke
mimic).

Expert Image assessment

Prior to RITeS, baseline CTA in the original six studies
was rated by central expert panels (total 15 readers with
some overlap between trials: 11 neuroradiologists/neu-
rointerventionists and 4 neurologists with extensive expe-
rience reviewing stroke CTA, range 5-25+ years, from 10
centres), masked to other clinical data except the concur-
rent non-enhanced brain CT, and in two of the smaller
studies, the side affected by stroke symptoms (186/668,
28%). Each scan was rated by a single expert. When max-
imum intensity projection (MIP) views were produced by

2 © 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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recruiting sites, these were also provided to experts. CTA
was scored for the presence, extent and location of arte-
rial occlusion by named vessel and the extent of any col-
lateral supply.'” All visible intracranial arteries were
assessed (i.e. including anterior and posterior circulations,
and including LVO and more distal non-LVO vessels).
For the current analysis, we considered ICA and the first
MCA segment (M1) proximal, and more distal MCA seg-
ments (M2+) distal. Collateral extent was assessed using a
3-point method described by Miteff.”> CTA image quality
was recorded as good, moderate or poor based on patient
position, artefacts and completeness of coverage. CTA
assessment for four of six RITeS studies (comprising
>70% of the patients included here) was conducted iden-
tically by 12 of our 15 experts using a clinically validated
online platform (SIRS, https://sirs2.ccbs.ed.ac.uk/sirs2)."”
We have previously tested inter-rater agreement for seven
experts using SIRS and CTA data from one of the same
trials used in RITeS."”’ Krippendorffs Alpha was 0.70
(substantial agreement) for the identification of angio-
graphic occlusion (included LVO and non-LVO) and 0.56
(moderate agreement) for collateral scoring.”'

Image software processing

We processed CTA in batches of 10 scans using the
DICOM (Digital Imaging and Communications in Medi-
cine) format on the cloud-based Brainomix platform
(https://brainomix.com, version 9). Per patient, we
selected the earliest CTA after stroke and to best meet
software specifications, uploaded the thinnest image slices
available over a secure connection for automated proces-
sing. Brainomix was not involved in the image
processing.

We recorded all upload and processing outcomes. We
considered processing to be successful when software pro-
vided an LVO detection result and/or a collateral score.
Where a CTA did not process on first attempt, we made
at least one further attempt. e-CTA allows users to input
the side affected by stroke. We manually included this
information for a subset (50%, 274 of 545 CTAs success-
fully processed) where side information was available. We
exported e-CTA results to spreadsheets for analysis. We
did not review e-CTA imaging overlays for every case but
inspected batched outputs during processing. We also
reviewed imaging overlays when uploading affected side
data, and in cases that did not process at first attempt.

Once CTA processing was complete, we randomly
selected a subsample of 20 CTAs stratified by study that
had been successfully processed by e-CTA, for repeatabil-
ity testing. To ensure e-CTA did not recognise scans by
their DICOM headers at repeat testing (and merely pre-
sent the original results), we created new unique scan

Independent testing of e-CTA

identifiers for this subsample using modiCAS DICOM
anonymiser (Erlangen, Germany). At the time of repeat
testing, e-CTA had been upgraded to version 10. There-
fore, we also repeated analysis of the 20 original CTAs
using version 10.

Primary outcomes

Compared with masked experts:

1 Intracranial arterial occlusion detected by e-CTA.

2 MCA collateral scores provided by e-CTA.

3 Diagnostic accuracy of e-CTA for detecting any intra-
cranial arterial abnormality (combined LVO detection
and collateral scoring)

Secondary outcomes

1 Factors associated with e-CTA processing success and
diagnostic accuracy.

2 Repeatability of e-CTA results on a subset of CTAs pre-
sented twice.

Statistics

We summarise here the RITeS Statistical Analysis Plan.'°

We followed an ‘intention-to-analyse’ basis for testing,
equivalent to the ‘intention to treat’ principle, which
included all cases regardless of whether scan processing
was successful or not. We included the laterality of abnor-
malities in all comparisons.

For univariate testing, we used y* to compare propor-
tions and Mann—Whitney U to compare non-parametric
continuous or ordinal data. For multivariable testing, we
pre-specified  variables'® and checked for multi-
collinearity (variance inflation factors >5).

For diagnostic accuracy testing of e-CTA, we used the
masked expert opinion of CTA as the reference standard
and assigned cases as true/false positive/negative based on
software identifying any angiographic abnormality (LVO
detection and/or an abnormal collateral score combined)
compared with experts. Cases were considered false posi-
tive (rather than false negative) where software and
experts disagreed on the side affected, that is we have
focussed on the software result. We also present diagnos-
tic accuracy results for (1) LVO detection alone (for eas-
ier comparison with previous work) and, (2) when
information on the side affected by stroke is provided
versus not provided. We derived sensitivity, specificity,
and accuracy (with Wilson score derived confidence inter-
vals)?? using both raw data, and in a random-effects
meta-analysis model of individual patient data (one-step
meta-analysis) to provide (1) overall estimates of sensitiv-
ity and specificity, (2) to assess variation within/between
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the contributing studies in RITeS and (3) to account for
individual study result clustering. To aid clinical under-
standing and real-world applicability, we summarised
diagnostic accuracy results with normalised frequencies as
proportions per 100 patients imaged.”’

e-CTA uses a modified 4-point Tan method to score
collateral extent.”* To compare the 4-point Tan CTA col-
lateral score (e-CTA) and the 3-point Miteff score (used
by study experts),”® we tested all possible combinations
for reducing the 4-point Tan to a 3-point score, and we
selected the combination with the best expert-software
agreement.

For repeatability testing, we compared initial vs repeat
results for the presence/location of occlusion and collat-
eral scores.

We did not impute but report missing data.

We used SPSS, IBM Corporation (Armonk, USA) for
analyses, unless otherwise stated. We preferentially report
95% CI, but where appropriate, report P-values.

RESULTS

Representative dataset

We include 668 patients with CTA (Fig. 1) 332 (50%)
female, median age 71 years. Final diagnosis was either
ischemic stroke (640, 96%) or stroke mimic (28, 4%).
Median NIHSS 9. Median time elapsed since stroke onset
2.3 h. From potentially eligible patients, 412/640 (64%)
were treated with intravenous thrombolytic and where
available 34/66 (52%) were treated with thrombectomy
(only 2 trials in RITeS had any thrombectomy). RITeS
clinical variables were similar to the pre-specified compar-
ative datasets and thus considered clinically representative
without the need for stratification (Table S1).

Table 1 details the radiological features of the 668 CTA
scans according to experts. Of arterial occlusions identi-
fied, most affected the anterior circulation (343/365,
94%). From 341 ICA/MCA occlusions, 256 (75%) were
proximal (ICA or MI1), 85 (25%) were distal (M2+).
Expert collateral scoring was available for 583/668 (87%)
scans. Of available collateral scores, most were ‘good-
moderate’, 491/583 (84%). Of patients with a final diag-
nosis of stroke mimic, none had an alternative structural
cause for symptoms. Most scans were good-moderate
quality (94%) with thin image slices (89%, <1 mm).
CTAs were acquired between 2005 and 2018, median
2011.

Image processing

Of 668 CTAs uploaded to e-CTA, 545 (81.6%) were suc-
cessfully processed. Reasons for not processing 123 CTA

G. Mair et al.

Contributing Study (n)

ATTEST (92)

Randomised- IST-3 (263)

controlled trial PISTE (65)
PRACTISE (109)
RIGHT-2 (45)

Observational POSH (94)

A 4

668
Participants
with CTA

A 4

e-CTA
545 (81.6%) successfully processed

A

Detect ICA-MCA occlusion
Provide collateral score

Figure 1. Flowchart of individual study patient contribution and CTA
image processing in RiTeS.

(at first attempt, we did not record reasons presented on
subsequent attempts): Upload failure (107 CTA), Cancel-
lation of Processing (14 CTA) and Failure of scoring/Fail-
ure of segmentation (1 CTA for each). The median time
to process a single scan (not including upload) was
125 sec, interquartile range 114-158 sec.

Primary outcomes

Intracranial arterial occlusion detected by e-CTA
compared to experts

From 668 CTA, experts identified arterial occlusion on
365 (54.6%) while e-CTA found 280 occlusions (51.4% of
545 successfully processed). Of 545 CTAs scored by both
experts and e-CTA, 344 (63.1%) matched exactly: normal
(183), laterality-matched ICA/proximal MCA (149) or
distal MCA (12) occlusion. Thirty-four (6.2%) matched
side but differed in proximal-distal location of ICA-MCA
occlusion. Therefore, 378/545 (69.4%) agreed on the pres-
ence/absence of laterality-matched LVO. Clinically rele-
vant mismatches included disagreement for the presence/
absence (121, 22.2%) or laterality (12, 2.2%) of ICA/

4 © 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Table 1. Radiological characteristics of the RITeS dataset for 668
CTA, assessed by experts.

Radiological feature N (%)
Arterial occlusion’ None 303 (45.4%)
ICA/MCA 341 (50.9%)
Proximal (ICA-M1) 256
Distal (M2+) 85
Other intracranial artery 24 (3.7%)
Anterior cerebral 2
Posterior cerebral 3
Vertebral 5
Basilar 5
Other 9
Collateral scores? (n 583) Good 389 (66.7%)
Moderate 102 (17.5%)
Poor 92 (15.8%)
Image quality? (n 482) Good 247 (51.2%)
Moderate 204 (42.3%)
Poor 31 (6.4%)

CT slice thickness? (n 561)  Thin (<1 mm) 499 (88.9%)
Medium (>1 to <5 mm) 62 (11.1%)

"Principal abnormality identified, 9 patients had occlusion of both
ICA/MCA axis and another intracranial artery.
’Data are not available for all patients, total N presented.

MCA occlusion. Few mismatches (22, 4.0%) related to
vessels outside the scope of software (Table 2). However,
after including the 123 CTAs not processed by software,
the intention-to-analyse proportion of expert-software
agreement for LVO detection drops to 56.6% (378/668).

Scoring of MCA collaterals by e-CTA compared to
experts

Of 465 CTAs with expert and software collateral scoring,
we found maximum expert-software agreement by com-
bining the ‘poor collaterals’ and ‘no collaterals’ categories
of e-CTA, Table S2. Using this 3-point reduced score,

Independent testing of e-CTA

325/465 (70%) of collateral scores provided by experts
and software matched. Of 140 with mismatched collateral
scores: 11 (2%) CTAs had abnormal scores from both
software and experts but in opposing cerebral hemi-
spheres; 61 (13%) CTAs were scored by software as hav-
ing poorer collaterals, 68 (15%) as having better
collaterals compared with expert scores for the same
hemisphere. As a potential threshold for treatment eligi-
bility, and considering only results in the same hemi-
sphere, 26 (6%) CTAs were scored as having good-
moderate collaterals by experts but downgraded to poor
collaterals by software, while 33 (7%) CTAs were con-
versely upgraded by software to good-moderate from
poor collateral scores provided by experts. The intention-
to-analyse proportion of expert-software agreement for
collateral scoring was also reduced at 55.7% (325 of 583
provided by experts).

Diagnostic accuracy of e-CTA for detecting arterial
abnormality

For the detection of any intracranial arterial abnormality
(LVO detection and collateral scoring combined), among
all patients with stroke symptoms (i.e. not just those with
confirmed anterior circulation ischemic stroke), the diag-
nostic accuracy of e-CTA compared to experts was as fol-
lows: sensitivity 72%, specificity 72% and accuracy 72%
(Table 3). Meta-analysis modelling of individual RITeS
studies provided almost identical results with minimal
heterogeneity within and between RITeS studies
(Figure S1). Figure 2 conveys these results per 100
patients scanned:

* For 100 patients with arterial occlusion assessed using
e-CTA, this will be correctly detected in 72 but missed
in 28.

* For 100 patients without arterial occlusion assessed
using e-CTA, this will be incorrectly detected in 28.

Table 2. Crosstabulation of expert and e-CTA scoring for identification and location of intracranial arterial occlusion on CTA.

e-CTA results

Expert opinion Normal Left ICA/proximal MCA  Left distal MCA  Right ICA/proximal MCA  Right distal MCA  Uncertain’  Total
Normal 183 13 17 12 10 5 240
Left ICA/proximal MCA 13 73 9 6 1 1 103
Left distal MCA 25 12 7 0 0 2 46
Right ICA/proximal MCA 16 3 2 76 4 4 105
Right distal MCA 10 0 0 9 5 5 29
Other artery 18 0 1 0 0 3 22
Total 265 101 36 103 20 20 545

Matched expert and e-CTA results are in bold.
"Collateral score defect without a corresponding arterial occlusion.
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Table 3. Diagnostic accuracy testing for e-CTA.

Negative

Positive

predictive
value

predictive
value

Accuracy

Specificity

FN  Sensitivity

TN  FP

TP

Population

Comparator

Test

72 (68-76)
76 (72-80)

72 (66-77) 75 (70-78) 69 (65-73)
77 (72-81)

76 (70-82)

82 72 (66-77)
54 59 75 (69-81)

183 71
173

545 209

466

Full representative cohort

Masked expert at

baseline

Identification of any arterial

75 (70-79)

180

Sensitivity analysis excluding
non-ICA/MCA occlusion

abnormality (LVO or collateral

score)

and slice thickness >1 mm

Sensitivity analysis, side affected by stroke

Not provided to software
Provided to software

69 (63-74)
75 (69-80)
70 (66-74)

66 (59-73)

71 (65-76)
79 (73-84)

63 (54-72)
80 (72-86)
74 (68-80)

43 38 73 (65-80)
109 28 44 70 (62-78)
188 65 97 67 (61-72)

104 74
105
195

259
286
545

71 (66-76)
66 (62-70)

(71-79)

75

Full representative cohort

Identification of LVO only

Sensitivity, specificity, positive/negative predictive and accuracy results are provided as % (95% Cl).

G. Mair et al.

In a sensitivity analysis excluding the 79 patients
with non-ICA-MCA occlusion or CT slice thickness
>1 mm (compliant with the intended use of software):
the diagnostic accuracy of e-CTA compared to experts
was non-significantly improved (P = 0.167): sensitivity
75%, specificity 76% and accuracy 76%. In addition,
for detecting LVO alone (i.e. regardless of collateral
scores) the diagnostic accuracy of e-CTA was as fol-
lows: sensitivity 67%, specificity 74% and accuracy 70%
(Table 3).

Secondary outcomes

Factors influencing scan processing success and
diagnostic accuracy

Successful CTA processing was associated with younger
patient age and more recent year of CTA acquisition, that
is less successful for older patients (median +10 years,
P =0.005) and for older CTAs (median -2 years,
P < 0.001). There were trends towards successful proces-
sing being associated with patients who presented to hos-
pital earlier or who had a less severe stroke, but these
differences were not significant. We did not find that CT
slice thickness or reported image quality were significantly
associated with processing outcomes, but the thinnest
slice scans of good-moderate quality were more com-
monly successfully processed (Table 4).

On multivariable binary logistic regression with diag-
nostic accuracy data for e-CTA detection of any arterial
abnormality as the dependent variable (i.e. true positive
or true negative versus false positive or false negative),
only NIHSS and software knowledge of the side affected
by stroke were significantly associated with the extent of
expert-software agreement for LVO detection. Experts
and software were more likely to agree when a stroke was
more severe (odds ratio = 1.07, 95% CI = 1.03-1.12,
P =0.001) and when software was provided with the side
of stroke symptoms (odds ratio = 1.82, 95% CI = 1.02—
3.24, P = 0.041) (Table 5). When the side of stroke symp-
toms is provided, the diagnostic accuracy improves to
75%, compared with 69% when no side information is
given. This change is mostly driven by increased specific-
ity of software (Table 3).

Repeatability testing

Despite initial successful software processing, attempted
repeat processing for 2 CTAs was unsuccessful; e-CTA
cited invalid series error for both (both from the older
IST-3 trial). Of 18 CTAs that were successfully repro-
cessed under identical conditions, there were no differ-
ences in results. However, we identified that the presence
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Figure 2. Potential real-world implications of diagnostic accuracy results for e-CTA identification of acute angiographic abnormality (arterial occlu-
sion and/or abnormal collateral scoring) compared to masked expert reference standard. (A) Patients with angiographic abnormality. True
positive = white. False negative = grey. (B) Patients without angiographic abnormality. True negative = horizontal lines. False positive = black.

These analyses include 4% of cases with imaging features outside the intended use of software: non-ICA/MCA occlusion.

versus absence of a concurrent non-enhanced CT did
modify e-CTA results (Table 6).

DISCUSSION

We provide independent diagnostic accuracy testing of
one commercially available Al software designed to assist
clinicians with decision support for acute CT angiography
in stroke. We compared e-CTA software results with sep-
arately acquired expert interpretation of the same scans
and found that for every 10 patients assessed using e-
CTA, software and expert results for LVO detection and
collateral scoring matched (or were clinically equivalent)
in seven but disagreed in three. We also found that when
LVO detection and collateral scoring were considered
together, the diagnostic accuracy of software for detecting
acute arterial abnormality in a clinically representative
population of patients with presumed ischemic stroke was
72%. This result improved to 76% accuracy if we

excluded patients with arterial occlusion in locations not
assessed by software or where CT slices were thicker than
recommended. In other words, when used as intended,
software is likely to correctly detect three quarters of ICA/
MCA LVO but may incorrectly detect LVO in one quar-
ter of patients without LVO. A major clinical implication
of our results is that one quarter of patients potentially
eligible for thrombectomy may not be identified by the
software; if the reviewing clinician also overlooks the
LVO, these patients could be denied or face delays to
highly effective treatment. Additionally, e-CTA did not
successfully process 18% of our scans, which lessens the
potential clinical benefit of software.

Three previous studies have assessed the diagnostic
accuracy of e-CTA, two for LVO detection and one for
collateral scoring. These studies presented more favour-
able results for e-CTA than ours using similar reference
standards and including distal occlusions (to M2) as we
have done: Seker found 84% sensitivity and 96%
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Table 4. Univariate comparisons of CTA scans successfully versus unsuccessfully processed by e-CTA, n = 668.
Successfully processed Not successfully Absolute

Variable n = 545 processed n = 123 difference P value
Age, years 68 (66-81) 78 (66-84) 10 years 0.005
Sex, female 268 (49.2%) 64 (52.0%) 2.8% 0.567
Time from stroke onset, h! (631) 2.1(2.0-3.3) 2.7 (1.8-4.1) 0.6 h 0.085
NIHSS (662) 8 (6-16) 12 (6-16) 4 0.092
Scan year 2012 (10-16) 2010 (09-11) 2 years <0.001
Incidental findings on CT 18 (3.3%) 6 (4.9%) 1.6% 0.397
CT slice thickness' (561)

<1 mm 486 (89.2%) 13 (81.2%) 8.0% 0.319

>1-<5 mm 59 (10.8%) 3(18.8%) 8.0%
Image quality’ (482)

Good 186 (51.1%) 61 (51.7%) 0.6% 0.294

Moderate 158 (43.4%) 46 (39.0%) 4.4%

Poor 20 (5.5%) 11 (9.3%) 3.8%

Results are median (interquartile range, IQR) or n (%) as appropriate. NIHSS, National Institutes of Health Stroke Scale.

'Incomplete data, (available n).

Table 5. Binary logistic regression testing factors associated with
improved e-CTA diagnostic accuracy, n = 358.

Table 6. Results of e-CTA repeatability testing with/out concurrent
non-enhanced brain CT, n = 20.

Variance
Predictor Odds inflation P
variables Raw data ratio 95% Cl factor value

Age (years) 68 (66-81) 1.00 0.98-1.02 1.08 0.952
NIHSS 6 (6-16) 1.07 1.03-1.12 1.18 0.001
Time from 2.1(.0-27) 1.02 0.83-1.26 1.05 0.826
stroke
onset (h)
e-CTA had Y =254 1.82 1.02-3.24 1.23 0.041
knowledge (71%)
(Y) of
affected
side (vs. N)
CT slice 1.0 (0.62— 0.83 0.63-1.09 1.06 0.175
thickness 1.0)
(mm)
Good image Good = 185 1.30 0.81-2.09 1.02 0.274
quality (vs. (52%)
moderate-
poor)

Dependent variable was derived from diagnostic accuracy data for e-
CTA detection of any laterality-matched arterial abnormality (i.e. true
positive or true negative versus false positive or false negative for
detection of LVO and/or abnormal collateral score combined). Raw
data are median (IQR) or n (%), as appropriate. NIHSS, National Insti-
tutes of Health Stroke Scale.

specificity for e-CTA detection of laterality-matched ICA-
MCA occlusion in 301 patients;” Mallon found 70% sen-
sitivity and 96% specificity for e-CTA detection of ICA-
MCA occlusion in 83 patients (but did not specify that
laterality was matched);® while Grunwald found 99%

Number of
cases With concurrent NECT Without concurrent NECT
1 Collateral score 3 Collateral score 2
(normal)’ (abnormal)
1 ICA/MCA occlusion’ No ICA/MCA occlusion
2 Successfully processed Did not successfully
process
6 Minor differences in vessel density (%) without
change in collateral score?
98.8 100
33.9 30.5
73.1 69.9
77.0 76.0
52.5 57.5
91.8 92.5
10 No change

NECT, non-enhanced CT.

"Matched expert opinion.

2e-CTA collateral scoring = 3—Excellent (>90%), 2—Good (50-90%),
1—Poor (10-50%), 0—None (0-10%).

sensitivity and 94% specificity for e-CTA detection of
favourable collateral scores in 98 patients.” By combining
LVO detection and collateral scoring into a single metric,
we might expect our results to be at least equivalent to
studies looking at these imaging features in isolation.
However, these prior studies had more restrictive patient
selection than ours by excluding poorer quality or com-
plicated studies (e.g. with spontaneous recanalisation and
previous territorial infarct). Finally, only one of these
studies was conducted independent of Brainomix.®
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We found that software was more likely to success-
fully process scans from younger patients and when
CTA acquisition was more recent. Patient age and pro-
cessing success may relate to the likelihood of older
patients having other abnormalities on their scans or
being less able to lie still for imaging, although we did
not find an association with CTA quality. CTA age and
processing success presumably relate to technical differ-
ences in older versus newer CTAs and might have been
avoided with a prospective study design. Thinner image
slices and better image quality may also increase the
likelihood of successful processing and have the benefit
of being modifiable.

For detecting any arterial abnormality, we found the
diagnostic accuracy of e-CTA improved for the CTAs of
patients with more severe stroke, presumably since arterial
obstruction in these patients is likely sited proximally and
is thus larger and easier to detect. Importantly, the other
factor we found to improve the diagnostic accuracy of e-
CTA is user-modifiable; software knowledge of the side
affected by symptoms improved the diagnostic accuracy
of software to 75% compared with 69% when this infor-
mation is not provided. Users should endeavour to man-
ually apply side information for all e-CTA cases and be
aware that results for patients with milder stroke may be
less accurate.

In a small test of repeatability, we identified that the
presence of a concurrently acquired non-enhanced CT
brain scan caused differences in e-CTA results compared
to software analysis without access to non-enhanced CT.
According to Brainomix, e-CTA uses concurrent CT to
improve localisation of the ICAs as they pass through
skull base. This is unlikely to have clinical practice impli-
cations (unless centres use e-CTA to compare baseline
and follow-up scans and only one of these scans has con-
current non-enhanced CT) but may be important for
future research. Finally, in 2 of 20 cases, an attempted
repeat test was unsuccessful. Interval modification of
unique scan information in our method may be responsi-
ble, but we were careful to replace true CTA data with
similar dummy data.

Strengths and limitations of RITeS

According to our pre-specified standard, RITeS CTAs are
representative of the real-world case mix for whom e-
CTA may be used, including a small proportion of
patients with imaging features outside the designated
scope of software.'” We deliberately included a represen-
tative proportion of patients with LVO in non-ICA-MCA
locations, despite manufacturer guidance that software
should only be used to assess patients with anterior circu-
lation stroke since it is not always possible to determine

Independent testing of e-CTA

the affected vascular location clinically. Given the order
in which events occur routinely (patients with suspected
stroke first undergo clinical assessment, followed by imag-
ing, which together are used to differentiate anterior and
posterior circulation ischemia) there is nothing to prevent
software being used to assess imaging of patients with
posterior circulation ischemia. Therefore, it is important
to understand the implications of software use in this
real-world context. We provide more clinically meaning-
ful diagnostic accuracy figures by considering all patients
who present with suspected acute ischemic stroke rather
than only a subset as most previous assessments of Al
software for LVO detection have done. We acknowledge
that e-CTA is not designed to be used in isolation of
other clinical information or as a standalone diagnostic
tool. The guidance for intended use of e-CTA suggests
that competent users should disregard inappropriately
acquired software results (e.g. where there is posterior cir-
culation occlusion, an alternative structural diagnosis for
stroke symptoms, or in patients without stroke symp-
toms) but how effectively this is achieved can (and
should) only be assessed prospectively.

The proportion of scans not successfully processed in
our study is likely to be higher than in scenarios where a
local server is used since upload failure to the cloud was
most common in RITeS (107/123 failures). A small study
that also manually uploaded existing scans to the e-CTA
cloud had fewer failures (2/85, 2.4%) but pre-emptively
excluded scans with movement artefacts.” Our results are
important wherever cloud processing is used clinically,
but such clinical setups should have a dedicated connec-
tion between the CT scanner and cloud for real-time
upload of individual scans that may further improve the
rate of successful processing compared to the manual
batch upload method we wused. Brainomix shared
12 months of e-CTA processing data with us from a sin-
gle UK site, demonstrating 98.8% successful processing
(1684/1704). Ideally, assessment of Al software for radiol-
ogy would be conducted prospectively and include all eli-
gible patients who present to receiving hospitals equipped
with the software of interest. However, our method is
highly efficient and provides clinically relevant results that
can inform both routine practice and future prospective
research. A difference between software and expert inter-
pretation in RITeS that would likely not occur in a pro-
spective approach is the extent to which the two groups
were informed of the side affected by stroke, 50% for
software but only 28% for experts. This difference may
have caused greater variability in expert results while
simultaneously favouring software results. A true head-to-
head comparison would have provided both experts and
software with the same information, but it was not feasi-
ble to re-read all the scans.
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In a small number of cases (14/545, 3%), experts and
software found abnormality in the opposing side of the
brain. For diagnostic accuracy testing, we elected to call
these false positives for the hemisphere that the experts con-
sidered ‘normal’ rather than false negatives for the hemi-
sphere that the experts considered ‘abnormal’, that is we
focussed the interpretation on the software output. Differ-
ent approaches (e.g. calling them all false negative or split-
ting the cases equally between the two outcomes) would
have modified our diagnostic accuracy results, but given
the modest numbers of such events, this would not have
significantly changed the results. In this scenario and other
cases where experts and software disagreed, it is possible
that the software was correct rather than the expert. A con-
sensus opinion from several experts would likely have miti-
gated this problem, but the trials in RITeS were not
resourced for this. Similarly, RITeS was not resourced to
allow all expert-software discrepancies to be revisited.

We used expert interpretation of imaging for compari-
son with software and while this arguably represents the
best option for clinical practice, it is not necessarily realis-
tic nor representative of routine care where specialist
opinion may not be immediately available to front-line
clinicians assessing a given patient for thrombectomy
referral. In addition, we did not test software as a
‘decision-support’ tool for front-line clinicians, that is
whether software improves clinical decision-making. Nev-
ertheless, we feel it is appropriate to compare Al software
standalone against gold-standard clinical practice (i.e.
experts) since Al software results are expected to be
highly accurate. In addition, the expert standard we
employed is highly clinically relevant since the final deci-
sion for thrombectomy is made by an expert neurointer-
ventionist. Finally, some centres now acquire multiphase
CTA which may improve detection of collaterals, espe-
cially where this flow is delayed. However, we did not
have access to multiphase imaging in RITeS.

Conclusions

On independent testing using expert interpretation as the
reference standard, e-CTA software had a diagnostic accu-
racy of 72-76% for detecting arterial abnormalities includ-
ing LVO and collateral scoring combined. Eighteen percent
of our scans were not processed by software using previ-
ously acquired imaging but this result may partly reflect the
design of RITeS. Our findings highlight that e-CTA should
only be used according to its clinical approval—namely to
assist experienced clinicians interpret CTA for stroke. Such
users should be capable of independently reviewing CTA
(to disregard inappropriate results) and can improve soft-
ware detection of true lesions by providing information on
the side affected by stroke. Users should also be aware that

G. Mair et al.

software results may be less accurate in patients with less
severe stroke or who are older.

Acknowledgements

We are grateful to all study groups and collaborators for
sharing data. Special thanks to Prof Peter Sandercock for
supporting the inclusion of IST-3 and for initial planning
input. We thank Brainomix for agreeing to this indepen-
dent testing of e-CTA. For the purpose of open access,
the author has applied a CC-BY public copyright licence
to any Author Accepted Manuscript version arising from
this submission.

Conflict of Interest

GM declares one-off consultancy fees from Canon Medi-
cal for annotating stroke CT images for the development
of Canon software. KWM is employed by The University
of Glasgow and NHS Greater Glasgow and Clyde who
have a research agreement with Brainomix to assess
implementation of software as part of an NHSX research
grant. All other authors declare no relevant COL

Statement of independence

Following development of our research plan and sourcing
funding, the RITeS Collaboration signed a software
licence agreement with Brainomix for use of e-CTA and
paid for software using academic funds. We agreed to dis-
tinguish software testing relating to claims made by Brai-
nomix and for software features with regulatory approval
from testing outside the ‘indications for software use’ or
for features without regulatory approval. To comply with
the agreement, a pre-submission draft of this paper was
shared with Brainomix, and we subsequently made minor
changes for technical accuracy. Brainomix staff and affili-
ates were not involved in creation of the RITeS research
plan, setting aims, research conduct including obtaining
of data, image processing, statistical analysis, interpreta-
tion of data or the writing of the paper.

REFERENCES

1. Roman LS, Menon BK, Blasco J, Hernandez-Perez M,
Davalos A, et al. Imaging features and safety and efficacy of
endovascular stroke treatment: a meta-analysis of individual
patient-level data. Lancet Neurol. 2018;17:895-904.

2. Qian J, Fan L, Zhang W, Wang J, Qiu J, Wang Y. A
meta-analysis of collateral status and outcomes of
mechanical thrombectomy. Acta Neurol Scand.
20205142:191-199.

3. Saver JL, Goyal M, van der Lugt A, Menon BK, Majoie
CB, et al. Time to treatment with endovascular

10 © 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

35U9017 SUOLUIOD AR 3|qed!|dde au Aq paueAob a1e o ile WO ‘38N Jo S3|NnJ o4 Aelq 1 auluO 8|1 UO (SUO1}IPUOD-PUE-SWLRILI0D" A8 | 1M Aleud 1 Ut |Uo//SaY) SUORIPUOD PUe SWS L 84} &3S *[£202/S0/ez] uo Ariqitauniuo Ao|im ‘153 L Ad 06T €UIe/Z00T OT/10p/wod A5 1M Afelq1puluo//sdny WOy papeojumod ‘0 ‘€0S682€C



G. Mair et al.

Independent testing of e-CTA

thrombectomy and outcomes from ischemic stroke: a 17. RIGHT-2 Investigators. Prehospital transdermal glyceryl
meta-analysis. JAMA. 2016;316:1279-1288. trinitrate in patients with ultra-acute presumed stroke

4. Daubail B, Ricolfi F, Thouant P, et al. Impact of mechanical (RIGHT-2): an ambulance-based, randomised, sham-
thrombectomy on the organization of the management of controlled, blinded, phase 3 trial. Lancet. 2019;393:1009-
acute ischemic stroke. Eur Neurol. 2016;75:41-47. 1020.

5. Wardlaw JM, Mair G, von Kummer R, et al. Accuracy of 18. Emberson J, Lees KR, Lyden P, et al. Effect of treatment
automated computer-aided diagnosis for stroke imaging: a delay, age, and stroke severity on the effects of intravenous
critical evaluation of current evidence. Stroke. thrombolysis with alteplase for acute ischaemic stroke: a
2022;53:2393-2403. meta-analysis of individual patient data from randomised

6. Grunwald 1Q, Kulikovski J, Reith W, et al. Collateral trials. Lancet. 2014;384:1929-1935.
automation for triage in stroke: evaluating automated 19. Wardlaw JM, Sandercock PAG, Lindley RI, Cohen G, von
scoring of collaterals in acute stroke on computed Kummer R, et al. Association between brain imaging
tomography scans. Cerebrovasc Dis. 2019;47:217-222. signs, early and late outcomes, and response to

7. Seker F, Pfaff JAR, Mokli Y, et al. Diagnostic accuracy of intravenous alteplase after acute ischaemic stroke in the
automated occlusion detection in CT angiography using e- third International Stroke Trial (IST-3): secondary analysis
CTA. Int J Stroke. 2022;17:77-82. of a randomised controlled trial. Lancet Neurol.

8. Mallon DH, Taylor EJR, Vittay OI, Sheeka A, Doig D, 2015;14:485-496.

Lobotesis K. Comparison of automated ASPECTS, large 20. Miteff F, Levi CR, Bateman GA, Spratt N, McElduff P,
vessel occlusion detection and CTP analysis provided by Parsons MW. The independent predictive utility of
Brainomix and RapidAl in patients with suspected computed tomography angiographic collateral status in
ischaemic stroke. J Stroke Cerebrovasc Dis. acute ischaemic stroke. Brain. 2009;132:2231-2238.
2022;31:106702. 21. Mair G, von Kummer R, Adami A, White PM, Adams M,

9. Bossuyt PM, Reitsma ]JB, Bruns DE, et al. STARD 2015: an et al. Observer reliability of CT angiography in the
updated list of essential items for reporting diagnostic assessment of acute ischaemic stroke: data from the Third
accuracy studies. Radiology. 2015;277:826-832. International Stroke Trial. Neuroradiology. 2015;57:1-9.

10. Mair G, Chappell F, Martin C, Dye D, Bath P, et al. Real- 22. Wilson E. Probable inference, the law of succession, and
world independent testing of e-ASPECTS software statistical inference. ] Am Stat Assoc. 1927;22:209-212.
(RITeS): statistical analysis plan [version 1; peer review: 2 23. Bossuyt P, Davenport C, Deeks J, Hyde C, Leeflang M,
approved]. AMRC Open Res. 2020;2:20. et al. Chapter 11: interpreting results and drawing

11. Mair G, White P, Bath PM, Muir KW, Al-Shahi Salman R, conclusions. Cochrane Handbook for systematic reviews of
et al. External validation of e-ASPECTS software for diagnostic test accuracy. Version 0.9. The Cochrane
interpreting brain CT in stroke. Ann Neurol. 2022;92:943-957. Collaboration; 2013; Available from:. https://methods.

12. Huang X, Cheripelli BK, Lloyd SM, et al. Alteplase versus cochrane.org/sdt/handbook-dta-reviews
tenecteplase for thrombolysis after ischaemic stroke 24. Tan IY, Demchuk AM, Hopyan J, Zhang L, Gladstone D,
(ATTEST): a phase 2, randomised, open-label, blinded et al. CT angiography clot burden score and collateral
endpoint study. Lancet Neurol. 2015;14:368-376. score: correlation with clinical and radiologic outcomes in

13. IST-3 Collaborative Group. The benefits and harms of acute middle cerebral artery infarct. AJNR Am J
intravenous thrombolysis with recombinant tissue Neuroradiol. 2009;30:525-531.
plasminogen activator within 6 h of acute ischaemic stroke
(the third international stroke trial [IST-3]): a randomised S ti Inf ti
controlled trial. Lancet. 2012;379:2352-2363. upporting information

14. Muir KW, Ford GA, Messow CM, et al. Endovascular Additional supporting information may be found online
therapy for acute ischaemic stroke: the pragmatic in the Supporting Information section at the end of the
ischaemic stroke thrombectomy evaluation (PISTE) article.
randomised, controlled trial. ] Neurol Neurosurg . . . . .
Psychiatry. 2017:88:38-44. Figure S.l. Meta—analysw. rn(.)de.lh.ng for d}agnostlc accu-

15. MacDougall NJ, McVerry F, Huang X, Welch A, Fulton R, racy testing of e-CTA using individual patient data strati-
et al. Post-stroke hyperglycaemia is associated with adverse fied by contributing study, n = 545.
evolution of acute ischaemic injury. Cerebrovasc Dis. Table S1. Demographic and clinical data of patients in
2014;37(suppl 1):267. RITeS, comparison with other datasets.

16. El-Tawil S, Wardlaw J, Ford I, Mair G, Robinson T, et al. Table S2. Comparison of angiography collateral scores
Penumbra and re-canalization acute computed between e-CTA and masked experts.
tomography in ischemic stroke evaluation: PRACTISE Data S2. RITeS eCTA STARD-2015 Checklist.docx.
study protocol. Int J Stroke. 2017;12:671-678.

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 11

35U9017 SUOLUIOD AR 3|qed!|dde au Aq paueAob a1e o ile WO ‘38N Jo S3|NnJ o4 Aelq 1 auluO 8|1 UO (SUO1}IPUOD-PUE-SWLRILI0D" A8 | 1M Aleud 1 Ut |Uo//SaY) SUORIPUOD PUe SWS L 84} &3S *[£202/S0/ez] uo Ariqitauniuo Ao|im ‘153 L Ad 06T €UIe/Z00T OT/10p/wod A5 1M Afelq1puluo//sdny WOy papeojumod ‘0 ‘€0S682€C


https://methods.cochrane.org/sdt/handbook-dta-reviews
https://methods.cochrane.org/sdt/handbook-dta-reviews

	 Abstract
	 Introduction
	 METHODS
	 Study design
	 Patient population
	 Sample for e-CTA evaluation
	 Expert Image assessment
	 Image software processing
	 Primary outcomes
	 Secondary outcomes
	 Statistics

	 RESULTS
	 Representative dataset
	 Image processing
	 Primary outcomes
	 Intracranial arterial occlusion detected by e-CTA compared to experts

	acn351790-fig-0001
	 Scoring of MCA collaterals by e-CTA compared to experts
	 Diagnostic accuracy of e-CTA for detecting arterial abnormality

	 Secondary outcomes
	 Factors influencing scan processing success and diagnostic accuracy

	 Repeatability testing

	 DISCUSSION
	acn351790-fig-0002
	 Strengths and limitations of RITeS
	 Conclusions

	 Acknowledgements
	 Conflict of Interest
	 Statement of independence
	 REFERENCES
	acn351790-bib-0001
	acn351790-bib-0002
	acn351790-bib-0003
	acn351790-bib-0004
	acn351790-bib-0005
	acn351790-bib-0006
	acn351790-bib-0007
	acn351790-bib-0008
	acn351790-bib-0009
	acn351790-bib-0010
	acn351790-bib-0011
	acn351790-bib-0012
	acn351790-bib-0013
	acn351790-bib-0014
	acn351790-bib-0015
	acn351790-bib-0016
	acn351790-bib-0017
	acn351790-bib-0018
	acn351790-bib-0019
	acn351790-bib-0020
	acn351790-bib-0021
	acn351790-bib-0022
	acn351790-bib-0023
	acn351790-bib-0024


