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ABSTRACT

BACKGROUND AND PURPOSE: Increased oxygen extraction fraction on PET has been considered a risk factor for stroke in
patients with carotid stenosis or occlusion, though the strength of this association has recently been questioned. We performed a
systematic review and meta-analysis to summarize the association between increased oxygen extraction fraction and ipsilateral
stroke risk.

MATERIALS AND METHODS: A comprehensive literature search was performed. We included studies with baseline PET oxygen extrac-
tion fraction testing, ipsilateral stroke as the primary outcome, and at least 1year of follow-up. A meta-analysis was performed by use of
a random-effects model.

RESULTS: After screening 2158 studies, 7 studies with 430 total patients with mean 30-month follow-up met inclusion criteria. We found
that 6 of 7 studies were amenable to meta-analysis. Although 4 of the 6 studies independently did not reach statistical significance,
meta-analysis revealed a significant positive relationship between abnormal oxygen extraction fraction and future ipsilateral stroke, with
apooled OR of 6.04 (95% Cl, 2.58-14.12). There was no statistically significant difference in ORin the subgroup analyses according to testing
method or disease site.

CONCLUSIONS: Abnormal oxygen extraction fraction remains a powerful predictor of stroke in carotid stenosis or occlusion
and is a valuable reference standard to compare and validate MR imaging—based measures of brain oxygen metabolism. However,
there is a need for further evaluation of oxygen extraction fraction testing in patients with high-grade but asymptomatic carotid

disease.

ABBREVIATIONS: CVR = cerebrovascular reserve; OEF = oxygen extraction fraction; COSS = Carotid Occlusion Surgery Study

Carotid atherosclerotic disease remains a significant cause of
stroke, with extracranial carotid disease accounting for ap-
proximately 20% of all strokes." The hemodynamic risk factors
underlying stroke in patients with carotid disease>” include im-
pairment in cerebrovascular reserve (CVR) and increase in oxy-
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gen extraction fraction (OEF). Impairment in CVR, a measure of
the vasodilatory capacity of vessels in the face of reduced cerebral
perfusion pressure, may lead to a reduction in CBF, which can
precede or occur alongside a compensatory increase in oxygen
extraction state sometimes referred to as “misery perfusion.”
Neuroimaging can measure both cerebrovascular and oxygen
metabolic reserve, with the latter determined by OEF on PET.
Increased OEF on PET has long been considered a risk factor
for the development of stroke in patients with symptomatic ca-
rotid occlusion.* However, OEF-defined hemodynamic failure
was a key inclusion criterion for patients enrolled in the Carotid
Occlusion Surgery Study (COSS).” This trial was recently termi-
nated for futility, and concerns were raised regarding the specific
OEF testing method that was used as a study inclusion criterion,
thus sparking renewed debate in the literature®™ regarding OEF
testing methodology and its role in stroke risk assessment. The
role of OEF in stroke risk prediction also deserves renewed atten-
tion, given its potential value as a reference standard for new MR
imaging measures of brain oxygen metabolism.'*"'* Some of the



difficulties in drawing definite conclusions about the role of OEF
in predicting stroke and its role in treating patients with carotid
disease are based on small sample sizes in individual research
studies on this topic and the heterogeneity of study designs im-
plemented. For this reason, and in the light of several recently
published studies™® following patients after OEF PET testing, a
critical reappraisal of the OEF literature is warranted. We there-
fore performed a systematic review and meta-analysis to summa-
rize the association between increased OEF and risk of future
stroke (first-ever or recurrent) ipsilateral to a high-grade carotid
artery stenosis or occlusion.

MATERIALS AND METHODS

We referred to the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) statement'* as a guide for the
methodologic approach in this study.

Study Eligibility Criteria

Studies with PET-based measurement of OEF and its association
with stroke in patients with high-grade carotid stenosis (=70%)
or occlusion were eligible. Specific inclusion criteria were 1) Eng-
lish-language published manuscripts; 2) original prospective or
retrospective research studies; 3) subjects with high-grade carotid
stenosis (=70%) or occlusion determined by any imaging tech-
nique; 4) measurement of OEF by means of 'SO-PET scan; 4)
mean follow-up of =1 year assessing development of ipsilateral
stroke and/or TIA; and 5) nonsurgical treatment of patients. If
surgical revascularization occurred during patient follow-up, we
included the study only if the authors separately identified and
analyzed these patients. In such a case, we included follow-up
until the point of revascularization, at which time follow-up was
censored. In cases in which outcome data or information about
the OEF testing method could not be determined from the report,
we attempted to contact the corresponding author for additional
details. If 2 different testing methods were described in the orig-
inal report, we applied the following rules: 1) the measure of OEF
alone (eg, OEF alone instead of OEF plus additional hemody-
namic parameters) was used in the overall analysis of pooled effect
size; and 2) if 2 purely OEF-based testing methods were de-
scribed in the same original report, the method that most ac-
curately predicted stroke was used in the overall analysis of
pooled effect size.

Information Sources and Search
A systematic search was performed to comprehensively identify
studies predicting the risk of stroke or TIA on the basis of positive
130Q-PET scans in patients with carotid stenosis or occlusion.
Potentially relevant articles were found by searching the bio-
medical electronic databases Ovid MEDLINE (1946 to October
2012), EMBASE (1974 to October 2012), and The Cochrane Li-
brary (updated October 2012). Relevant subject heading and free
text terms were used. Published, unpublished, and ongoing trials
were identified by search of ClinicalTrials.gov. Additional records
were identified by use of the Related Citations feature in PubMed
and the Cited Reference Search in Web of Science. To improve the
retrieval of the relevant information and to ensure the methodo-
logic quality of the literature search, there was an external peer

review of the primary MEDLINE search. The primary search was
conducted in MEDLINE by use of the terms exp Positron-
Emission Tomography/OR (positron adj2 emission adj2 to-
mograph$).tw. OR (PET or PETCT$one or PET CT$1).tw. OR (Ox-
ygen-15 or O-15).tw. AND (Oxygen adj3 (extract$ or fraction or
ratio or rate or metaboli$ or consumption)).tw. OR (OEF or OER or
CMRO2).tw. OR (cerebr$ adj3 (metaboli$ or autoregulat$ or re-
serve or blood or flow or volume or resistance or pressure or
hemodynamic$ or vasomotor$ or impair$)).tw. OR (CBF or
rCBF or CVR or CPP).tw. AND exp Carotid Stenosis/ OR (ca-
rotid adj3 (stenos$ or ulcer$ or plaque$ or narrow$ or ob-
struct$ or occlus$ or constrict$)).tw. OR (steno$ occlus$ or
stenoocclus$).tw. OR exp Stroke/ OR Stroke$.tw.OR cerebro-
vascular.tw. OR ((brain or vascular or lacunar or venous or
cerebral or ischemic) adj2 (accident$ or infarct$ or event$ or
attack$)).tw. OR (cva or cvas).tw.

Study Selection and Data Collection Process

All eligible reports were screened by a single reader on the basis of
title and abstract for possible inclusion. These reports were re-
viewed in their entirety by 3 independent readers to determine
final inclusion, with disagreements resolved by consensus. Qual-
itative and quantitative study data were extracted from selected
studies by 2 independent readers by use of a predetermined data
collection template. All disagreements were resolved by an inde-
pendent third reader as a tie-breaker.

Assessment of Risk of Bias in Studies

On the basis of our literature search, no standardized tool exists to
assess the risk of bias in observational time-to-event cohort stud-
ies. Therefore, we adapted bias assessment criteria used in a pre-
viously published meta-analysis'* of stroke risk on the basis of
imaging findings. The following criteria were applied: 1) reference
standard bias was assessed by noting whether observers were
blinded to OEF results when stroke outcomes were determined;
2) confounding bias was assessed by noting whether potentially
confounding co-existent vascular risk was collected and de-
scribed; 3) completeness of follow-up data was determined by
recording the number of subjects either censored or lost to fol-
low-up for other reasons.

Statistical Analyses

A fixed-effects model was used if studies were found statistically
homogeneous; otherwise, a random-effects model was chosen.
The upper 95% confidence limit of the heterogeneity index (I°
>30%) was used as a cutoff for accepting studies that were rela-
tively homogeneous. Heterogeneity across studies was also exam-
ined by means of the Breslow-Day method, with P < .05 as the
threshold for statistically significant heterogeneity. Continuity
correction was used for sparse tables before pooling the OR. Pub-
lication bias was examined with the use of Begg-Mazumdar tests.
We performed subgroup analyses stratified by 1) disease site, 2)
symptomatic disease versus never-symptomatic disease, and 3)
absolute measures of OEF versus hemispheric ratio-based mea-
sures of OEF. All analyses were conducted by a biostatistician with
the use of R: A Language and Environment for Statistical Com-
puting, version 2.15.2 (http://www.r-project.org/).
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FIG 1. Study selection flow diagram. Figure adapted from the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA) group statement.

RESULTS

Study Selection

A total of 2158 reports were initially screened, of which 17 poten-
tially eligible reports were selected for further review (Fig 1). Of
these 17 reports, 6 did not meet inclusion criteria when read in
their entirety because they did not include patient cohorts fol-
lowed for development of stroke after baseline OEF testing. Of the

+5.915-18 were included in the final

3,8,19,20

remaining 11 reports, 7 reports
systematic review. The remaining 4 of 11 reports reana-
lyzed data originally presented in an original patient cohort.*

Two™'¢

of 7 of these original cohort studies described more than
1 OEF testing method for the cohort, whereas the other 5
described only 1 method of OEF testing. Of the 7 original cohort
studies for systematic review, 6 of 7 studies reported ipsilateral
stroke incidence in a fashion amenable to meta-analysis. One
study (the Carotid Occlusion Surgery Study®) reported stroke
outcomes only in patients with abnormal OEF, which prevented
calculation of an OR for inclusion in the meta-analysis. The stroke
outcomes data for patients with normal OEF who were excluded
from the randomized trial could not be obtained after contacting
the study authors.

Qualitative Assessment and Study Characteristics

Of the 7 original cohort reports meeting eligibility for qualitative
review, 6 were nonrandomized, observational, time-to-event
studies, and 1 was observational data extracted from a random-
ized, controlled trial.® Four studies were conducted in the United
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patient characteristics in each study.

Variable cutoff values for abnormal
OEF were used, with major testing cate-
gories including 1) quantitative, arterial catheterization—depen-
dent versus non-arterial-dependent count-based OEF tech-
niques and 2) absolute versus hemispheric ratio OEF techniques
(On-line Table 2). All studies presented outcomes in terms of
ipsilateral stroke. Original cohort data from Grubb et al* were
reanalyzed 6 times in 4 subsequent reports®”'® (On-line Tables
3-5). In 2 reports by Yamauchi et al,”'® more than 1 OEF testing
method was presented.

Assessment of Study Methods

In only 2 observational cohort studies™'” were researchers explic-
itly blinded to OEF results when assessing for ipsilateral stroke. In
42121618 of the remaining 5 studies, outcomes were not assessed
while blinded to OEF results, and in the Carotid Occlusion Sur-
gery Study participants were selected on the basis of known pre-
existing OEF elevation. All 7 studies measured and described po-
tentially confounding pre-existing vascular factors. Finally, in the
assessment of the completeness of follow-up, the COSS trial” lost
1 patient to follow-up at 21 months. In the other 6 studies, no

explicit loss to follow-up was described.

Meta-Analysis Results
After pooling the 6 studies amenable for meta-analysis, the I?

statistic and Breslow-Day statistic showed low heterogeneity (I* =
0; CI = 0-38.3% and Breslow-Day = 2.39, df = 5, P = .66). The
Begg-Mazumdar test did not reveal significant publication bias
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FIG 2. Forest plot of the association between increased OEF and
ipsilateral first-ever or recurrent stroke determined by a random ef-
fects (RE) model. Squares represent point estimates for effect size
expressed as log of the OR, with the size proportional to the inverse
variance of the estimate (note, OR = exp [log OR]). Diamonds repre-
sent pooled estimate. Lines represent 95% Cls. Vertical line indicates
null effect (OR = 1or log odds = 0). I” and Breslow-Day statistic for
heterogeneity is listed below the forest plot.

(Kendall T = .067, P = 1.00). The pooled random effects odds
ratio of 6.04 (CI, 2.58-14.12) indicates a significant positive rela-
tionship between increased OEF and future ipsilateral stroke (Fig
2). Each study had a positive association between OEF increase
and stroke, though importantly, 75% of the studies (4/6), when
viewed independently, did not have a statistically significant OR.

Subset Analysis

Additional subset analyses with measures of heterogeneity were
performed. The OR remained statistically significant in all of the
subset analyses: 1) symptomatic patients only (Fig 3A) (only 1
study, Powers et al'” from 2000 studied asymptomatic patients
and was not alone statistically significant), 2) disease site involv-
ing only the carotid artery (Fig 3B) versus patients with carotid
and MCA disease (Fig 3C), and 3) testing by use of absolute OEF
measures (Fig 4A) versus testing by use of OEF hemispheric ratio-
based measures (Fig 4B).

DISCUSSION

In patients with carotid artery stenosis or occlusion, accurate
measures of stroke risk are important for guiding management
and treatment decisions. Though structural neuroimaging can
play arole in measuring the degree of vessel narrowing, imaging of
downstream hemodynamic factors can provide additional insight
into stroke risk, including impairments in CVR.'™ Often consid-
ered to be the end-stage of hemodynamic failure, increases in OEF
as measured on PET were recently used to select patients for the
COSS trial, randomly assigning subjects to surgical vascular by-
pass or medical therapy. With the recent early termination of this
trial, there has been renewed interest in the predictive value of
OEF increase because some authors® have attributed the trial’s
futility to methodologic failure of the OEF PET selection criteria.
In addition, with multiple MR imaging—based surrogate mea-

sures of OEF being developed with techniques such as suscepti-
bility-weighted MR imaging,'® functional MR imaging,'' and MR
spectroscopy,'? it is important to summarize the value of OEF as
a reference standard to predict stroke by which future technolo-
gies can be assessed. If shown to be accurate markers of cerebral
oxygen metabolism compared with PET-derived OEEF, these po-
tentially more widely available MR imaging techniques can then
be tested as potential stroke risk prediction tools.

In our systematic review and meta-analysis of 430 patients
with a mean follow-up of 30 months, increased OEF was strongly
associated with the risk of ipsilateral stroke, though when viewed
independently, only 2 of the 6 studies included in the meta-anal-
ysis reached statistical significance. The pooled OR suggests that
despite variability in results of individual studies in the literature,
patients with increased OEF are approximately 6 times more
likely to have ipsilateral stroke than those without increased OEF.
Most patients in this study had symptomatic occlusive arterial
disease; only 1 study'” contained a cohort of never-symptomatic
patients. This study did not find a significant association between
increased OEF and stroke but was limited by its small sample size.
The need for stroke prediction in patients with carotid occlusion,
the disease state in which most OEF investigation has been done,
appears questionable, given the results of COSS. However, the
strong performance of OEF in predicting stroke in this population
suggests that it may also be useful in patients with high-grade but
asymptomatic carotid stenosis, for whom accurate stroke predic-
tion is likely to prove important in deciding between intervention
and medical therapy.>' Our study emphasizes the need for pro-
spective investigation evaluating the role of OEF testing in pre-
dicting stroke risk in asymptomatic carotid stenosis, especially in
light of data that impairment of CVR has been associated with
stroke in such patients.'*

We also found no significant difference in broad categories of
OEF testing method and stroke risk prediction. Specifically, we
did not find a significant difference in OR when absolute values of
OEF were calculated versus hemispheric-ratio—based techniques
(On-line Table 2). This is of note because Carlson et al® recently
commented that semiquantitative hemispheric OEF ratios for pa-
tient selection in COSS probably contributed to trial failure,
which suggests that this method is inferior to quantitative, abso-
lute measures of OEF. Although our study was not designed spe-
cifically to analyze this issue, we found insufficient evidence to
claim superiority of one of these methods over the other. Even in
a study by Yamauchi et al,'® in which absolute OEF testing per-
formed better than ratio-based techniques in predicting stroke in
the same patients, this difference was not statistically significant.
As far as optimizing thresholds for classification of abnormal OEF
test results, it is interesting to note that studies that had repeated
analyses of patient data suggest that adding measures of cerebral
blood volume and CBF to OEF may help to further define higher
hemodynamic risk categories.>’

Our study has some limitations. Although the outcome mea-
sure (ipsilateral stroke) was the same across studies, the exact
definition of stroke was not uniform, given the variable criteria for
each study, and in only 2 of the 6 included studies were adjudica-
tion of stroke outcomes made blinded to OEF data. Similarly,
stroke outcomes were not consistently reported broken down by
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FIG 3. A, Symptomatic patients only, with the OR representing the strength of association between increased OEF and risk of either recurrent
stroke or stroke preceded by prior TIA in the symptomatic territory. B, Carotid artery disease only. C, Carotid and MCA disease. Log OR and 95%
Cl for studies divided by the presence of disease in symptomatic patients only (A), in the carotid artery only (B), or in the carotid artery and MCA
(C). Note that a Breslow-Day statistic could not be calculated for the forest plot in B, given the small outcome events. Squares represent point
estimates for effect size expressed as log of the OR, with the size proportional to the inverse variance of the estimate (note, OR = exp [log OR]).
Diamonds represent pooled estimate. Lines represent 95% Cls. Vertical line indicates null effect (OR = 1or log odds = 0). I and Breslow-Day
statistic for heterogeneity is listed below the forest plot.
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FIG 4. A, Testing by use of absolute OEF measures. B, Testing by use of hemispheric ratio—based measures. Log OR and 95% Cl for studies
divided by the OEF testing by use of absolute measures of OEF (A) or hemispheric ratio—based measure of OEF (B). Squares represent point
estimates for effect size expressed as log of the OR, with the size proportional to the inverse variance of the estimate (note, OR = exp [log OR]).
Diamonds represent pooled estimate. Lines represent 95% Cls. Vertical line indicates null effect (OR = 1or log odds = 0). I and Breslow-Day

statistic for heterogeneity is listed below the forest plot.

vessel disease site or severity in those studies with mixed patient
characteristics thereby preventing more detailed subset analyses
in these studies. In addition, though most studies focused on oc-
clusive disease, in those cohorts in which stenosis was present,
individual patient-level results are confounded, in part, by the fact
that groups with and without OEF elevation did not have exact
matching degrees of arterial stenosis. In addition, as the within-
cohort subset analyses demonstrate, definitions of abnormal OEF
can vary and significantly affect the resulting OR. Unfortunately,
the data were not amenable to comparisons of receiver operating-
characteristic curves, a potentially more useful measure of diag-
nostic test performance. Beyond this, comparing imaging test
data across different PET scanners and techniques prevents deriv-
ing specific cutoffs for defining abnormal OEF that could be
broadly applied to various institutions. Finally, these studies all
analyzed a hemodynamic risk factor underlying stroke and did
not differentiate strokes that may have arisen from embolic phe-
nomena, potentially overstating the strength of the association
between OEF elevation and stroke.

Despite these limitations, our study suggests that increased
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OEF remains a robust predictor of ipsilateral stroke in patients
with symptomatic carotid disease across multiple disease sites and
across broad categories of testing methodology. Furthermore, our
study has shown that oxygen metabolism and stroke risk in
asymptomatic carotid stenosis requires further study, given the
paucity of OEF literature in this patient population in which the
identifying high-risk subgroups could be of significant value. De-
spite the challenges of routinely implementing >O-PET scan-
ning, our study supports the use of testing as a marker of stroke
risk and emphasizes the need for continued investigation of newer
techniques to measure cerebral oxygen metabolism.
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