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ABSTRACT

BACKGROUND AND PURPOSE: DCl is a serious complication following aneurysmal SAH and remains a leading cause of morbidity and
mortality. Our aim was to evaluate CTP in aneurysmal SAH by using outcome measures of DCI.

MATERIALS AND METHODS: This was a retrospective study of consecutive patients with SAH enrolled in a prospective institutional
review board-approved clinical accuracy trial. Qualitative CTP deficits were determined by 2 neuroradiologists blinded to clinical and
imaging data. Quantitative CTP was performed by using a standardized protocol with region-of-interest placement sampling of the cortex.
Primary outcome measures were permanent neurologic deficits and infarction. The secondary outcome measure was DCI, defined as
clinical deterioration. CTP test characteristics (95% Cl) were determined for each outcome measure. Statistical significance was calculated
by using the Fisher exact and Student t tests. ROC curves were generated to determine accuracy and threshold analysis.

RESULTS: Ninety-six patients were included. Permanent neurologic deficits developed in 33% (32/96). CTP deficits were seen in 78%
(25/32) of those who developed permanent neurologic deficits and 34% (22/64) of those without (P < .0001). CTP deficits had 78%
(61%—89%) sensitivity, 66% (53%—76%) specificity, and 53% (39%—67%) positive and 86% (73%—93%) negative predictive values. Infarction
occurred in 18% (17/96). CTP deficits were seen in 88% (15/17) of those who developed infarction and 41% (32/79) of those without (P =
.0004). CTP deficits had an 88% (66%—97%) sensitivity, 59% (48%—70%) specificity, and 32% (20%—46%) positive and 96% (86%—99%)
negative predictive values. DCl was diagnosed in 50% (48/96). CTP deficits were seen in 81% (39/48) of patients with DCl and in 17% (8/48)
of those without (P < .0001). CTP deficits had 81% (68%—90%) sensitivity, 83% (70%—91%) specificity, and 83% (70%—91%) positive and 82%
(69%—90%) negative predictive values. Quantitative CTP revealed significantly reduced CBF and prolonged MTT for DCI, permanent
neurologic deficits, and infarction. ROC analysis showed that CBF and MTT had the highest accuracy.

CONCLUSIONS: CTP may add prognostic information regarding DCl and poor outcomes in aneurysmal SAH.

ABBREVIATIONS: AUC = area under the curve; Cl = confidence interval; DCl = delayed cerebral ischemia; ROC = receiver operating characteristic analysis; SE =
standard error

Cl is a serious complication following aneurysmal SAH and ~ opment of DCI, in which severe arterial narrowing may result in

remains the leading cause of morbidity and mortality. Symp-
toms typically develop between 4 and 14 days after aneurysm rup-
ture. Vasospasm is considered a contributing factor to the devel-
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decreased cerebral blood flow. Early diagnosis and prompt treat-
ment of DCI are focused primarily on preventing its devastating
sequelae of permanent neurologic deficits, cerebral infarction,
and death.

Currently, there are several methods used in clinical practice
to support a diagnosis of DCI, including clinical examination,
neurologic monitoring devices, transcranial Doppler sonogra-
phy, CTA, CTP, MR imaging with diffusion and perfusion imag-
ing, and DSA. Often, the clinical and imaging findings do not
correlate; this difference may lead to delayed diagnosis and incon-
sistent terminology used to describe DCI. As a result, it has be-
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come challenging to understand the true impact of imaging and
interventions in this patient population. Recent expert consensus
has recommended a uniform definition of DCI and its outcomes
for use in clinical research.' The primary outcome measures of
DCI are functional disability and cerebral infarction not attrib-
uted to other causes. The diagnosis of DCI, defined by clinical
deterioration, is reccommended as a secondary outcome measure
because it is suspected of having lower interobserver agreement
rates.! Together, these outcome measures capture the most rele-
vant elements of cerebral ischemia after SAH and therefore are
valuable for assessing imaging and treatment strategies for DCI.
Furthermore, the term “vasospasm” is reserved for arterial nar-
rowing on imaging studies and is not recommended for use as an
outcome measure itself because almost half of patients with severe
vasospasm do not have DCL.?

Several studies support the use of perfusion imaging for detec-
tion of hemodynamic disturbances thought to occur in DCI and
vasospasm.””” There are several advantages in using CTP in this
critically ill population, including its noninvasiveness, short ac-
quisition time, widespread availability, and limited patient con-
traindications. Additionally, CTP deficits have been shown to
have high sensitivity and specificity for detection of DCI and va-
sospasm.””” However, to our knowledge, few studies have evalu-
ated CTP by using outcome measures of DCI to fully understand
its impact in this patient population. CTP has the potential to add
important prognostic information regarding poor outcomes for
guiding management and treatment decisions.

The purpose of this study was to evaluate qualitative and
quantitative CTP by using the primary and secondary outcome
measures of DCI in aneurysmal SAH. The primary outcome mea-
sures were permanent neurologic deficits and infarction. The sec-
ondary outcome measure was DCI, defined as clinical deteriora-
tion. Our hypothesis was that there are significant differences in
the CTP parameters in patients with DCI and poor outcomes;
therefore, CTP may have the potential to provide valuable prog-
nostic information.

MATERIALS AND METHODS

Study Design

A retrospective cohort study of 104 consecutive patients with an-
eurysmal SAH enrolled in a prospective institutional review
board—approved clinical accuracy trial from December 2004 to
December 2008 was performed. Inclusion criteria were adult pa-
tients (18 years of age and older) with documented aneurysmal
SAH at admission based on initial noncontrast head CT, CSF
analysis, CTA, and/or DSA. Exclusion criteria were CTP per-
formed after treatment of DCI or after cerebral infarction oc-
curred. All subjects in the study underwent surgical clipping
and/or endovascular coiling for aneurysm repair and were mon-
itored in the neurologic intensive care unit, as per the usual stan-
dard of care. Chart review was performed for the clinical and
demographic characteristics of the study population. Close clini-
cal observation assessed clinical deterioration not explained by
other causes such as aneurysm rebleeding, intracranial hemor-
rhage, hydrocephalus, infection, metabolic disturbance, and sei-
zure. Patients were evaluated for treatment on the basis of clinical
deterioration, neurologic monitoring, transcranial Doppler

sonography, and DSA. Discharge status was classified as home,
rehabilitation care facility (acute rehabilitation or long-term
skilled nursing), and death.

Outcome Measures

The outcome measures for this study were based on the most
relevant clinical and imaging criteria recommended by the recent
expert consensus for use in research studies investigating DCL."
The primary outcome measures included the following: 1) cere-
bral infarction on CT or MR imaging within 6 weeks after SAH,
which was not present on imaging up to 48 hours after aneurysm
occlusion and was not attributable to other causes such as surgical
clipping, endovascular treatment, ventricular catheter placement,
and intraparenchymal hematoma' (this definition of cerebral in-
farction has been used to effectively exclude primary brain dam-
age from SAH and/or surgical interventions), and®® 2) perma-
nent neurologic deficit on clinical examination, distinct from the
deficit at baseline, produced by aneurysm rupture or surgical in-
tervention, and not attributable to other causes.

The secondary outcome measure was DCI, defined as clinical
deterioration with the occurrence of focal neurologic impairment
(such as hemiparesis, hemiplegia, aphasia, and so forth) or a de-
crease of at least 2 points on the Glasgow Coma Scale that was not
apparent immediately after aneurysm occlusion and was not at-
tributed to other causes by clinical assessment, CT or MR imag-
ing, and laboratory studies.

CTP Protocol, Postprocessing, and Data Collection

CTP was performed during the typical time period for DCI, be-
tween days 6 and 8, in asymptomatic patients and on the same day
that clinical deterioration occurred in symptomatic patients.
There is a standard scanning protocol for CTP at our institution
by using LightSpeed or Pro 16 scanners (GE Healthcare, Milwau-
kee, Wisconsin) with cine 4i scanning mode and a 45-second ac-
quisition at 1 rotation per second with 80 kV(peak) and 190 mA.
A scanning volume of 2.0 cm was used, consisting of 4 sections at
5.0-mm thickness with its inferior extent selected at the level of
the basal ganglia, above the orbits, to minimize radiation expo-
sure to the lenses. Approximately 45 mL of nonionic iodinated
contrast was administered intravenously at 5 mL/s by using a
power injector with a 5-second delay.

Postprocessing of the acquired images into CBF, MTT, and
CBV maps was performed on an Advantage Workstation by using
CTP software, Version 3.0 (GE Healthcare). This software uses a
deconvolution method, which is considered most accurate for
low-contrast-injection rates.'® The postprocessing technique was
standardized for all patients according to recommended guide-
lines'" with the arterial input function as the A2 segment of the
ACA'? and venous function as the superior sagittal sinus.

The perfusion maps were qualitatively evaluated by 2 neuro-
radiologists (with 7 and 10 years’ experience) blinded to clinical
and imaging data, to determine the presence of perfusion deficits,
de-
fined as areas of decreased CBF and/or elevated MTT. Focal per-
fusion abnormalities due to the primary hemorrhagic event and
surgical intervention, as identified on the acquired images from
the CTP dataset, were not included as perfusion deficits related to
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DCI. After the images were reviewed independently, consensus
judgment was determined.

Quantitative analysis was conducted by using a standardized
method with contiguous region-of-interest placement, measur-
ing 157 mm?, sampling the cerebral cortex. Each CTP section had
up to 24 ROIs distributed in the following territories: approxi-
mately 6 ROIs in the anterior cerebral artery, 12 in the MCA, and
6 in the posterior cerebral artery. CTP studies were analyzed with
readers blinded to all clinical and imaging data to limit test-review
bias.

Statistical Analysis

Only CTP examinations performed before treatment for DCI and
before infarction were included in the analysis, to minimize con-
founding bias because both treatment and infarction may affect
the perfusion maps. The incidence of qualitative CTP deficits was
calculated for each outcome group. Two-tailed P values were cal-
culated by using the Fisher exact test to determine statistical sig-
nificance. CTP test characteristics (sensitivity, specificity, and
positive and negative predictive values) were determined by using
2 X 2 contingency tables, and the 95% CI was calculated.

Quantitative CTP data were analyzed by calculating the mean
CBF, CBV, and MTT and their SDs for each outcome group. For
patients with focal perfusion deficits, ROIs within the affected
region were isolated and arithmetic means were calculated. In
patients without focal deficits, all ROIs for all 4 section locations
were included in the arithmetic means. To minimize the contri-
bution of vascular pixels from large vessels, we excluded CBF
values of >100 mL/100 g/min from the statistical analysis and did
not use these in calculating the mean CBF, CBV, and MTT, be-
cause this method has been published in the evaluation of isch-
emia.'” The ROIs in the perfusion abnormalities due to the pri-
mary hemorrhagic event and/or surgical intervention were not
included in the statistical analysis. The normality of the distribu-
tion of continuous variables was assessed by plotting histograms
and the Shapiro-Wilks test. A Student 2-tailed ¢ test was used to
determine statistical significance, accepted at P < .05. The statis-
tical analysis was performed by using GraphPad software (Graph-
Pad Software, La Jolla, California).

ROC curves were generated for each CTP parameter with its
95% CI by using the maximum-likelihood fit of a binormal
model. The AUC and SE were calculated to quantify accuracy.
Diagnostic threshold values were determined by using the north-
west corner method, representing the point value on the ROC
curve with the greatest discrimination ability between outcome
groups. The statistical ROC analysis was performed by using the
JLABROC4 1.01 software program (Johns Hopkins University,
Baltimore, Maryland).

Using the statistical methods described, we performed a sub-
group analysis to evaluate CTP in the DCI (symptomatic) and no
DCI (asymptomatic) groups separately, for the primary outcome
measures of permanent neurologic deficits and infarction.

RESULTS

Study Population Characteristics

A total of 96 patients with aneurysmal SAH were included in the
statistical analysis from the 104 patients enrolled in the prospec-
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Table 1: Clinical and demographic characteristics of the study
population

All DClI No DCI
(n=96) (n=48) (n=48)
Age (yr) (mean) 50.5 52.5 48.5
Range 28-80 29-80 28-78
Female 74% (71/96)  77% (37/48) 71% (34/48)
Male 26% (25/96)  23% (11/48)  29% (14/48)
Aneurysm location
Anterior 92% (88/96) 94% (45/48) 90% (43/48)
Posterior 8% (8/96) 6% (3/48) 10% (5/48)
Aneurysm treatment
Surgical clipping 55% (53/96) 58% (28/48) 52% (25/48)
Endovascular coiling ~ 45% (43/96) 42% (20/48) 48% (23/48)
Hunt and Hess
Low, grades 1and 2 50% (48/96) 37% (18/48) 63% (30/48)
High, grades 3,4,and 5 50% (48/96) 63% (30/48) 37% (18/48)

Table 2: Mean quantitative CTP parameters and SD for the
primary outcome measures of permanent neurologic deficits and
infarction

Neurologic No
Deficits No Deficit Infarction Infarction
(n=32) (n=64) P (n=17) (n=79) P

Mean SD Mean SD Value Mean SD Mean SD Value
CBF 28.68 14 35.5 1345 .0231 26.83 13.34 34.61 13.76 .0362
CBY 198 072 188 053 4429 193 0.82 191 0.54 9006
MTT 719 392 533 206 .0029 7.8 42 555 245 .0037

tive clinical accuracy trial. Eight patients were excluded for the
following reasons: CTP examinations were not performed before
treatment for DCI (n = 4), CTP acquired data were not retriev-
able from the archives for postprocessing (n = 3), and postpro-
cessing could not be performed due to severe motion degradation
(n=1). The clinical and demographic characteristics of the study
population are shown in Table 1. Given that Hunt and Hess
grades on admission are a clinical predictor of DCI, our study
population revealed that almost two-thirds of patients with DCI
had high Hunt and Hess grades, whereas almost two-thirds of
patients without DCI had low Hunt and Hess grades. Qualitative
CTP deficits were seen in 49% (47/96) of patients. CTP was per-
formed at a median of day 7 after aneurysm rupture.

Primary Clinical Outcome: Permanent Neurologic Deficit

Permanent neurologic deficits occurred in 33% (32/96) of pa-
tients, and the remaining 67% (64/96) had no deficit. Qualitative
CTP deficits were seen in 78% (25/32) of patients who developed
permanent neurologic deficits and in 34% (22/64) who did not
(P <.0001). The test characteristics (95% CI) of qualitative CTP
deficits for detecting patients who develop permanent neurologic
deficits were 78% (61%—89%) sensitivity, 66% (53%—-76%) spec-
ificity, and 53% (39%-67%) positive and 86% (73%-93%) neg-
ative predictive values. Table 2 demonstrates the mean quantita-
tive CTP parameters for these outcome groups. Figure 1A displays
the ROC curves for each CTP parameter for detecting patients
who develop permanent neurologic deficits. The diagnostic accu-
racy (SE) for each CTP parameter is 0.66 (0.06) for CBF, 0.48
(0.06) for CBV, and 0.66 (0.06) for MTT. The CBF threshold of 25
mL/100 g/min (75% sensitivity, 50% specificity) and an MTT of
4.8 seconds (70% sensitivity, 50% specificity) were determined.
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FIG 1. ROC curves for each CTP parameter for the outcomes of permanent neurologic deficits (A), cerebral infarction (B), and DCI (C). Gray

curves indicate the upper and lower 95% confidence intervals.

Primary Imaging Outcome: Cerebral Infarction

Infarction occurred in 18% (17/96) of patients, and the re-
maining 82% (79/96) had no infarction. Qualitative CTP def-
icits were seen in 88% (15/17) of patients who developed in-
farction and 41% (32/79) who did not (P = .0004). The test
characteristics (95% CI) of qualitative CTP deficits for detect-
ing patients who develop infarction were 88% (66%-97%)
sensitivity, 59% (48%—70%) specificity, and 32% (20%—46%)
positive and 96% (86%-99%) negative predictive values. Table
2 demonstrates the mean quantitative CTP parameters in these
outcome groups. Figure 1B displays the ROC curves for each
CTP parameter for detecting patients who develop infarction.
The diagnostic accuracy (SE) for each CTP parameter was 0.67
(0.07) for CBF, 0.53 (0.09) for CBV, and 0.72 (0.07) for MTT.
A CBF threshold of 24 mL/100 g/min (73% sensitivity, 50%

specificity) and an MTT of 5.4 seconds (73% sensitivity, 60%
specificity) were determined.

Secondary Outcome: DCI

DCI, defined as clinical deterioration, was determined in 50%
(48/96) of patients, and the remaining 50% (48/96) were without
DCI. Qualitative CTP deficits occurred in 81% (39/48) of patients
with DCI and 17% (8/48) of those without DCI (P < .0001). The
test characteristics (95% CI) of qualitative CTP deficits for detect-
ing DCI were 81% (68%-90%) sensitivity, 83% (70%-91%) spec-
ificity, and 83% (70%-91%) positive and 82% (69%—-90%)
negative predictive values. Table 3 demonstrates the mean quan-
titative CTP parameters in these outcome groups. Figure 1C dis-
plays the ROC curve for each CTP parameter for detecting DCI.
The diagnostic accuracy (SE) for each CTP parameter was 0.81
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Table 3: Mean quantitative CTP parameters and SD for the
secondary outcome measure of DCI?

DCI No DCI

(n=48) (n=48)
Mean SD Mean SD P Value
CBF 26.62 13.25 39.84 n.32 <.0001
CBV 183 0.67 2 0.5 1622
MTT 7.2 35 47 14 <.0001

#DCl is defined as clinical deterioration.

(0.04) for CBF, 0.61 (0.06) for CBV, and 0.78 (0.05) for MTT. A
CBF threshold of 30.5 mL/100 g/min (78% sensitivity, 70% spec-
ificity) and an MTT of 5.0 seconds (72% sensitivity, 70% specific-
ity) were determined.

The discharge status for the study population is shown in On-
line Table 1.

Subgroup Analysis

CTP was further evaluated in the DCI (symptomatic) and no DCI
(asymptomatic) groups separately by using the primary outcome
measures. In the DCI group, 54% (26/48) of patients had perma-
nent neurologic deficits and the remaining 46% (22/48) did not.
Qualitative CTP deficits were seen in 85% (22/26) of patients who
developed permanent neurologic deficits and in 77% (17/22) of
those who did not (P = .7131). Infarction occurred in 31% (15/
48) of patients, and the remaining 69% (33/48) were without it.
Qualitative CTP deficits were seen in 93% (14/15) of patients who
developed infarction and in 76% (25/33) of those who did not
(P = .2389). Furthermore, there were no statistically significant
differences in the mean quantitative CTP values between patients
with and without permanent neurologic deficits or infarction in
the DCI group (On-line Table 2).

In the no DCI group, 12% (6/48) of patients had permanent
neurologic deficits and the remaining 88% (42/48) did not. Qual-
itative CTP deficits were seen in 50% (3/6) of patients who devel-
oped permanent neurologic deficits and in 12% (5/42) of those
who did not (P = .0497). Infarction occurred in 4% (2/48) of
patients, and the remaining 96% (46/48) were without. Qualita-
tive CTP deficits were seen in 50% (1/2) of patients who devel-
oped infarction and in 15% (7/46) of those who did not (P =
.3085). Furthermore, there were no statistically significant differ-
ences in the mean quantitative CBF and CBV values between pa-
tients with and without permanent neurologic deficits or infarc-
tion in the no DCI group (On-line Table 3). However, there was a
statistically significant difference in MTT for patients with perma-
nent neurologic deficits (P = .0196) and borderline significance
for infarction (P = .054).

DISCUSSION

DCl is a complex state described as clinical deterioration that may
lead to cerebral infarction and permanent neurologic impair-
ment. The diagnosis of DCI in aneurysmal SAH remains challeng-
ing due to the difficulty of adequately assessing critically ill and
comatose patients. Therefore, imaging has been used as addi-
tional evidence to support a diagnosis of DCI, particularly in the
management and treatment decision-making. Arterial narrowing
on imaging studies, such as transcranial Doppler sonography,
CTA, and DSA, has been used to detect vasospasm as proof of
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concept for the diagnosis of DCI. Current recommendations ad-
vise that vasospasm should be evaluated in conjunction with evi-
dence of clinical deterioration." It is important to recognize that
though severe vasospasm may decrease cerebral perfusion, it may
not result in DCL

In recent years, CTP has been added as complementary imag-
ing to CTA and DSA to evaluate hemodynamic disturbances
thought to occur in DCI. Perfusion deficits are described as focal
regions of reduced CBF and/or prolonged MTT. However, global
perfusion abnormalities have also been observed in patients with
DCL ' Few studies in the literature have evaluated CTP by using
DCI defined as clinical deterioration. Dankbaar et al® investigated
the diagnostic value of CTP for DCI after clinical deterioration in
39 patients with SAH. Qualitative CTP was reported to have 84%
(65%—-94%) sensitivity, 79% (52%-92%) specificity, and 88%
(69%-96%) positive and 73% (48%—89%) negative predictive
values.® In our larger cohort study, CTP deficits occurred more
often in patients with DCI (P <.0001) and had test characteristics
similar to those previously reported. We found 81% (68%-90%)
sensitivity, 83% (70%-91%) specificity, and 83% (70%-91%)
positive and 82% (69%-90%) negative predictive values.

More recently, investigations have focused on using quantita-
tive CTP and determining the best diagnostic threshold for deter-
mining DCIL. Dankbaar et al*'® reported significantly reduced
CBF and prolonged MTT in patients with DCI. The diagnostic
accuracy was calculated from the AUC as 71% CBF, 57% CBV,
and 76% MTT.* In this study, optimal diagnostic threshold values
were reported as an MTT of 5.9 seconds (70% sensitivity, 77%
specificity) and CBF of 36.3 mL/100 g/min (74% sensitivity, 63%
specificity).* Again, our study revealed similar results with signif-
icantly reduced CBF and prolonged MTT in patients with DCI
(P <.0001). The diagnostic accuracy, also measured by the AUC,
was highest for CBF (0.81) and MTT (0.78). Our threshold anal-
ysis revealed a CBF of 30.5 mL/100 g/min (78% sensitivity, 70%
specificity) and an MTT of 5.0 seconds (72% sensitivity, 70%
specificity).

There is limited literature for studies that have evaluated CTP
by using outcome measures of DCI, as defined by the recent ex-
pert consensus.' Pham et al'® reported that qualitative analysis of
TTP maps demonstrated 93% sensitivity and 67% specificity for
prediction of infarction. On quantitative analysis, the odds ratio
(95% CI) was 1.4 (1.07-1.82) for 1 second of side-to-side delay in
TTP. Furthermore, Lagares et al'” described acute perfusion
changes after SAH and reported that an MTT of >5.9 seconds is
associated with a 20-fold risk of poor outcomes on the Glasgow
Outcome Scale with a 90% positive predictive value. In our study,
CTP deficits occurred more frequently in patients who developed
poor outcomes of permanent neurologic deficits (P < .0001) and
infarction (P = .0004), with high sensitivity and negative predic-
tive values. Figure 2 demonstrates a qualitative CTP deficit in a
patient who developed infarction. On the other hand, the high
negative predictive values of CTP add valuable information in
patients who may have lower probability of developing poor out-
comes. Furthermore, quantitative analysis revealed again that
CBF and MTT had the highest diagnostic accuracy for detecting
patients who developed these primary outcome measures with
similar threshold values determined for permanent neurologic



FIG 2. An 88-year-old woman status post surgical clipping of a left posterior communicating artery aneurysm. On day 7, she developed left
upper and lower extremity motor deficits. Initial noncontrast CT (not shown) revealed no evidence of acute infarction, new hemorrhage, or
hydrocephalus to explain the new onset of symptoms. CTP demonstrates a large right-sided perfusion deficit with elevated MTT (A) and
reduced CBF (B) in the right MCA territory (arrows). Noncontrast CT (C) performed on day 21shows an infarction involving the right insular region

(arrows) corresponding to the CTP deficit.

deficits and infarction. Specifically, the CBF threshold of 24-25
mL/100 g/min for permanent neurologic deficits and infarction is
slightly lower than the CBF threshold for DCI, indicating the pos-
sibility of differentiating these outcome measures in future pro-
spective studies.

In our subanalysis of patients with no DCI (asymptomatic),
there was borderline significance of qualitative CTP deficits oc-
curring more often in patients who developed permanent neuro-
logic deficits (P = .0497). Quantitative analysis demonstrated sig-
nificantly prolonged MTT in patients who developed permanent
neurologic deficits (P = .0196) and borderline significance in
MTT for infarction (P = .054). However, in the patients with DCI
(symptomatic), there were no significant differences in the qual-
itative or quantitative CTP for patients who had poor outcomes.
This subanalysis is limited by the small sample sizes in the
outcome groups. In addition, we found that the DCI group had
significantly more patients discharged to rehabilitation facili-
ties, whereas the no DCI group had more patients discharged
to home. Although it was not statistically significant, there was
also a trend toward increased mortality in the DCI group.
These findings suggest that even with current treatment regi-
mens, patients with DCI develop worse outcomes with in-
creased morbidity and mortality.

We acknowledge several limitations in this study. We collected
the outcomes data retrospectively. In addition, CTP provided
limited brain coverage for the evaluation of perfusion deficits.
However, emerging CT technology should continue to improve
and provide broader coverage to which these findings may apply.
Another limitation is that the region of CTP imaging was not
coordinated with the location of the region referable to symp-
toms. Therefore, it is conceivable that this region may not have
been imaged on CTP or was possibly averaged with a larger region
of normal perfusion, resulting in increased false-negatives and
lower accuracy in our study. We did not use clinical information
to select the region of imaging, to reduce work-up and observer
bias by not having knowledge of the clinical examination before

CTP scanning and interpretation. Last, there is an inherent limi-
tation in using quantitative CTP findings for clinical decision-
making. Careful interpretation of absolute threshold values is rec-
ommended because these are only valid for the constellation of
the type of hardware equipment and software programs used in a
specific study. Thereby, standardization and validation of CTP
methodology and postprocessing techniques are necessary for its
widespread implementation in patients with SAH.

CONCLUSIONS

CTP may provide hemodynamic evidence to support the diagno-
sis of DCI and prognostic information of poor outcomes in pa-
tients with aneurysmal SAH. CTP deficits occurred more often in
patients who developed DCI, permanent neurologic deficits, and
infarction. Quantitative CTP demonstrated significantly reduced
CBF and prolonged MTT in patients who developed DCI and had
poor outcomes. Even with current treatment regimens, patients
with DCI are more likely to have worse outcomes, with increased
morbidity and mortality. These initial findings support the need
for prospective clinical research focused on developing CTP as a
prognostic tool for DCI and poor outcomes, which may provide
valuable information in the management and treatment of aneu-
rysmal SAH.
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