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ABSTRACT

BACKGROUND AND PURPOSE: Delayed cerebral ischemia is a significant cause of morbidity and mortality after aneurysmal SAH, leading
to poor outcomes. The purpose of this study was to evaluate the usefulness of CTP in determining delayed cerebral ischemia in patients
with aneurysmal SAH.

MATERIALS AND METHODS: We conducted a systematic review evaluating studies that assessed CTP in patients with aneurysmal SAH
for determining delayed cerebral ischemia. Studies using any of the following definitions of delayed cerebral ischemia were included in the
systematic review: 1) new onset of clinical deterioration, 2) cerebral infarction identified on follow-up CT or MR imaging, and 3) functional
disability. A random-effects meta-analysis was performed assessing the strength of association between a positive CTP result and delayed
cerebral ischemia.

RESULTS: The systematic review identified 218 studies that met our screening criteria, of which 6 cohort studies met the inclusion criteria.
These studies encompassed a total of 345 patients, with 155 (45%) of 345 patients classified as having delayed cerebral ischemia and 190
(55%) of 345 patients as not having delayed cerebral ischemia. Admission disease severity was comparable across all groups. Four cohort
studies reported CTP test characteristics amenable to the meta-analysis. The weighted averages and ranges of the pooled sensitivity and
specificity of CTP in the determination of delayed cerebral ischemia were 0.84 (0.7– 0.95) and 0.77 (0.66 – 0.82), respectively. The pooled
odds ratio of 23.14 (95% CI, 5.87–91.19) indicates that patients with aneurysmal SAH with positive CTP test results were approximately 23
times more likely to experience delayed cerebral ischemia compared with patients with negative CTP test results.

CONCLUSIONS: Perfusion deficits on CTP are a significant finding in determining delayed cerebral ischemia in aneurysmal SAH. This may
be helpful in identifying patients with delayed cerebral ischemia before development of infarction and neurologic deficits.

ABBREVIATIONS: DCI � delayed cerebral ischemia; QUADAS � Quality Assessment of Diagnostic Accuracy Studies

Aneurysmal SAH is a devastating condition that occurs in up

to 30,000 people in the United States annually and carries a

51% case mortality.1,2 Delayed cerebral ischemia (DCI) is consid-

ered the most significant cause of morbidity and mortality in pa-

tients who survive the initial hemorrhage, with poor outcomes

occurring in up to 30% despite aggressive therapy.3,4 The defini-

tion of DCI is variable and has been described as a new onset of

clinical deterioration, not explained by other causes.5 However,

recently it has been recommended to define DCI on the basis of its

primary outcome measures, such as cerebral infarction and func-

tional disability.6 Therefore, DCI is a challenging diagnosis to

make prospectively, before its poor outcomes, particularly in co-

matose or sedated patients, thus limiting initiation of pre-emptive

therapy.5 Despite these difficulties, DCI is used to complement

older clinicoradiographic terminology such as angiographic vaso-

spasm and symptomatic vasospasm because DCI has been shown

to have the strongest associations with poor outcomes, including

cognitive impairment and reduced quality of life after aneurysmal

SAH.6 Furthermore, it has become clear that the pathogenesis of

DCI is not fully attributable to large-vessel vasospasm alone and
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may, in fact, be the result of several independent processes acting

in concert.7 The common denominator, however, seems to be

hemodynamic alterations in cerebral perfusion leading to isch-

emia and/or infarction.

Cerebral perfusion can be assessed by use of CT, MR, PET, and

SPECT imaging. Specifically, CTP is a technique that allows for

rapid, noninvasive assessment of CBF, MTT, and CBV. CTP has

had an increasing role in the evaluation of patients with aneurys-

mal SAH, as it can be performed in conjunction with traditional

noncontrast CT and CTA, requiring little extra examination

time.8 Many initial studies have evaluated the diagnostic

accuracy of CTP for vasospasm compared with DSA- and CTA-

defined vasospasm. However, CTP remains a relatively new tech-

nique for the evaluation of DCI, and it remains unclear how well

CTP can detect DCI.9 Given the limitations of relying on the con-

clusions of individual studies in the literature, particularly when

relatively small cohorts are used and findings are not entirely con-

clusive, we aimed to perform a systematic review and meta-anal-

ysis to evaluate CTP in the detection of DCI in patients with an-

eurysmal SAH.

MATERIALS AND METHODS
We have implemented the methods described in the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses

statement.10

Eligibility Criteria
To be more inclusive in identifying studies in the literature that

evaluated CTP for DCI in patients with aneurysmal SAH, we in-

cluded any of the following definitions of DCI in our inclusion

criteria: 1) clinical deterioration not explained by other causes and

sufficiently judged to be the result of DCI, 2) cerebral infarction iden-

tified on follow-up CT or MR imaging, and 3) functional disability

related to DCI. If any one of these criteria was positive, DCI was

considered to have occurred. We limited our selection to include

manuscripts published in English only. In cases of duplicated co-

horts, we included the study with the largest number of patients.

Information Sources and Search
An experienced medical librarian performed a systematic search

to identify studies in accordance with the eligibility criteria. Po-

tential articles were found by a search of the electronic data bases

of Ovid MEDLINE, EMBASE, and Web of Knowledge. Additional

records were identified by use of the Related Articles feature in

PubMed and the Cited Reference Search in the ISI Web of Science.

All studies included in these data bases through March 2013 were

searched. Further details of the search strategy are described in the

On-line Appendix.

Study Selection and Data Collection Process
After removal of duplicate articles, search results were preliminar-

ily screened via title and abstract information by a single reader.

Shortlisted manuscripts were independently reviewed in full by 2

additional readers to determine conformity to the eligibility cri-

teria. Disagreements were resolved by consensus.

With use of a standardized data collection template, study

characteristics including baseline patient demographics, CTP test

characteristics, and detailed DCI outcome data were collected by 2

independent readers, with disagreements resolved by a third

reader. All eligible studies were included in the qualitative system-

atic review. Of these, studies reporting test characteristics or

data from which they could be tabulated were included in the

meta-analysis.

Validity Assessment
To assess the validity of each study, we implemented the Quality

Assessment of Diagnostic Accuracy Studies (QUADAS) tool.11

This tool assesses bias in each study according to 14 criteria, with

possible answers as “Yes,” “No,” or “Unknown.” Two reviewers

scored each study with disagreements resolved by consensus. The

full QUADAS tool is available in the On-line Appendix.

Statistical Analysis
A meta-analysis was performed on those studies in which test

characteristics could be extracted and/or tabulated. Pooled sensi-

tivity, specificity, and odds ratios with corresponding 95% CIs

were calculated. The pooled sensitivity and specificity were calcu-

lated by use of weighted averages derived from the sample size of

each study. The pooled odds ratio was calculated by use of a ran-

dom-effects model. We chose this statistical method rather than

the less conservative fixed-effects model because of the wide vari-

ation in these studies, including the definitions of DCI, different

CTP protocols, and postprocessing software, as well as differences

in what constituted an abnormal CTP result. Furthermore, study

heterogeneity was assessed by calculating the I2 statistic. All

analyses were conducted by using StataVersion 12 software

(StataCorp, College Station, Texas).

RESULTS
Study Selection
After removal of duplicated citations, search results yielded

218 manuscripts. Of these, 25 articles were selected for full

review on the basis of screening the titles and abstracts, with 14

meeting the eligibility criteria. Seventy-one percent (10/14) of

these studies were suspected to contain at least partially overlap-

ping cohorts; therefore, their authors were contacted for further

clarification.12-21 One group replied to our request (authors

of14,16,20,21) and indicated that duplicate cohorts were used; in

this case, the study with the largest number of included pa-

tients was included in our review.14 No reply was received from

the other groups; therefore, only those with the largest cohorts

were included.12,13 One study was also excluded for not pro-

viding the number of patients in the DCI and non-DCI

groups.22 Finally, 6 studies were included in the systematic

review.12-14,23-25 The study selection is summarized in Fig 1.

Qualitative Assessment and Study Characteristics
The 6 studies that met our final eligibility criteria were all

prospective, with 3 completed in the United States,14,23,24 2 in

the Netherlands,12,13 and 1 study in Germany.25 Together,

these studies encompassed 345 patients, of which 155 (45%)

were classified as having DCI and 190 (55%) as not having

DCI. Although admission disease severity, demographics, and

median day of DCI onset were comparable across groups, large
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differences existed in the cohort sizes with a range from 10 –97

patients (On-line Table 1). Studies tended to implement CTP

imaging either at the onset of symptomatic vasospasm or be-

fore; however, for 2 studies this information was not re-

ported.12,24 Studies had variable CTP methodology and post-

processing algorithms, variation in the definition of a positive

CTP test result, and variability in the definition of DCI used as

an outcome measure (On-line Table 2).

Validity Assessment
The percentage of studies scoring “Yes,” “No,” or “Unknown” for

each of the 14 items on the QUADAS tool is displayed in Fig 2. All

of the studies scored “Yes” on items 1 and 8 of the QUADAS tool,

indicating an absence of spectrum bias (presence of a cohort rep-

resentative of patients who would receive the index test in prac-

tice) and the presence of a clear description of the definition of

DCI. In addition, 80% of studies scored “Yes” on items 2, 3, 5–7,

9, and 12 on the QUADAS tool, indicating that a clear descrip-

tion of selection criteria was provided; appropriate reference

standards were chosen; and that there was an absence of pri-

mary selection bias (whole or part of the study population

received verification by the reference standard), differential

verification bias (study population received verification by the

same reference standard), and incorporation bias (the refer-

ence standard was independent of the index test) among most

studies. Last, most studies scored “No” or “Unknown” on items 4,

11, 13, and 14, indicating the presence of disease progression bias

(unsure if the time between implementation of the reference stan-

dard and the index test is short enough to ensure that the target

condition did not change between the 2 tests), test classification

bias (the reference standard results were interpreted without

FIG 1. Study selection flow diagram. Figure adapted from the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Group
Statement.10
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knowledge of the results of the index test and vice versa), and a

lack of explanation for patient withdrawals.

Statistical Analysis
In 4 (67%) of the 6 studies, CTP test characteristics and DCI were

reported in a way that could be tabulated for a meta-analy-

sis.13,14,23,25 This number included studies attempting to deter-

mine optimal CTP characteristics and thresholds to detect DCI; in

these cases, we used the best single test characteristic to tabulate

the odds ratio for the meta-analysis (On-line Table 2). The

weighted averages and ranges of the extracted/tabulated sensitiv-

ities and specificities with corresponding ranges of CTP in the

detection of DCI from these studies were 0.84 (0.7– 0.95) and 0.77

(0.66 – 0.82), respectively. The meta-analysis also revealed a

pooled odds ratio of 23.14 (95% CI, 5.87 – 91.19) (Fig 3), suggest-

ing that the patients with aneurysmal SAH with a positive CTP

test were approximately 23 times more likely to experience DCI

compared with those patients with aneurysmal SAH without a pos-

itive CTP test. The study heterogeneity (I2 � 6.96) in these data was

not significant (P � .073).

DISCUSSION
The pathogenesis of DCI is now thought to be multifactorial,

with an alteration of cerebral perfusion and reduced CBF lead-

ing to ischemia and/or infarction.7 CTP can noninvasively

evaluate cerebral perfusion and can often be combined with

other CT-based examinations, thereby minimizing examina-

FIG 2. Percentage of studies included in the systematic review scoring “Yes,” “No,” or “Unknown” on QUADAS tool criteria. Questions
truncated in figure according to information provided from previously published work.11

FIG 3. Forest plot of data used to tabulate the pooled odds ratios for studies included in the meta-analysis.
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tion time. Few studies, however, have assessed the ability of

CTP to detect DCI.9

DCI is considered a diagnosis of exclusion and is often difficult

to make prospectively, especially in sedated and/or comatose pa-

tients, as physical examinations may not be reliable.5 Further-

more, defining DCI by its primary outcomes measures only allows

its detection after irreversible damage has already occurred, thus

limiting the timely delivery of efficacious therapy. Because DCI

involves perturbations in CBF, it is thought that CTP may be able

to detect DCI before its primary outcomes of cerebral infarction

or functional disability manifest, thus allowing pre-emptive

therapy.13

Our systematic review and meta-analysis indicates that pa-

tients with aneurysmal SAH with positive CTP test results dem-

onstrating perfusion deficits are approximately 23-fold more

likely to experience DCI compared with patients with normal

CTP results, suggesting that CTP has the potential to be a useful

tool in clinical practice. Compared with other imaging measures

used to detect DCI, such as intraventricular hemorrhage and

Fisher scores, hydrocephalus, and transcranial Doppler flow pro-

longation, which have reported odds ratios ranging from 0.5–

2.7,26 CTP has demonstrated a higher odds ratio in this meta-

analysis. Moreover, CTP had a superior odds ratio, even at the

lower limit of the 95% CI, compared with other nonimaging-

derived parameters, such as an admission mean arterial pres-

sure � 112 mm Hg, which has a reported odds ratio of 3.3.26 This

result was achieved despite variation in the patient populations

studied, CTP protocols and software used, and the various defi-

nitions of DCI implemented in the studies included in this

meta-analysis.

By applying the QUADAS tool, we found that among the stud-

ies included in our systematic review, most were free of spectrum

bias, primary selection bias, differential verification bias, and in-

corporation bias (see “Results” section for description). They

each also clearly described the definition of DCI implemented and

patient selection criteria used. In most cases, the choice of a ref-

erence standard was considered appropriate. Most studies, how-

ever, contained signs of disease progression bias and test classifi-

cation bias (see “Results” section for description). Last, most

studies did not explain patient withdrawals from the study, nor

did they report uninterpretable or intermediate test results. These

shortcomings represent areas of future improvement in diagnos-

tic accuracy studies assessing the role of CTP in detecting DCI in

aneurysmal SAH.

Our analysis also revealed other limitations of the existing lit-

erature on CTP for the detection of DCI. These primarily arose

from the nonuniform definitions for DCI used in the literature,

interinstitutional differences in the CTP protocol and postpro-

cessing software programs used, and the lack of consistency

among the definitions of an abnormal CTP test result (On-line

Table 2). Given such variability, our analysis combined the vari-

ous definitions of DCI used in each study. Specific subanalyses to

determine if a particular definition of DCI was better detected by

CTP could not be performed given the limited sample size of the

studies that met eligibility criteria in this investigation. Other

subanalyses examining the best time to perform CTP to detect

DCI (hospital admission, during symptoms, or both) could also

not be performed because of the variability of when CTP was

performed among the studies that met our eligibility criteria. Fur-

thermore, those studies that assessed CTP test results quantita-

tively reported test characteristics for different CTP hemody-

namic parameters (MTT, CBF, CBV, and TTP), often by using

various thresholds. In these cases, we chose the CTP parameter

and threshold with the greatest overall diagnostic value for DCI

because we were evaluating CTP as a single test and not by its

individual components. These limitations, and the fact that the

studies that met our eligibility criteria also had variable CTP

methodology and postprocessing algorithms with evaluation of

the results limited to the anterior circulation, may be sources of

bias and must be considered when the results of our meta-analysis

are interpreted. However, despite these differences among stud-

ies, our meta-analysis revealed a statistically significant odds ratio

and no statistically detectable heterogeneity, suggesting that a

strong association exists between CTP deficits and DCI, across

variations in DCI definition and CTP technique used.

It is noteworthy to mention that CTP itself has limitations.

The amount of brain volume coverage may be limited in the clin-

ical setting, and the amount of radiation exposure to the patient is

higher compared with standard noncontrast CT of the head.27

Furthermore, accurate quantification is dependent on an intact

blood-brain barrier, which may not be normally functioning in

ischemic events, such as DCI.27 Last, different postprocessing

software vendors may quantify CTP data differently, which may

introduce undue variation in the results. Despite these shortcom-

ings, however, because CTP uses ubiquitous technology, it has the

potential to be quickly and widely implemented. CTP, therefore,

may find a place in the clinical setting for better and earlier detec-

tion of DCI and its devastating outcomes.

CONCLUSIONS
Our meta-analysis revealed a strong association between CTP

perfusion deficits and the development of DCI in patients with

aneurysmal SAH. Because DCI is challenging to diagnose pro-

spectively, treatment is often of limited efficacy when initiated

after morbidity has already occurred. CTP may aid in the detec-

tion of DCI earlier and with more accuracy, allowing for pre-

emptive therapy and/or closer monitoring to prevent potentially

devastating outcomes of cerebral infarction and functional

disability.
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