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To test whether the relationship between acute ischemic
infarct size on concurrent computed tomographic (CT)
angiography source images and diffusion-weighted (DW)
magnetic resonance images is dependent on the parame-
ters of CT angiography acquisition protocols.

This retrospective study had institutional review board ap-
proval, and all records were HIPAA compliant. Data in 100
patients with anterior-circulation acute ischemic stroke and
large vessel occlusion who underwent concurrent CT angi-
ography and DW imaging within 9 hours of symptom onset
were analyzed. Measured areas of hyperintensity at acute
DW imaging were used as the standard of reference for
infarct size. Information regarding lesion volumes and CT
angiography protocol parameters was collected for each pa-
tient. For analysis, patients were divided into two groups on
the basis of CT angiography protocol differences (patients in
group 1 were imaged with the older, slower protocol). Inter-
method agreement for infarct size was evaluated by using the
Wilcoxon signed rank test, as well as by using Spearman cor-
relation and Bland-Altman analysis. Multivariate analysis was
performed to identify predictors of marked (=20%) overesti-
mation of infarct size on CT angiography source images.

In group 1 (n = 35), median hypoattenuation volumes on
CT angiography source images were slightly underestimated
compared with DW imaging hyperintensity volumes (33.0
vs 41.6 mL, P = .01; ratio = 0.83), with high correlation (p
= 0.91). In group 2 (n = 65), median volume on CT angi-
ography source images was much larger than that on DW
images (94.8 vs 17.8 mL, P < .0001; ratio = 3.5), with poor
correlation (p = 0.49). This overestimation on CT angiog-
raphy source images would have inappropriately excluded
from reperfusion therapy 44.4% or 90.3% of patients el-
igible according to DW imaging criteria on the basis of a
100-mL absolute threshold or a 20% or greater mismatch
threshold, respectively. Atrial fibrillation and shorter time
from contrast material injection to image acquisition were
independent predictors of marked (=20%) infarct size over-
estimation on CT angiography source images.

CT angiography protocol changes designed to speed imag-
ing and optimize arterial opacification are associated with
significant overestimation of infarct size on CT angiogra-
phy source images.

©RSNA, 2011

Supplemental material: http://radiology.rsna.org/lookup
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Ithough there remains no perfect

imaging technique for delineating

infarction size and extent in the
acute setting, magnetic resonance (MR)
imaging with diffusion-weighted (DW)
imaging is widely considered the best
imaging tool currently available. Com-
pared with other imaging approaches
available in the treatment setting, DW
imaging possesses the highest accuracy
for depicting acute brain ischemia (1),
and its use for the evaluation of pa-
tients with acute ischemic stroke is en-
dorsed by multiple expert panels (2,3).
Moreover, DW imaging has been used
to measure the infarct core, which is
defined as irreversibly damaged tissue,

Advances in Knowledge

B In a consecutive series of 100
patients with acute ischemic
stroke, infarct estimation on CT
angiography source images was
highly dependent on the CT angi-
ography acquisition protocol; the
delay from contrast material in-
jection to imaging of the anterior
circulation territory (P < .0001)
and atrial fibrillation (P = .0002)
were independent predictors of
significant infarct overestimation
on CT angiography source images
compared with estimation on
diffusion-weighted (DW) images.

B As compared with CT angiog-
raphy source images acquired by
using relatively slower CT scan-
ners, when source images are
acquired by using protocols
adapted to faster, multisection
CT scanners, the reduced time
from contrast material injection
to imaging leads to overestima-
tion of infarct size.

B The observed infarct overestima-
tion may be large (ratio of
volume on CT angiography
source images to volume on DW
images, 3.5; median overestima-
tion, 54 ml), and, as compared
with patient selection performed
by using DW imaging, may lead
to inappropriate treatment
exclusion in 44.4%-90.3% of
patients.

in past (4,5) and ongoing randomized
controlled clinical trials to select pa-
tients for reperfusion therapy by using
the mismatch concept and has been
used as the reference standard in lesion
volume-comparison studies between
computed tomographic (CT) and MR
imaging (6,7). However, performing
MR imaging in the acute setting is dif-
ficult outside of major medical centers,
largely because of time constraints.

In contrast to MR imaging units, CT
scanners are more widely available in the
setting of immediate imaging in patients
with acute stroke. Hypoattenuation at un-
enhanced CT in the acute setting has been
shown to predict final infarct volume (8),
but this test lacks sensitivity compared
with DW imaging (1). CT angiography
source images, on the other hand, have
higher sensitivity in the detection of acute
ischemia compared with unenhanced CT
images (9), and the extent of hypoattenu-
ation on CT angiography source images
correlates with not only the volume of
the region of hyperintensity at DW imag-
ing (10,11) but also with final infarct vol-
ume in patients who undergo successful
recanalization (12). It is thought that on
CT angiography source images, hypoat-
tenuation represents areas of the brain
with depressed cerebral blood volume
(CBV) in steady-state contrast conditions
(13,14). Therefore, hypoattenuation on
CT angiography source images offers the
promise of reliable estimation of acute in-
farct size in the absence of DW imaging.

With the advent of multidetector
scanners, many hospitals have modi-
fied their CT angiography acquisition

Implications for Patient Care

B The use of CT angiography
source images to estimate the
size of irreversible tissue injury
may lead to inappropriate
exclusion of patients from reper-
fusion therapy by incorrectly sug-
gesting the presence of a large
infarct.

B The use of CT angiography
source imaging requires technical
standardization before it can be
used as a surrogate for DW
imaging.

protocols to maximize arterial-phase
contrast enhancement (13,16). In our
institution, we increased table speed
and changed imaging direction to take
full advantage of the new multisection
scanners. However, faster image acqui-
sition has been hypothesized to prevent
sufficient delay time for a steady state
between arterial and tissue contrast
material to be reached, thus leading
to overestimation of infarct size (17).
In support of this latter idea, a recent
study (18) in which CT angiography
source images were compared with
perfusion CT images for measurement
of CBV and cerebral blood flow (CBF)
demonstrated a better correlation of le-
sions on CT angiography source images
with regions of depressed CBF.

We sought to test whether the re-
lationship between ischemic lesion size
on CT angiography source images and
that on concurrently obtained DW MR
images is dependent on the CT angiog-
raphy acquisition protocol and to eval-
uate its potential effect on treatment
decisions.
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CBF = cerebral blood flow

CBV = cerebral blood volume

Cl = confidence interval

DW = diffusion weighted

ICA = internal carotid artery

IQR = interquartile range
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tPA = tissue plasminogen activator
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. Table 1
Materials and Methods

This study was approved by our insti-
tutional review board, and all records
were compliant with the Health Insur-
ance Portability and Accountability Act.
We retrospectively examined the clinical
and imaging data in consecutive patients
with acute ischemic stroke who were
admitted to our comprehensive stroke
center between January 2000 and Feb-
ruary 2010. Inclusion criteria were as
follows: (a) anterior-circulation acute
ischemic stroke; (b) both CT angiogra-
phy and DW imaging performed within
9 hours of symptom onset and within
2 hours of each other; (c) large-vessel
occlusion identified at CT angiography,
up to and including third-order (M3)
middle cerebral artery (MCA) branches;
and (d) absence of reperfusion therapy
between the CT angiography and DW
imaging sessions. We identified 134
patients who fulfilled the imaging criteria
and excluded 34 patients (11 patients with
posterior-circulation strokes [because of
streak artifacts potentially compromis-
ing CT image quality in these regions],
six patients because of severe motion
artifacts at MR imaging, 15 patients
who had received intravenous tissue
plasminogen activator [tPA {Alteplase;
Genentech, South San Francisco, Calif}]
between CT angiography and MR imag-
ing, and two patients with prior infarcts
in the same territory on the basis of
evaluation of unenhanced CT scans and
their medical records).

Imaging Protocol and Analysis

We divided patients into two groups on
the basis of changes in the CT angiog-
raphy protocol that were made at our
institution in 2005 (patients in group
1 were imaged with protocol 1, and
patients in group 2 were imaged with
protocol 2 [Table 1]). Patients in group
2 were imaged by using the faster CT
angiography protocol. Patients in group
1 were imaged with a LightSpeed Plus
(four-section), a LightSpeed QX/I (four-
section), or a LightSpeed 16 (16-sec-
tion) CT scanner; for patients in group
2, a LightSpeed 16 or a LightSpeed
VCT (64-section) CT scanner was used
(all scanners were from GE Medical

CT Angiography Protocols

Parameter Protocol 1 Protocol 2
Time in use 2000-2004 2005-2010
CT scanner LightSpeed Plus, QX/i, or 16 LightSpeed 16 or VCT
Peak kilovoltage (kV) 140 120
Tube current (mA) 250 300-800 (Automatic)
Section thickness (mm) 0.675-2.5 1.25
Reconstruction thickness (mm) 5.0 5.0

Acquisition From C1 vertebra to vertex; from  From vertex to aortic arch
aortic arch to C1 vertebra

Table speed (mm/sec) 3.75-5.63 9.38-39.38
Pitch 0.75:1 0.938:1 Or 0.516:1
Amount of contrast material (mL) 95-140 65-100
Contrast material injection 3-4 3-4

rate (mL/sec)
Saline chase None 40 mL at 4 mL/sec
Delay (sec) 25 (Fixed); 40 (patients with Triggered by using SmartPrep with

atrial fibrillation)

region of interest over aortic arch,
a threshold of A50 to 100 HU, and
a diagnostic delay of 3 seconds

Systems, Milwaukee, Wis). Notably,
protocol 1 (used from 2000 to 2004)
involved a slower table speed, imaging
at a fixed delay following the start of
contrast material administration, and
scanning in a caudocranial direction.
Protocol 2 (used from 2005 to 2010)
involved a table speed that was up to
10 times faster, SmartPrep triggering
at the aortic arch, and scanning in a
craniocaudal direction. These changes
resulted in imaging the anterior circula-
tion territory in less than half the time
after contrast material injection than
with protocol 1 (Fig 1).

For both groups, MR imaging exam-
inations were performed with a 1.5-T
whole-body unit (Signa; GE Medical
Systems). DW imaging was performed
by using a single-shot echo-planar spin-
echo sequence. Five images per section
were acquired at b = 0 sec/mm?, fol-
lowed by five images at b = 1000 sec/
mm? in six directions, for a total of 35
images per section. Imaging param-
eters were as follows: repetition time
msec/echo time msec, 5000/80-110;
field of view, 22 cm; matrix, 128 X 128
zero-filled to 256 X 256; and section
thickness, 5 mm with a 1-mm gap. Only
minimal changes (introduction of two
180° radiofrequency pulses to minimize

eddy current warping and varying the
number of images per section between
28 and 35) were made to the DW im-
aging protocol over the study period.
Ischemic lesions on CT angiography
source images and DW images were
outlined independently by two neurora-
diologists (P.W.S [reader 1] and A.J.Y.
[reader 2], with 18 and 7 years of
experience, respectively) using dedi-
cated software (Analyze; Biomedical
Imaging Resource, Mayo Foundation,
Rochester, Minn). For CT angiography
source images, window and level settings
were adjusted at the discretion of the
readers to increase the contrast between
normal and ischemic brain. Studies were
viewed in random order, and readers
were blinded to all patient information
except side of stroke involvement. Infarct
volumes were calculated in milliliters.

CT Angiography Protocol Variables and
Effect on Clinical Management

Various CT angiography acquisition pa-
rameters (Table 2) were collected and
were incorporated into the statistical
analysis, including the contrast material
volume and the injection rate, which
determine the shape of the tissue con-
centration—-time curves. We also calcu-
lated the time to imaging of the anterior
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Table 2 circulation territory from the start of con-

Predictors of Infarct Overestimation of 20% or Greater on CT trast material injection by measuring the
Angiography Source Images delay time from contrast material injec-

tion to imaging, the table speed, and the

o o o PVa!ue .at distance from the imaging starting point
No Overestimation ~ Overestimation PValue at Univariate  Multivariate I sor circul - ritory. For
Parameter (n=34) (0= 50 A " to the anterior circulation territory. kFor
protocol 1, this interval was defined as
Table speed (mm/sec) 3.75(3.75-5.63)  20.6 (20.6-20.6)  <.0001% NS delay time plus scan duration from the
Delay (sec) 25.0 (25.0-25.0)  22.0(18.0-26.0) .0023¢ NS C1 vertebra to the middle of the anterior
Craniocaudal imaging 5(14.7) 53 (89.8) <.0001" NS circulation territory (halfway between
direction the temporal pole and the vertex). For
Time to imaging of 49.4 (43.7-54.1) 25.8 (21.6-29.9) <.0001% <.0001 protocol 2’ it was defined as monitoring
anterior circulation delay (10 seconds) plus trigger time plus
territory (sec) diagnostic delay (3 seconds) plus scan
Contrast material 100 (95-120) 75 (65-80) <.0001# NS duration from the vertex to the middle of
Qs (mL). o . the anterior circulation territory (Fig 1).
Conltrast material injection ~ 45.0 (31.7-46.4)  22.5(20.0-22.9)  <.0001 NS Also, because cardiac output has an
time (sec) . . .
D influence on the tissue concentration—
GUEILDIIETDIE 4(11.8) 14(23.7) 25 0002 time curve, electrocardiographic data ob-
Time from CT angiography ~ 0:39 (0:26-1:02)  0:27 (0:19-0:38) .0006+ NS . ’ L stal ..
R tained at the time of patient admission
to MR imaging (h:min) X
were evaluated for the presence of atrial
Note.—Unless otherwise specified, data are medians, with interquartile ranges (IQRs) in parentheses. fibrillation.
* Overestimation was defined as a difference of 20% or greater between infarct volume on CT angiography source images and The potential effect on clinical man-
o anes agement was assessed by using the two
T Area under the curve for logistic regression analysis was 0.922 (95% confidence interval [Cl]: 0.847, 0.967). NS =

main imaging approaches to patient selec-
tion for reperfusion therapy: (a) exclusion
on the basis of infarct size greater than
one-third of the MCA territory (100 mL)
and (b) inclusion on the basis of a 20%
or greater mismatch between infarct size
at perfusion-weighted imaging and infarct
size at DW imaging (or, alternatively,
Figure 1 perfusion abnormality at perfusion CT

Protocol 1 Protocol 2 and infarct size on CT angiography source
images) (4,5,19-21). We calculated the
proportion of patients with a lesion size
greater than 100 mL on CT angiography
source images and an abnormal region
of less than 100 mL at DW imaging to
identify those who would be mistakenly
excluded from therapy. We also used a
70-mL threshold on the basis of recent
data (22-24). Second, we calculated the
proportion of patients in whom the infarct
seen on DW images was overestimated
on CT angiography source images by 20%

nonsignificant.

* Calculated with the Mann-Whitney U test.

§ Data are numbers of patients, with percentages in parentheses.
I Calculated with the Fisher exact test.

(fixed) or greater to identify those in whom a
Figure 1:  Scheme of image acquisition with protocols 1 and 2. Blue = hypothetical 20% mismatch could be mis-
anterior circulation territory. Note the differences in image direction (caudocra- takenly considered as absent.
nial vs craniocaudal), imaging starting point (C1 vertebral body vs vertex), delay
time (25-second fixed delay vs SmartPrep), and table speed (3.75-5.63 vs Statistical Analysis
9.38-39.38 mm/sec), which result in different mean imaging times for the All statistical analyses were performed by
anterior circulation territory. * = Monitoring delay (10 seconds) plus trigger time using software (MedCalc, version 11.2.1;
plus diagnostic delay (3 seconds). MedCalc Software, Mariakerke, Belgium).

P < .05 was considered to indicate a sig-
nificant difference. Demographic, imaging,

596 radiology.rsna.org = Radiology: Volume 262: Number 2—February 2012
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and clinical data were compared between
groups by using the Mann-Whitney U test
and were presented as medians and [QRs.
Categoric data were compared by using
the Fisher exact test and were presented
as percentages.

Interrater agreement for CT angi-
ography source images and DW images
was examined by using the intraclass
correlation coefficient, as well as Bland-
Altman analysis (25). We sought to con-
firm previous reports of high interrater
agreement for DW imaging in the setting
of acute ischemic stroke (26,27) and to
compare the interrater agreement for
DW imaging to that for CT angiography
source images.

Within-group comparisons of lesion
volumes on CT angiography source im-
ages and lesion volumes at DW imaging
were performed by using the Wilcoxon
signed rank test (paired analysis). In-
termethod agreement between CT angi-
ography source images and DW images
was further examined by using Bland-
Altman analysis (25), as well as Spear-
man rank correlation. For relative com-
parisons, only instances in which the
infarct volume at DW imaging was 5
mL or greater were considered because
small volumes are prone to measure-
ment errors (28).

Finally, the effects of the aforemen-
tioned protocol-related parameters were
analyzed in a stepwise multivariate
logistic regression analysis to determine
predictors of marked overestimation of
lesions on CT angiography source images
(=20% of the DW imaging lesion) and in
a multivariate linear regression analysis
to evaluate the correlation of these pa-
rameters with absolute (or relative) over-
estimation on CT angiography source
images. Only variables with a univariate
P value of less than .1 were included.

Among 100 patients who satisfied the in-
clusion criteria, three (3%) had an iso-
lated extracranial internal carotid artery
(ICA) occlusion, 29 (29%) had a termi-
nal ICA occlusion with or without MCA
M1 segment occlusion, 53 (53%) had an
MCA M1 segment occlusion, 14 (14%)
had an M2 segment occlusion, and one

Table 3

Comparison of Clinical and Demographic Characteristics between Patients Imaged
with Protocol 1 and Those Imaged with Protocol 2

Patients Imaged with

Patients Imaged with

Characteristic Protocol 1 (n = 35) Protocol 2 (n = 65) PValue
Age (y)* 71 (60.3-78.0) 73 (56.8-81.0) 6211
Male sex 15 (42.9) 29 (44.6) > .99%
NIHSSS* 15 (9-21) 16 (13.75-20.25) .230t
Right-side involvement 15 (42.9) 28 (43.1) > 99*
Atrial fibrillation 9(25.7) 12 (18.5) A445%
Level of occlusion 733F

Proximal ICA 1(2.9) 2(3.1)
Terminal ICA (with or without 10 (28.6) 19(29.2)
extension into MCA M1)
MCA M1 17 (48.6) 36 (55.4)
MCA M2 7(20.0) 7(10.8)
MCA M3 0 1(1.5)
Time to imaging (h:min)* 4:07 (2:47-5:39) 4:00 (2:31-4:59) 3707
Time from CT angiography to MR 0:40 (0:35-1:04) 0:27 (0:19-0:37) <.0001%
imaging (h:min)*
Received intravenous tPA before 10 (28.6) 23(35.4) 514+

imaging

Note.—Unless otherwise indicated, data are numbers of patients, with percentages in parentheses. NIHSSS = National Institutes

of Health Stroke Scale Score.

* Data are medians, with IQRs in parentheses.
T Calculated with the Mann-Whitney U test.

* Calculated with the Fisher exact test.

(1%) had an M3 segment occlusion.
Thirty-three patients (33%) received
intravenous tPA before imaging was per-
formed. These patients were admitted to
the hospital through a “telestroke” service,
and intracranial hemorrhage was excluded
at the referring hospital by means of un-
enhanced CT. Median time to CT imaging
was 4 hours 1 minute (IQR, 2:36-5:04).
Median time between CT angiography and
DW imaging was 31 minutes (IQR, 22—
41 minutes). Twenty-one patients (21%)
were found to have atrial fibrillation just
before imaging.

Clinical, demographic, and imaging
data are given in Table 3. Between pa-
tients imaged with protocol 1 (group 1;
n = 335) and those imaged with protocol
2 (group 2; n = 63), we observed no
difference in age, male sex, right hemi-
sphere involvement, median NIHSSS,
level of occlusion, time from symptom
onset to CT imaging, atrial fibrillation,
and administration of intravenous tPA
before imaging. The time from CT angi-
ography to MR imaging acquisition was

40 minutes in group 1, versus 27 minutes
in group 2 (P < .0001). However, the
time to MR imaging and DW imaging
infarct volume did not correlate signif-
icantly (p = 0.13 [P = .17] for all pa-
tients, p = 0.008 [P = .96] for group 1,
and p = 0.28 |P = .82] for group 2).
Table 4 shows the results of com-
parison of regions of hypoattenuation
on CT angiography source images and
hyperintensity volumes at DW imaging
according to protocol. Volume on CT
angiography source images was slightly
smaller than the volume at DW imaging
in group 1 (33.0 vs 41.6 mL, P = .01)
but was significantly larger in group 2
(94.8 vs 17.8 mL, P = .0001 [Fig 2]).
The median ratio of volume on CT an-
giography source images to volume at
DW imaging was 0.83 in group 1, ver-
sus 3.5 in group 2 (P < .0001). Patients
with an infarct volume at DW imaging
of less than 100 mL (or < 70 mL) were
found to have a volume on CT angiogra-
phy source images of greater than 100
mL (or > 70 mL) 44.4% (or 59.6%)

Radiology: \/olume 262: Number 2—February 2012 = radiology.rsna.org
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Table 4

Imaging Characteristics of Patients Imaged with Protocol 1 and Those Imaged with

Protocol 2

Imaging Characteristic

Protocol 1 (n=35)

Protocol 2 (n1=65)  PValue

Volume of hyperintense region
at DW imaging (mL)

Volume of hypoattenuating
region on CT angiography
source images (mL)

Ratio of volume on CT
angiography source images
to that on DW images

Volume on CT angiography
source images minus
volume on DW images (mL)

Overestimation of volume at
DW imaging by
20% or greaters

CT angiography source image
hypoattenuation volume greater
than 100 mL (or > 70 mL) with
DW imaging volume less than
100 mL (or < 70 mL)¥*

0.83 (0.54-1.0)

3/31(9.7)

0/24 And 0/21

41.6 (18.8-133.2)*

33.0(14.6-105.4)

—9.9(—26.7To 4.4)

17.8 (10.3-41.9)t .002*

94.8 (55.9-134.7) .002¢

3.5(1.6-7.4) <.0001*

54.4(27.4-96.7)  <.0001%

56/62 (90.3) <.0001"

28/63 (44.4)And  <.0001 And <.0001"

34/57 (59.6)

Note.—Unless otherwise specified, data are medians, with IQRs in parentheses.
* P=.01 (Wilcoxon signed rank test) for comparison with volume on CT angiography source images.
T P < .0001 (Wilcoxon signed rank test) with volume on CT angiography source images.

* Calculated with the Mann-Whitney U test.

§ Data are numbers of patients, with percentages in parentheses.

I Calculated with the Fisher exact test.

#In patients with a DW imaging volume of less than 100 mL (or < 70 mL).

of the time in group 2, but no such
overestimation was observed in group 1
(P < .0001). Finally, volume at DW
imaging was overestimated by at least
20% in 90.3% of patients in group 2,
versus in 9.7% of patients in group 1
(P < .0001).

The correlation between CT' angiog-
raphy source images and DW images was
significantly stronger for group 1 than
for group 2 (p = 0.91 vs 0.49, P < .001
[Fig 3a]). At Bland-Altman analysis
(Fig 3b), the mean ratio of infarct vol-
ume on CT angiography source images to
volume at DW imaging was 0.82 (limits
of agreement: 0.18,1.46) for group 1. In
contrast, the mean ratio for group 2 was
5.0 (limits of agreement: —2.9,12.9). Both
the means and the limits of agreement
were significantly different between the
protocols (P < .0001).

Between patients with and those
without marked (=20%) infarct volume

overestimation on CT angiography
source images, there were statistically
significant differences in table speed,
delay time, imaging direction (cranio-
caudal vs caudocranial), time to imag-
ing of the anterior circulation territory,
contrast material volume, contrast ma-
terial injection duration, and time from
CT angiography to DW imaging (P <
.001 for all; Table 2). In general, image
acquisition was already completed with
protocol 2 before it had even started
with protocol 1.

Although atrial fibrillation was not a
predictor of marked overestimation for
the entire cohort (P = .289), it was pre-
dictive in patients imaged with protocol
1 (P =.008), in which a fixed delay was
used. In multivariate logistic regression,
a shorter time to imaging of the anterior
circulation territory (odds ratio: 0.80;
95% CI: 0.74, 0.88) and the presence of
atrial fibrillation (odds ratio: 447; 95%

CI: 18.2, 11007) were independent
predictors of marked overestimation
(Table 2). This was also confirmed by
multivariate linear regression analysis
(Table E1 [online]), where a negative
correlation was found between time
to imaging of the anterior circulation
territory and both absolute difference
and ratio between infarct volume on
CT angiography source images and

that on DW images (coefficients,
—2.39 £ 0.30 [standard deviation]
and —0.138 = 0.02, respectively; P

< .001). The presence of atrial fibril-
lation correlated positively with both
absolute difference and ratio between
infarct volume on CT angiography
source images and that on DW im-
ages (coefficients, 30.49 = 11.1 and
2.24 = 0.92, respectively; P < .02).
Finally, a time of 38 seconds to imag-
ing of the middle of the anterior cir-
culation territory demonstrated good
discrimination between good and poor
agreement between infarct volume on
CT angiography source images and
that on DW images (Fig 4).

The intraclass correlation coeffi-
cient for CT angiography source im-
ages in protocol 1 was 0.998 (95% CI:
0.995, 0.999), while it was 0.958 (95%
CI: 0.882, 0.980) for protocol 2 (P <
.0001). In Bland-Altman analysis (Fig 5)
for protocol 1, reader 1 underestimated
infarct volume on CT angiography source
images by a mean of 2.1 mL compared
with reader 2 (limits of agreement [95%
Cl for differences|: 6.7, —11.0 mL).
For protocol 2, the mean difference
between reader 1 and 2 was —7.9 mL
(limits of agreement: 16.7, —32.4 mL).
Both mean differences and limits of
agreement were significantly different
between the two CT angiography pro-
tocols (P < .001).

The intraclass correlation coeffi-
cient for DW imaging in group 1 was
0.996 (95% CI: 0.992, 0.998), while
it was 0.995 (95% CI: 0.991, 0.997)
for group 2 (P > .05). Bland-Altman
analysis (Fig E1 [online]) demonstrated
good agreement between reader 1 and
reader 2 for both groups, with mean
differences and limits of agreement sim-
ilar to those for CT angiography source
images obtained with protocol 1.
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Figure 2

Figure 2:  Axial, A, C, CT angiography source images and, B, D, DW images. Ischemic lesions are outlined in red. A, B, Images in
65-year-old woman with NIHSSS of 16 and right ICA and MCA M1 occlusion imaged with protocol 1. A, CT angiography source
images were acquired 5 hours 20 minutes after symptom onset, and, B, DW images were acquired 20 minutes after the CT
examination. The hypoattenuating area in A (13.1 mL) matches the area of decreased diffusion in B(15.2 mL). C, D, Images in
66-year-old woman with NIHSSS of 16 and right MCA M1 occlusion imaged with protocol 2. C, CT angiography source images
were acquired 4 hours 30 minutes after symptom onset, and, D, DW images were acquired 23 minutes after the CT examina-

tion. The hypoattenuating area in C (159.5 mL) is much larger than the lesion in D (25.3 mL).

In patients with anterior-circulation
acute ischemic stroke who are imaged
within 9 hours of symptom onset, the
extent of hypoattenuation on CT an-
giography source images varies with
the acquisition protocol. Specifically,
we demonstrated that hypoattenuating

volumes on CT angiography source im-
ages obtained with our newer, rapid
CT angiography protocol represented
significantly overestimated volumes of
restricted diffusion at concurrent DW
imaging, while analysis of images ob-
tained with our older, slower protocol
revealed reasonable agreement and no

consistent overestimation compared
with DW imaging infarct volumes. In-
terrater agreement was worse with the
new protocol than with the old pro-
tocol. Additionally, atrial fibrillation,
likely a marker for reduced cardiac
output, and shorter time from contrast

material injection to image acquisition

Radiology: \/olume 262: Number 2—February 2012 = radiology.rsna.org
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Figure 3: (a) Scatterplot shows correlation between infarct volume on CT angiography source images (CTA-S/) and that on DW images (DWI)

for protocol 1 (@) (p = 0.912) and protocol 2 (O) (p = 0.494). (b) Bland-Altman plot shows agreement between infarct volume on CT angiog-
raphy source images and that on DW images for protocol 1 (@) (mean, 0.82) and protocol 2 (O) (mean, 5.0). Dotted line = line of equality.
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Figure 4:  Graphs show (a) absolute difference and (b) ratio between infarct volume on CT angiography source images (CTA-S/) and that on
DW images (DWWI) versus mean time to imaging of the anterior circulation (AC) territory. At imaging times of less than 38 seconds, volume is
overestimated at DW imaging in the majority of cases. Dashed line = line of equality.

of the ischemic territory independently
predicted significant lesion overestima-
tion on CT angiography source images.

If confirmed, these findings would
have major implications for clinical prac-
tices that use CT angiography source
images to evaluate brain parenchyma
and estimate infarct core size and for
clinical trials (29-31) that are designed
to select patients for thrombolysis on

the basis of a mismatch between infarct
size on CT angiography source images
and mean transit time abnormality on
perfusion CT images. In particular, in-
farct overestimation on CT angiography
source images could lead to inappropri-
ate exclusion of patients who may ben-
efit from treatment. With our current,
rapid CT angiography protocol, approx-
imately 45%-60% of patients would

have been inappropriately excluded from
treatment on the basis of absolute
thresholds. It needs to be stated, how-
ever, that neither the mismatch concept
nor absolute infarct size at DW imag-
ing is currently recommended outside
approved clinical trials as a method of
selecting patients for treatment. Impor-
tantly, many centers are using similar
protocols to ours, including protocols
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Figure 5:  Bland-Altman plots of interrater agreement for CT angiography source images (CTA-SI) according to protocol show that (a) protocol
1 resulted in good agreement, with a mean difference of —2.1 mL and narrow limits of agreement (6.7, —11.0 mL), while with (b) protocol 2,
the mean difference was —7.9 mL, with limits of agreement of 16.7, —32.4 mL. Dotted line = line of equality.

that involve craniocaudal imaging (15),
a shortened delay time (16), and in-
creased table speed (32).

Our finding that evaluation of acute
ischemia with CT angiography source
images is protocol dependent reflects
the pathophysiology of ischemic stroke.
While DW imaging images the differ-
ences in Brownian motion of protons in
water, CT angiography source images
provide an approximation of CBV un-
der the assumption of a steady state be-
tween arterial and parenchymal contrast
material (13,14). Attenuation values of
brain tissue on CT angiography source
images are directly proportional to the
amount of contrast material that has
arrived within the parenchyma at the
time of imaging. When a proximal ce-
rebral artery is occluded, the affected
territory is supplied by the collateral
circulation, prolonging contrast mate-
rial arrival time even in the setting of
sufficient blood flow. Earlier CT angi-
ography image acquisition prevents
contrast material from traversing the
collateral vessels and reaching the dis-
tal bed, thereby increasing the area
of hypoattenuation. This explains why
time to imaging was an independent
predictor of volume overestimation on
CT angiography source images in this
study. Similarly, atrial fibrillation, as a
surrogate for low cardiac output, creates

a situation where blood flow via collat-
eral vessels is delayed. Insufficient de-
lay time is also the most likely expla-
nation for the findings of Sharma et al
(18), who concluded that CT angiogra-
phy source images appear to be CBF
weighted instead of CBV weighted. In
their study, they used a 5-10-second
delay time, which, according to our
data, would be too short. In contrast,
Wittkamp et al (33) triggered CT image
acquisition at peak enhancement of the
superior sagittal sinus, ensuring suffi-
cient delay times. Furthermore, they
performed CT angiography after perfu-
sion CT, so that contrast material from
the perfusion CT study had enough time
to reach the ischemic bed by the time
of CT angiography image acquisition.
As a result, they found good correla-
tion between CT angiography source
images and CBV. Results of initial studies
(10,11) demonstrating a close approxi-
mation in infarct size between CT an-
giography source images and DW im-
ages also likely used a sufficient delay
time. The fact that this issue was not
detected earlier probably relates to the
inability of older CT scanners to image
at speeds similar to those of current
scanners. On the basis of our findings,
we suggest that when CT angiography
source images are used to evaluate the
parenchyma during ischemic stroke, a

protocol that is empirically validated to
provide a good estimate of the infarct
core be established at each institution.

Unfortunately, there are trade-offs
between vessel and parenchymal imag-
ing with CT angiography. The primary
goals of our CT angiography protocol
optimization were to speed evaluation
and to improve visualization of the in-
tracranial arteries, allowing for better
characterization of vessel occlusions,
stenoses, and aneurysms. The longer
delay required for parenchymal eval-
uation would prevent vessel opacifica-
tion in the early arterial phase. To solve
this problem, two protocols could be
implemented, one performed early for
optimal visualization of the intracranial
arteries, and a second performed with
an appropriate delay to evaluate the
brain parenchyma. Our data suggest
that a delay of at least 40 seconds may
be sufficient. While we found an under-
estimation of DW imaging volumes us-
ing such a delay, the differences were
relatively small, and there remained
a strong correlation between the two
techniques such that CT angiography
source images acquired with this delay
provided a reasonable approximation of
the infarct core.

Our study limitations included its
retrospective design. Therefore, there was
a shorter time between CT angiography
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and DW imaging in the protocol 2 co-
hort, but this was not an independent
predictor of lesion overestimation. Be-
cause DW imaging volumes were smaller
in group 2 despite group 1 and group 2
having similar NIHSSSs, we cannot ex-
clude DW imaging infarct underestima-
tion in this group. However, given the
minimal variations in DW imaging pro-
tocol and the use of the same MR im-
aging unit throughout the study period,
this possibility seems unlikely. An alter-
native explanation for the difference in
DW imaging infarct size is that despite
similar NIHSSSs in the two groups, pa-
tients in group 2 had better collateral
vessels. It has been shown that with
proximal occlusions, the strength of the
collateral vessels is inversely correlated
with the size of the infarct core (23,34).
However, if the collateral vessels were
indeed better in patients in group 2,
this difference would be unlikely to ex-
plain the significant overestimation on
CT angiography source images of the
DW imaging infarct volume seen in
these patients. On the contrary, better
collateral blood flow would be expected
to improve the correlation between CT
angiography source image and DW im-
aging lesion volumes by allowing the
contrast material to reach the ischemic
bed more quickly. Owing to the static
nature of CT angiography imaging, we
could not assess the strength of the col-
lateral circulation (eg, timing and ex-
tent) in our patient cohort.

Another limitation was our use of
DW imaging as the reference standard
for assessment of the infarct core. It
has been demonstrated that hyper-
intense regions at DW imaging can
reverse themselves (35-38), but re-
cently (39) this was shown to be a rare
event, with insignificant volumes of re-
versal when tissue shrinkage was taken
into account. Moreover, such reversal
at DW imaging does not improve clin-
ical outcome (37,40), and delayed re-
growth into previously affected areas
occurs (35,36), even with successful
reperfusion (41,42). Second, areas of
restricted diffusion in acute stroke have
been shown to represent several path-
ophysiologic processes (43,44), such
as tissue acidosis (45), CBF above the

viability threshold (46,47), and cere-
bral metabolic rate of oxygen (CMRO,)
below the viability threshold (48). How-
ever, because of the possibility of spon-
taneous reperfusion in acute ischemic
stroke, CMRO, better differentiates be-
tween irreversible and reversible neu-
ronal damage than CBF (49,50). Spon-
taneous reperfusion also challenges the
use of MR imaging— or CT-measured
CBV as an alternative to estimating the
infarct core at DW imaging. With rep-
erfusion of the core, CBV may be nor-
mal despite the presence of irreversibly
damaged tissue (51). Moreover, lesion
volume at acute DW imaging correlates
highly with that at flumazenil positron
emission tomography (52), a marker
for neuronal integrity (53), and is sim-
ilar to final infarct volume in patients
with successful recanalization but not
in patients with persistent occlusion
(12,54). Despite these limitations, DW
imaging is widely regarded as the best
imaging modality for estimating the in-
farct core in the acute setting.

Finally, we cannot exclude that rep-
erfusion occurred between CT angiog-
raphy and MR imaging. We excluded
patients in whom thrombolytic agents
were administered between CT angi-
ography and MR imaging, but approx-
imately one-third of patients received
intravenous tPA before CT angiography.
We included only patients with occlu-
sions that were identifiable at CT an-
giography because a high proportion
of patients with proximal occlusions
will have a mismatch (55) and because
proximal occlusions are poorly respon-
sive to intravenous tPA (56). The time
window of 9 hours was chosen because
it is the longest time after stroke where
there is clinical evidence to support a
beneficial treatment effect in patients
who are selected on the basis of imag-
ing findings (4,5).

In summary, CT angiography proto-
col changes designed to speed imaging
and optimize arterial opacification are
associated with significant overestima-
tion on CT angiography source images
of the region of restricted diffusion at
concurrent DW imaging, which may
lead to inappropriate exclusion of pa-
tients who may benefit from treatment.

Significant overestimation occurs with
shortened time from contrast material
injection to imaging of the ischemic ter-
ritory and with atrial fibrillation.
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