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Background and Purpose—Increased stroke risk correlates with hemodynamic failure, which can be assessed with (15O-)
H2O positron emission tomography (PET) cerebral blood flow (CBF) measurements. This gold standard technique,
however, is not established for routine clinical imaging. Standardized blood oxygen-level–dependent (BOLD) functional
magnetic resonance imaging+CO2 is a noninvasive and potentially widely applicable tool to assess whole-brain quantitative
cerebrovascular reactivity (CVR). We examined the agreement between the 2 imaging modalities and hypothesized that
quantitative CVR can be a surrogate imaging marker to assess hemodynamic failure.
Methods—Nineteen data sets of subjects with chronic cerebrovascular steno-occlusive disease (age, 60±11 years; 4 women)
and unilaterally impaired perfusion reserve on Diamox-challenged (15O-)H2O PET were studied and compared with a
standardized BOLD functional magnetic resonance imaging+CO2 examination within 6 weeks (8±19 days). Agreement
between quantitative CBF- and CVR-based perfusion reserve was assessed. Hemodynamic failure was staged according
to PET findings: stage 0: normal CBF, normal perfusion reserve; stage I: normal CBF, decreased perfusion reserve; and
stage II: decreased CBF, decreased perfusion reserve. The BOLD CVR data set of the same subjects was then matched to
the corresponding stage of hemodynamic failure.
Results—PET-based stage I versus stage II could also be clearly separated with BOLD CVR measurements (CVR for stage
I 0.11 versus CVR for stage II −0.03; P<0.01). Hemispheric and middle cerebral artery territory difference analyses (ie,
affected versus unaffected side) showed a significant correlation for CVR impairment in the affected hemisphere and
middle cerebral artery territory (P<0.01, R2=0.47 and P=0.02, R2= 0.25, respectively).
Conclusions—BOLD CVR corresponded well to CBF perfusion reserve measurements obtained with (15O-)H2O-PET,
especially for detecting hemodynamic failure in the affected hemisphere and middle cerebral artery territory and for
identifying hemodynamic failure stage II. BOLD CVR may, therefore, be considered for prospective studies assessing
stroke risk in patients with chronic cerebrovascular steno-occlusive disease, in particular because it can potentially be
implemented in routine clinical imaging.   (Stroke. 2018;49:00-00. DOI: 10.1161/STROKEAHA.117.020010.)
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V

arious cerebral hemodynamic parameters derived from
computed tomography (CT) and magnetic resonance
imaging (MRI)–based techniques have been associated with
increased stroke risk in patients with chronic cerebrovascular steno-occlusive disease.1–7 Among all these parameters,
such as cerebrovascular reactivity (CVR), mean transit time,

cerebral blood volume, oxygen extraction fraction, cerebral
metabolic rate of oxygen, the gold standard remains direct
cerebral blood flow (CBF) measurements that can be generated with (15O-)H2O-positron emission tomography (PET).
By applying an acetazolamide (=Diamox) challenge during
a second scan, the degree of hemodynamic failure can be
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estimated (ie, perfusion reserve). Hemodynamic failure has
been described as follows: stage 0: normal CBF and normal
perfusion reserve; stage I: normal CBF, decreased perfusion
reserve; and stage II: decreased CBF and decreased perfusion
reserve, where hemodynamic failure stage II has been associated with the highest stroke risk.1–3 Although efforts have been
made to streamline the (15O-)H2O-PET examination for routine clinical practice, that is, noninvasive measurements without a direct arterial input function,8 it remains only available
in few specialized centers and requires a radioactive tracer.
Quantitative CVR measurements derived from blood oxygen-level–dependent (BOLD) functional MRI (fMRI)9,10 may
be applied as a novel imaging marker for hemodynamic failure, in particular because it is a brief single acquisition and
can potentially be implemented on every clinical MRI system.11 In this case, CVR is the percentage change in BOLD
signal per mm Hg change in CO2 and can be used as an indicator of how much cerebrovascular reserve capacity is left in
a given vascular bed. Reductions in CVR can range from a
blunted increase in blood flow in mild cases to paradoxical
reduction in regional blood flow indicating steal phenomenon
in severe cases.
Because quantitative CVR derived from BOLD fMRI is
only an indirect measurement of perfusion reserve, we studied
patients with chronic cerebrovascular steno-occlusive disease
exhibiting unilateral hemodynamic failure that had undergone both a Diamox-challenged (15O-)H2O-PET examination (considered the gold standard) and a standardized BOLD
fMRI+CO2 examination within 6 weeks to assess the use of
quantitative CVR as a surrogate imaging marker for hemodynamic failure.

Methods
Data Selection
Requests to access the analysis methods and detailed results of this
study may be sent to the corresponding author (Dr Fierstra). Study
approval was obtained by the cantonal ethics board of Zurich,
Switzerland (KEK-ZH-Nr. 2012-0427), and all subjects signed
informed consent before study participation. Nineteen data sets of 16
patients with chronic cerebrovascular steno-occlusive disease were
selected based on the following inclusion criteria: unilateral perfusion impairment on the clinical (15O-)H2O-PET examination as determined by an experienced nuclear radiologist (A.B.). Eligible patients
were then matched to our prospective BOLD fMRI CVR database,
and those subjects with a maximum time period of 6 weeks between
both examinations (ie, (15O-)H2O-PET and BOLD fMRI CVR study)
were selected for further data analysis. In addition, 10 age-matched
healthy subjects were included. Exclusion criteria were age <18 years
old and patients with new neurological events or neurosurgical/neurointerventional procedures between both scans.

PET Protocol
PET data were acquired on a full ring PET/CT-scanner in 3-dimensional mode (PET/CT Discovery STE, GE Healthcare, Waukesha,
MI) and corrected for attenuation and scatter by using the corresponding CT (120 kV/80 mA) and manufacturer’s algorithms. The scanner’s axial field of view covered 15.3 cm. Three hundred to 800 MBq
(15O-)H2O was administered intravenously using an automatic injection device. The tracer was delivered for 20 seconds. The emission
data were acquired as a series of 18, 10-second frames. Baseline and
Diamox scans were each performed using the same protocol, with at
least 15 minutes between tracer injections. Diamox was injected 13

minutes before the second PET scan, with dose adjusted according to
subjects’ weight and injection time for 2 minutes. Images were reconstructed using a 3-dimensional Fourier rebinning filtered back projection algorithm resulting in a 128×128×47 matrix with 2.34×2.34×3.27
mm voxel spacing. Parametric images of CBF were generated using
a previously reported method8,12 in which a standardized arterial input
function and image scaling based on the washout rate k2 of (15O-)H2O
are used to determine CBF, defined as mL/100 mg per minute. This
method described by Treyer et al8 uses the fact that k2 is related to the
shape and not the scale of the arterial input function and proportional
to CBF. A total count-rate threshold was set at 50% of the max.

PET Processing
The baseline and Diamox PET images were coregistered to the mean
BOLD volume. Normalization of the 2 PET images was done into
Montreal Neurological Institute space, and both images were smoothed
with a Gaussian Kernel with 8-mm full width at half maximal.
Quantitative PET perfusion reserve data were calculated as follows:
PET perfusion reserve =

Diamox PET − Baseline PET
Baseline PET

PET perfusion reserve was defined as the percent CBF change during a Diamox challenge.

MRI Protocol
BOLD volumes were obtained on a 3-Tesla Skyra VD13 (Siemens,
Erlangen, Germany) with a 32-channel head coil. An axial 2-dimensional echo planar imaging BOLD fMRI sequence was planned on the
anterior commissure–posterior commissure line plus 20° on a sagittal
image with voxel size 3×3×3 mm3, acquisition of matrix 64×64×35
slices with ascending interleaved acquisition, slice gap 0.3 mm,
Generalized Autocalibrating Partial Parallel Acquisition (GRAPPA)
factor 2 with 32 ref. lines, repetition time/echo time 2000/30 ms, flip
angle 85°, bandwidth 2368 Hz/Px, and field of view 192×192mm. In
addition, a high-resolution 3-dimensional T1-weighted image with the
same orientation as the fMRI scans was obtained for coregistration
and overlay of the CVR map. The acquisition parameters were voxel
size 0.8×0.8×1.0 mm with a field of view 230×230 mm and resolution
of 288×288, 176 slices per slab with a thickness of 1 mm, repetition
time/echo time 2200/5.14 ms, inversion time 900 ms, and flip angle 8°.
By using a custom-build computer-controlled gas blender
(RepirAct, Thornhill Research Institute, Toronto, Canada) containing
the prospective gas targeting algorithms of Slessarev et al,13 precise
control of partial pressure of end-tidal CO2 and partial pressure of
end-tidal O2 could be achieved. Advances of this novel CO2/O2 control as compared with other vasoactive methods have been described
in greater detail previously.9,10 BOLD signal changes were induced by
a single hypercapnia pseudo square wave. The pseudo square wave
consisted of a hypercapnia plateau of 50 mm Hg CO2, from a preset
baseline of 40 mm Hg, for 80 seconds preceded and followed by a
100-second baseline of 40 mm Hg CO2. During the entire protocol,
iso-oxia (PO2 100 mm Hg) was maintained.

BOLD CVR Post-Processing
BOLD data sets were slice-time corrected and realigned for motion
correction. Subjects with motion >3 mm in any direction were excluded
for further analysis. In accordance to the PET data sets, the BOLD
images were normalized to Montreal Neurological Institute space and
smoothed with a Gaussian Kernel with 8-mm full width at half maximal. After temporal shifting for optimal physiological correlation of
the 2 time series, CVR was calculated from the slope of a linear least
square fit of the BOLD signal time course to the CO2 time series over
the range of the first baseline of 100 seconds, the step portion of the
protocol and the second baseline of 100 seconds on a voxel-by-voxel
basis. CVR was defined as the percentage BOLD signal change/mm Hg
CO2.14 The extra BOLD volumes were acquired to allow for potential
temporal shift (for more information, see van Niftrik et al14).
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Table 1. Baseline Characteristics
Study No.

Age

Sex

Diagnosis

50

M

Carotid
atherosclerosis

1a

Vascular Risk Factors

Angiographic Findings*

Smoking,
hypercholesteremia,
hypertension

Right ICA occlusion

1b

Time Period
Hemodynamic
Anatomic MRI Findings Between Scans, d Failure Stage†
Ischemia semioval
center and globus
pallidus right

Contralateral ICA no
stenosis
patent Acom

2a
58

M

Carotid
atherosclerosis

Smoking, hypertension

Right ICA occlusion, no
stenosis contralateral
ICA, patent Acom and
Pcom right

Smoking, hypertension,
positive family history

Right ICA occlusion,
no contralateral ICA
stenosis, retrograde
filling ophthalmic artery
right

Watershed
infarctions between
right ACA-MCA
territory

2b
3a
80

M

Carotid
atherosclerosis

Chronic ischemia
signs in MCA territory
right

Downloaded from http://stroke.ahajournals.org/ by guest on July 19, 2018

3b
4

28

2

3

1

28

2

40

2

37

1

Carotid
atherosclerosis

Hypercholesteremia,
hypertension

Left ICA occlusion,
40% ICA stenosis right,
patent Acom

Multiple small
infarctions in left
MCA territory

8

1

46

M

Carotid
atherosclerosis

Hypertension, smoking,
hypercholesteremia

Right ICA stenosis
90%, left ICA stenosis
50%, patent Pcom
ipsilateral, patent Acom

Multiple small
infarctions in right
MCA territory

18

1

51

F

Moya-Moya
disease

Hypertension

Bilateral M1 occlusion

Chronic ischemia in
right MCA territory

26

1

66

F

Sphenoid wing
meningioma

Hypercholesteremia

Left ICA occlusion,
no contralateral ICA
stenosis, patent Acom,
and Pcom bilaterally

Subacute small
infarctions left MCA
territory

5

1

51

M

Carotid
atherosclerosis

Smoking

Left ICA occlusion,
no contralateral ICA
stenosis

Subacute small
infarctions in MCA
territory left

38

1

64

M

Carotid
atherosclerosis

Hypertension, smoking

Right ICA occlusion,
30% left ICA stenosis.
Patent Acom. Patent
ipsilateral Pcom

No signs of ischemia

19

1

44

F

Moya-Moya
disease

None

Bilateral MCA/ACA
stenosis

No signs of ischemia

4

1

Carotid
atherosclerosis

Smoking, hypertension,
hypercholesteremia,
positive family history

Left ICA occlusion,
50% stenosis
contralateral ICA.
Patent Acom+Pcom
bilateral

Small cortical
infarctions in left
MCA territory

4

2

Multiple infarctions in
right basalganglia

9

2

5

7

8

9

10

2

M

77

6

31

11
62

F

12
68

M

Carotid
atherosclerosis

Smoking hypertension,
hypercholesteremia

Right ICA occlusion,
80% stenosis
contralateral ICA.
Patent Acom+Pcom
bilateral

76

M

Carotid
atherosclerosis

Smoking hypertension,
hypercholesteremia

Bilateral ICA occlusion,
patent Pcom bilateral

Subacute multiple
ischemia in right
semioval center

24

1

M

Carotid
atherosclerosis

Hypertension, diabetes
mellitus, smoking

Right ICA occlusion,
40% contralateral ICA
stenosis. Patent right
Pcom

Leukoaraiosis in right
semioval center

6

2

13

14
64

(Continued )
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Table 1. Continued
Study No.

Age

Sex

Diagnosis

47

M

52

M

15

16

Time Period
Hemodynamic
Anatomic MRI Findings Between Scans, d Failure Stage†

Vascular Risk Factors

Angiographic Findings*

Carotid
atherosclerosis

None

Right M1 occlusion,
no contralateral ICA
stenosis

Multiple subacute
infarctions in right
MCA territory

10

2

Carotid
atherosclerosis

Smoking, diabetes
mellitus

Left ICA occlusion, 60%
stenosis contralateral
ICA. Patent Acom

Multiple chronic
infarctions in left
MCA territory

5

1

ACA indicates anterior cerebral artery; Acom, anterior communicating artery; F, female; ICA, internal carotid artery; M, male; M1, middle cerebral artery 1 segment;
M2, middle cerebral artery 2 segment; MCA, middle cerebral artery; MRI, magnetic resonance imaging; and Pcom, posterior communicating artery.
*ICA stenosis graded according to NASCET criteria (North American Symptomatic Carotid Endarterectomy Trial).
†Hemodynamic staging is given for the affected hemisphere because the inclusion criteria was unilateral hemodynamic failure determined with positron emission
tomography.

Vascular Territory Analysis and
Staging of Hemodynamic Failure
Downloaded from http://stroke.ahajournals.org/ by guest on July 19, 2018

Quantitative BOLD CVR and PET perfusion reserve values of the
middle cerebral artery (MCA) vascular territory were determined
by applying a vascular atlas derived from predefined brain regions
from the standard N30R83 atlas by Hammers et al15 and Kuhn et al7
to the normalized CVR maps. An independent experienced nuclear
radiologist assessed all PET images for staging hemodynamic failure
(A.B.). In particular, baseline PET and Diamox PET were assessed
for reduction in perfusion to divide MCA flow territories per patient
into 3 groups:
Stage 0: normal baseline CBF and normal perfusion reserve after
Diamox challenge
Stage I: normal baseline CBF with decreased perfusion reserve
after Diamox challenge
Stage II: decreased baseline CBF and decreased perfusion reserve
after Diamox challenge

Quantitative Analysis
All statistical analysis was done using the software SPSS 23 (IBM
SPSS Statistical 23). To assess the correlation between quantitative
BOLD and PET for the whole brain, both hemispheres as well as for
the MCA flow territory, a Pearson correlation coefficient was obtained
(P≤0.05 is significant). A difference analysis for both modalities was
done by subtracting the mean value of the affected hemisphere from
the unaffected hemisphere. An unpaired t test was used to compare
BOLD CVR and PET perfusion reserve values within the MCA flow
territory between the 3 aforementioned groups. Additional analyses were done to determine test accuracy (receiver operating characteristic curve) and limits of agreement between the 2 techniques
(Bland–Altman).

Results
Nineteen data sets from 16 subjects (age, 60±11 years; 4
women) and 10 age-matched healthy subjects (age, 59±5
years; 4 women, 6 men) were included for the analysis. The
mean time between the 2 scans was 8±19 days. Three subjects
had undergone a (15O-) H2O-PET examination twice over time
(as part of routine follow-up imaging) and matched the inclusion criteria of an additional BOLD CVR examination within
6 weeks. Further subject information is given in Table 1.
Figure 1 shows an illustrative PET and BOLD image of a subject with right-sided internal carotid artery occlusion and corresponding hemodynamic impairment of the right hemisphere
(stage II). Illustrative movies of whole brain BOLD CVR and
PET perfusion reserve measurements of the same subject are
given in the online-only Data Supplement.

BOLD CVR Versus PET Perfusion Reserve Findings
An overview of PET perfusion reserve measurements and
BOLD CVR findings are presented in Table 2. Quantitative
BOLD CVR findings were significantly lower in patients
when compared with the healthy cohort (0.11±0.07 versus
0.23±0.03; P<0.01). In healthy subjects, the CVR values of
the left and right hemisphere did not differ from each other.
These values, however, were significantly higher than the
CVR of both the affected, as well as—interestingly—the
unaffected, hemisphere of patients (P<0.01). Significant differences between the affected and unaffected hemisphere
were found for both BOLD and PET: BOLD CVR affected
hemisphere versus unaffected hemisphere 0.08 versus 0.15,
P<0.01; PET perfusion reserve affected hemisphere versus
unaffected hemisphere 0.33 versus 0.47, P<0.01. This could
also be seen for the MCA flow territory of the affected versus unaffected hemisphere (BOLD CVR: 0.04 versus 0.15,
P<0.01; PET perfusion reserve: 0.19 versus 0.44, P<0.01).
When considering exclusively the quantitative values of
BOLD CVR and PET perfusion reserve for whole brain,
unaffected and affected hemisphere, no significance was
found (whole brain: R2=0.03, P=0.82; unaffected hemisphere: R2=0.01, P=0.83; affected hemisphere: R2=0.26,
P=0.51; Figure 2A). The MCA territory, however, showed
an agreement although weak (P=0.02; R2=0.25; Figure 2B).
Interestingly, after subtracting the values of the affected
hemisphere from the unaffected hemisphere (ie, a difference
analysis), a significant correlation was found for the hemispheric difference (P<0.01; R2=0.47; Figure 2C), as well as
for the MCA territory (P<0.01; R2=0.61; Figure 2D).

Staging Hemodynamic Failure With BOLD
CVR Versus PET Perfusion Reserve
Finally, the agreement between BOLD CVR versus PETderived perfusion reserve for staging hemodynamic failure in
the MCA territory was assessed. The staging was determined
based on the PET scan by an experienced nuclear radiologist
(A.B.), whereas the BOLD study of the same subject was then
matched to that PET hemodynamic stage.
No significant difference was found between stage 0 and
stage I for both examinations; however, BOLD CVR showed a
trend toward more impairment for stage I (BOLD CVR stage 0
versus stage I: 0.15 versus 0.11, P=0.07; PET perfusion reserve
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Figure 1. Blood oxygen-level–dependent
(BOLD) cerebrovascular reactivity (CVR)
map vs (15O-)H2O-positron emission
tomography (PET) perfusion reserve map.
Illustrative axial slide of (A) BOLD CVR
and (B) Diamox-challenged (15O-)H2O-PET
perfusion reserve map of a subject with
right-sided carotid artery occlusion. Both
maps demonstrate good spatial agreement in the right hemisphere exhibiting
steal phenomenon, that is, hemodynamic failure stage II (depicted in blue).
In addition, the BOLD CVR map also
demonstrates CVR impairment in the contralateral unaffected hemisphere (greenyellow), something that is not apparent on
the PET map. Both BOLD CVR and PET
perfusion reserve are color coded ranging
from steal phenomenon (blue) to normal
(red) and superimposed on an anatomic
underlay. Supporting movies of these 2
images are provided in the online-only
Data Supplement illustrating both CVR
and perfusion reserve for the entire brain.
CBF indicates cerebral blood flow.

hemodynamic failure of the affected hemisphere and MCA
territory and for hemodynamic failure stage II, increased
stroke risk for individual chronic cerebrovascular pathologies, such as carotid artery occlusion, may be studied in more
detail in the future. Interestingly, we noted contralateral CVR
impairment in the assumingly unaffected hemisphere in all 19
data sets, something that did not become apparent from PET
perfusion reserve measurements. A likely explanation may be
that CBF can still be maintained through vascular contributions from other sources, including the contralateral hemisphere within a certain degree of CVR impairment. This may
implicate the presence of chronic tissue injury without apparent tissue loss on anatomic imaging (ie, cortical thinning).16,17
The agreement between quantitative BOLD CVR and PET
perfusion reserve values was relatively weak, as could be
expected. This becomes apparent in Figures 2 and 3 where the
PET ranges are wide, whereas the BOLD CVR values were

stage 0 versus stage I: 0.41 versus 0.34, P=0.46). PET-based
stage II hemodynamic failure exhibited a significant impairment as compared with stage I for BOLD CVR (BOLD CVR
stage I versus stage II: 0.11 versus −0.03; P<0.01). The PET
perfusion reserve showed a weaker agreement (PET perfusion
reserve stage I versus stage II: 0.34 versus 0.12; P=0.05). The
mean values, distribution and agreement of BOLD CVR, and
PET perfusion reserve findings for all 3 stages are presented
in Figures 3 and 4.

Discussion
In this study, we compared 19 quantitative BOLD CVR data
sets of patients with chronic cerebrovascular steno-occlusive
disease against (15O-)H2O-PET perfusion reserve measurements and demonstrated that BOLD CVR can be used as a
surrogate imaging marker for hemodynamic failure. With a
good agreement between both techniques for determining

Table 2. BOLD CVR and PET Perfusion Reserve Findings
Patients

Healthies

PET

Whole brain

BOLD

BOLD

CBF Baseline

CBF Post-Diamox

Perfusion Reserve

CVR

CVR

25.4±8.5

33.4±8.4

0.41±0.40

0.11±0.07

0.23±0.03

Left hemisphere

0.24±0.03

Right hemisphere

0.22±0.04

Affected hemisphere

24.8±8.4

30.9±8.1

0.33±0.39

0.08±0.09

Unaffected hemisphere

26.3±8.9

36.1±9.1

0.48±0.35

0.15±0.07

 Affected hemisphere

0.19±0.25

0.04±0.09

 Unaffected hemisphere

0.44±0.21

0.15±0.10

MCA territory

BOLD indicates blood oxygen-level–dependent; CBF, cerebral blood flow (mL/100 mg tissue per minute); CVR, cerebrovascular
reactivity (%BOLD signal change/mm Hg CO2); MCA, middle cerebral artery; and PET, position emission tomography.
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Figure 2. Correlation of blood oxygen-level–dependent (BOLD) cerebrovascular reactivity (CVR) values vs (15O-)H2O-positron emission tomography (PET) perfusion reserve values. Correlation of BOLD CVR and PET perfusion reserve for whole brain (A) and middle cerebral artery (MCA)
territory (B). Correlation of the hemispheric difference analysis is given in (C) for whole brain and (D) MCA territory. DIFF indicates difference.

less scattered. Although the (15O-)H2O-PET method using a
standardized arterial input function can produce actual CBF
values, scaling errors may occur where the kinetics of the tracer
in the blood do not fit the shape of the standardized curve, leading to a wide range or various thresholds for depicting hemodynamic failure stages. For instance, in one study comparing
arterial spin labeling versus (15O-)H2O-PET, normalization of
the semiquantitative CBF values was done using perfusion
values measured in the cerebellum to increase intermodality
agreement.7 For our data, however, this cannot be done because
changes of cerebellar (-infratentorial-) perfusion reserve may
differ from changes of the cerebral (-supratentorial-) perfusion reserve between the baseline and Diamox (15O-)H2O-PET
scans, thereby leading to a higher variability (range) of values.
The current study was motivated by the ongoing effort to
develop a standardized quantitative imaging method with

potential wide clinical implementation to sensitively assess
hemodynamic failure—and thereby stroke risk—in patients
with chronic cerebrovascular steno-occlusive disease. Over
the years, the noninvasive BOLD fMRI with standardized CO2
has evolved into a quantitative technique to measure CVR on
a high spatial resolution.9,18,19 It can be easily implemented in
routine clinical imaging, as well as prospective clinical trials
investigating future stroke risk in patients with cerebrovascular steno-occlusive disease.
Clinical gold standard hemodynamic imaging techniques,
such as PET and single photon emission CT, remain costly
and have limited availability. The current development has,
therefore, been focused on magnetic resonance–based techniques, such as magnetic resonance perfusion and arterial
spin labeling. This development not only improves spatial
imaging resolution and reduces the semiquantitative nature of
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Figure 3. Correlation of hemodynamic failure staging of the middle cerebral artery (MCA) flow territory, blood oxygen-level–dependent
(BOLD) vs positron emission tomography (PET). Box whisker plots depicting the distribution of quantitative BOLD CVR and PET perfusion
reserve values for all 3 stage of hemodynamic failure within the MCA flow territory. Note that the distribution of the PET values is more
widespread because of its semiquantitative determination and therefore weaker correlated. The receiver operating characteristic curve
demonstrated an area under the curve of 0.73±0.08 for BOLD cerebrovascular reactivity (CVR) and 0.55±0.09 for PET perfusion reserve
to detect hemodynamic failure stage II. Furthermore, a CVR cutoff value of 0.13 results in a 70% sensitivity and 74% specificity to detect
hemodynamic failure stage 2.

these techniques but also aims for further standardization. For
instance, Mutsaerts et al20 asserted a strategy to develop comparable CBF maps by standardizing the arterial spin labeling
protocol over multiple vendors and international centers to better determine a consensus on hemodynamic impairment. This
idea may potentially strengthen the readout of any particular
imaging modality. With BOLD CVR, a similar strategy has
been proposed.21,22 In this instance, standardization can even
be better established because in addition to the BOLD fMRI
sequence, the CO2 stimulus is also standardized and reproducible.9,23 For instance, the reproducibility analysis by Kassner
et al23 demonstrated excellent reproducibility for the withinday (intraclass correlation coefficient=0.92) and between-day
(intraclass correlation coefficient=0.81) gray matter CVR
estimates and good agreement for white matter CVR (intraclass correlation coefficient=0.88 and intraclass correlation

coefficient=0.66, respectively). The quantitative CVR values
derived from these standardized BOLD CVR studies can then
be grouped specifically for either pathophysiology (eg, carotid
artery occlusion), as well as for healthy subjects. By grouping
BOLD CVR studies of healthy subjects, a healthy reference
atlas can be created18,22 that may assist in better determination
of specific cutoff values for hemodynamic failure.

Figure 4. Limits of agreement between blood oxygen-level–
dependent (BOLD) and positron emission tomography (PET).
Bland–Altman plot to assess the limits of agreement between
the 2 imaging techniques. Initially, a proportional bias was found
(data not shown) which could be corrected for after logarithmic
transformation (this figure).

Limitations

Alternative Imaging Techniques to Assess
Hemodynamic Failure and Stroke Risk
One of the most used parameters is oxygen extraction fraction. Powers et al2,3 showed groundbreaking work and defined
specific thresholds and stages of hemodynamic failure to predict stroke risk. A large prospective randomized trial based
on these thresholds,24 however, has challenged the robustness
of the oxygen extraction fraction thresholds.25 Impaired CVR
measurements with Xenon-CT showed robust prediction of
stroke risk, but this technique has no clinical role anymore
in routine imaging.26 Single photon emission CT, although
experiencing similar limitations as PET on spatial resolution,
costs, and limited clinical availability, has been another reliable technique to determine hemodynamic failure and stroke
risk.27 Transcranial Doppler remains a robust and widely clinical applicable screening tool but has low spatial resolution and
and its flow measurement is not quantitative.28,29 More recent
magnetic resonance–based developments have put forward
the use of multiparametric hemodynamic imaging, whereas
parameters, such as mean transit time, cerebral metabolic rate
of oxygen, cerebral blood volume either alone or in combination, are currently being investigated to determine a threshold
for increased stroke risk.30 CVR in response to CO231–33 and
Diamox4,34 have been shown to be highly predictive of stroke.

It can be argued that the patient population selected for this
analysis is too heterogeneous. The main study objective,
however, was to compare a novel imaging technique against
the gold standard. Hence, the main inclusion criteria was
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unilateral hemodynamic failure determined with (15O-)H2OPET and not a single cerebrovacular disease entity. This also
led to enrollment of subjects that may have exhibited bilateral angiographic vascular disease but had only one hemodynamically impaired hemisphere. By selecting data sets with
one affected and one unaffected hemisphere, the different
hemodynamic patterns could be subsequently compared with
BOLD CVR data.
Some specific limitations of the (15O-)H2O-PET technique
are relevant to mention. Although the technique provides a
direct CBF value, the true arterial input function is not measured. The arterial input function was derived from a healthy
cohort (of young subjects) and is then assumed to have a
similar shape in patients.8 This may lead to misinterpretation of the data obtained within patient studies. This assumed
arterial input function is also dependent on blood volume
and cardiac output, where the lung blood pool is critical for
the first dilution of the tracer in the body after intravenous
infusion.
Finally, 2 different vasoactive stimuli were applied (ie,
Diamox versus CO2). Because we wanted to compare our
novel technique of BOLD CO2 CVR with the current clinical
standard (15O-)H2O-PET with Diamox, we opted to accept
this difference, especially because the expected effect of
both stimuli is maximal vasodilatation. Furthermore, work
done by Ringelstein et al28 and Ito et al35 shows an excellent agreement between these 2 stimuli to measure intracranial CVR in patients with cerebrovascular steno-occlusive
disease.

Future Directions
An important consideration would be the determination of
universally defined thresholds to quantitatively identify the
stages of hemodynamic failure. As mentioned previously,
the groundwork for such has already been put in place (ie,
standardization of BOLD CVR).21,23 The next step is to create
a reference atlas based on a large and age-stratified healthy
population, as well as to implement the same protocol of this
standardized BOLD CVR technique in various specialized
centers to plan prospective studies on patients with chronic
cerebrovascular steno-occlusive disease. A safety-analysis by
Spano et al11 has shown excellent feasibility of this technique
within the clinical setting.

Conclusions
BOLD CVR compared with CBF perfusion reserve measurements obtained from (15O-)H2O-PET demonstrated a good
agreement for hemodynamic failure in the affected hemisphere and MCA territory and for identifying hemodynamic
failure stage II. BOLD CVR may, therefore, be considered
for prospective studies assessing stroke risk in patients with
chronic cerebrovascular steno-occlusive disease, in particular
because it can potentially be widely implemented in routine
clinical imaging.
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