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Penumbra Detection in Acute Stroke with
Perfusion Magnetic Resonance Imaging:
Validation with ">O-Positron Emission
Tomography

Olivier Zaro-Weber, MD,"?3 Hermann Fleischer,"?3 Lucas Reiblich,’?3

Alexander Schuster, BSc," Walter Moeller-Hartmann, MD,* and Wolf-Dieter Heiss, MD'

Objective: Accurate identification of the ischemic penumbra, the therapeutic target in acute clinical stroke, is of critical
importance to identify patients who might benefit from reperfusion therapies beyond the established time windows.
Therefore, we aimed to validate magnetic resonance imaging (MRI) mismatch—-based penumbra detection against full
quantitative positron emission tomography ("> O-PET), the gold standard for penumbra detection in acute ischemic stroke.
Methods: Ten patients (group A) with acute and subacute ischemic stroke underwent perfusion-weighted (PW)/
diffusion-weighted MRI and consecutive full quantitative '>O-PET within 48 hours of stroke onset. Penumbra as defined
by ">O-PET cerebral blood flow (CBF), oxygen extraction fraction, and oxygen metabolism was used to validate a wide
range of established PW measures (eg, time-to-maximum [Tmax]) to optimize penumbral tissue detection. Validation
was carried out using a voxel-based receiver-operating-characteristic curve analysis. The same validation based on pen-
umbra as defined by quantitative '>O-PET CBF was performed for comparative reasons in 23 patients measured within
48 hours of stroke onset (group B).

Results: The PW map Tmax (area-under-the-curve = 0.88) performed best in detecting penumbral tissue up to 48 hours
after stroke onset. The optimal threshold to discriminate penumbra from oligemia was Tmax >5.6 seconds with a sensi-
tivity and specificity of >80%.

Interpretation: The performance of the best PW measure Tmax to detect the upper penumbral flow threshold in ische-
mic stroke is excellent. Tmax >5.6 seconds—based penumbra detection is reliable to guide treatment decisions up to
48 hours after stroke onset and might help to expand reperfusion treatment beyond the current time windows.
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he ischemic penumbra was defined by Astrup and

colleagues in 1981 as the condition of ischemic brain
perfused at a level of functional impairment (ie, electric fail-
ure) but persistent cellular integrity, which has the potential
to recover if perfusion is improved.' Identification of the
ischemic penumbra has therefore been of critical impor-
tance to guide reperfusion therapies of ischemically com-
promised but viable brain tissue in acute ischemic stroke.>”
The time-dependent viability of the ischemic penumbra,

with the ischemic core expanding into the surrounding
penumbra if no reperfusion is achieved, emphasizes the
need for a rapid and valid detection of penumbral tissue in
the clinical setting.zl’5

Various imaging modalities have been applied to detect
penumbral tissue in acute ischemic stroke. In clinical stroke,
the oxygen-15 positron emission tomography (O-PET)
technique was the first to image penumbra in vivo. Penum-

bral tssue was defined by a reduced cerebral blood flow
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(CBF) with an elevated oxygen extraction fraction (OEF)
accounting for a proportionally preserved or even normal
cerebral metabolic rate of oxygen (CMRO,).*¢11 Although
PET is still considered the gold standard for penumbra detec-
tion in acute human stroke,>” it requires complex logistics
and is difficult to perform in the clinical setting. Therefore,
simpler and wider applicable imaging modalities to detect
penumbral tissue in acute ischemic stroke, such as the mis-
match concept in magnetic resonance imaging (MRI), have
been introduced.'*"? Since the first operational definition of
the MRI-based “mismatch” between diffusion-weighted
(DWTI) and perfusion-weighted (PWI) MRI as a surrogate of
penumbra in acute stroke,'® the mismatch concept is still
challenged by the accurate PW1I-based discrimination of pen-
umbral from oligemic tissue to select candidates for therapeu-
tic interventions.

To optimize the detection of tissue at risk of infarction
based on PW]I, various perfusion maps and their corresponding
thresholds have been investigated. In the clinical setting, how-
ever, the choice of the best PW map and its optimal upper
penumbral flow threshold is still a matter of debate.'”” To
address this controversy, and because recent stroke studies have
proven for the first time the clinical benefit of mismatch-based
thrombectomy 6 to 24 hours after stroke onset (DEFUSE-3,
DAWN),'®'7 i is important to validate PW parameters
with full quantitative O-PET to make this imaging proce-
dure a reliable tool to detect salvageable tissue in acute
stroke. Several previous studies validated PW maps in terms
of tissue at risk detection in acute stroke against absolute or
relative CBF measures (PET, single photon emission com-
puted tomography, and xenon computed tomography [Xe-
CT))." However, flow measures alone, even though
established, are only surrogate markers to define penumbral
tissue. Therefore, we validated the mismatch concept
against the classic concept of penumbra as defined by full
quantitative '>O-PET measures of blood flow and oxygen
metabolism (PET-CBF, -OEF, and -CMRO,). In addi-
tion, to give a more complete image of the optimal PWI
maps and thresholds to detect the penumbral flow thresh-
old, we also validated PW1I map performance based on our
bigger quantitative PET-CBF group for comparative
reasons.

To help clinicians assess the tissue at risk of infarc-
tion with high accuracy, we validated for the first time a
wide range of PWI maps up to 48 hours after stroke
against full quantitative BO.PET in terms of (1) their
threshold independent performance to detect the penum-
bral flow threshold, (2) their best threshold to optimize
the detection of the penumbral flow threshold, and
(3) their performance to detect the penumbral flow
threshold up to 48 hours after stroke onset.
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Patients and Methods

Patients

This study includes 2 different groups of patients with acute
and subacute ischemic hemispheric stroke. Group A was mea-
sured with full quantitative BO.PET to evaluate CBF, cere-
bral blood volume (CBV), OEF, and CMRO,; group B was
measured with quantitative ?O-PET to evaluate CBF. These
patients underwent acute consecutive MRI and PET within
48 hours of symptom onset as part of a prospective research
protocol. The comparative PET-MRI patient sample
(PET-MR validation group) was measured on the same scan-
ners with the same procedures and sequences. The patients
in group A were studied from 2004 to 2017. Four patients
have previously been reported, but these studies either had
another focus or were methodically different or both.'®"*?
The patients in group A were selected from our PET-MR
validation group based on full quantitative ">O-PET CBF,
OEF, and CMRO, measured within 48 hours of stroke
onset. The patients in group B were studied from 2003 to
2016. All have previously been reported, but these studies
either had another focus or were methodically different or
both.'®'?*'2%> The patients in group B were selected
from our PET-MR validation group based on quantitative
O-PET CBF measured within 48 hours of stroke onset.
The patients in group B were analyzed in line with group A
and included in the study for comparative reasons. An expe-
rienced stroke neurologist supervised the patients during the
whole procedure according to our stroke unit standards, and
only clinically stable patients were included in the study.
Time between both imaging modalities was kept as short as
possible (for time intervals, see clinical data in the Results
section), and patients with clinical changes in National Insti-
tutes of Health Stroke Scale (NIHSS) >2 during and
between both imaging procedures were excluded. Patients
receiving thrombolytic therapy or thrombectomy did not
receive PET after MRI and were not included in the study.
The study was approved by the local ethics committee of the
University of Cologne, Germany. All patients gave written
informed consent in accordance with the ethical standards of
the Helsinki Declaration of 1975 and its later amendments.

MRI and PET Image Acquisition

MRI was performed in both groups on a 1.5T whole-body
scanner (Intera Master; Philips, Best, the Netherlands).
Dynamic susceptibility contrast (DSC) PWI was performed
in an axial direction (20 slices, slice thickness = 6mm,
interslice gap = 0.6mm, field of view = 23cm), and multishot
3-dimensional (3D) T2*-weighted gradient echoplanar imag-
ing (EPI) sequences (principles of echo shifting using a train of
observations; effective echo time [TE] = 25 milliseconds, flip
angle = 9°, EPI factor = 17, matrix = 64 X 51, resulting voxel
size = 3.6 X 3.6 X 6mm) were used. The DSC PW protocol
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included 60 measurements at intervals of 1.3 seconds after
standardized intravenous injection of 20ml of gadolinium-
diethylenetriaminepentaacetic acid (Magnevist, Schering AG;
power-injector flow rate 10ml/s, followed by 20ml saline).
DWT used single shot spin-echo EPI (TE = 96 milliseconds,
repetition time = 3,560 milliseconds, flip angle = 90°, matrix =
256 X 256, field of view [FoV] = 230 X 230, b=0and b =
1,000, pixel size = 0.9 X 0.9mm?, slice thickness = 6mm, inter-
slice gap = 0.6mm), and T'1 fast field echo (FFE) sequence was
TE = 1.8 milliseconds, TR = 145 milliseconds, flip angle =
80°, matrix = 256 X 256, FoV = 230 X 230, pixel size = 0.9 X
0.9mm>, slice thickness = 6mm, interslice gap = 0.6mm.

PET was performed in a resting state on an ECAT
EXACT HR scanner (CTI; Siemens, Erlangen, Germany).
Emission scans were performed in a 2- and 3D data acquisi-
tion mode providing 47 contiguous 3mm slices of S5mm full
width at half maximum (FWHM) in plane reconstructed
resolution.”* The PET investigations of group A consisted of
a total of 3 studies, with the complete study lasting approxi-
mately 30 to 40 minutes.”> CBF was measured with an
intravenous bolus of 60mCi (2.2GBq) 50.H,0.%° OEF
was measured with °O-O, gas inhaled by a deep single
breath of 50mCi (1.85GBq) followed by breath holding of
approximately 10 to 15 seconds.”> CBV was measured by
inhalation of 50mCi (1.85GBq) "*O-CO allowing equilib-
rium before PET scanning was started.?” For both >O-H,O
and ’O-O, measures, an arterial input function (AIF) was
measured by continuous arterial blood sampling (radial
artery) with an automated blood-sampling system.”® For the
0-CO studies, manually drawn blood samples were mea-
sured in a well counter after equilibrium between brain and
blood activities was reached. From these measures, regional
values of CBF, CBV, OFF, and CMRO, were generated on
a pixel-by-pixel basis as described previously.”> For details,
see Heiss and colleagues® and Sobesky and colleagues.”” The
PET investigations of group B consisted of 1 study of quan-
titative PET-CBF, with the complete study lasting approxi-
mately 10 minutes.””

All further postprocessing and analysis of the data
from group B, which validated PWI maps based only on
the established PET-CBF penumbra threshold, were per-
formed in line with group A.

MRI Postprocessing

Postprocessing of the MRI DSC PW raw images was per-
formed by using our in-house software to realign all raw Digital
Imaging and Communications in Medicine (DICOM) DSC
PW images to correct for movement artifacts.”’ Then we used
the research software PMA (v5.0)*' to generate (1) the non-
deconvolved PW maps time to peak (TTP), bolus arrival time
(BAT), bolus end time (BET), FWHM, first moment
(FM) without delay correction (DC), FM with DC, CBV of
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the curve of the tissue contrast time curve (CBVrc), maxi-
mum concentration (Cmax), negative enhancement integral
(NEI), normalized signal drop (dS/S) and maximum slope
(MS) of the tissue response curve before deconvolution; and
(2) the deconvolved PW maps CBF, CBV, mean transit time
(MTT), and time to maximum (Tmax; Fig 1). Deconvolved
PW maps were derived from the deconvolved tissue response
curve using the nonparametric standard singular value
decomposition method.”® Deconvolution was performed
with a nondistorted AIF defined by 5 to 10 voxels manually
chosen from the contralateral proximal M1 segment of the
middle cerebral artery (MCA).*! For a detailed description of
these maps calculated with PMA, see the study by Leiva-
Salinas and colleagues.”

Normalization of the nondeconvolved PW maps (eg, to
remove variability due to injection timing and arrival time dif-
ferences of the bolus contrast agent) was performed in line with
previous studies.>"** For this purpose, the mean value of a
region of interest (ROI) covering the MCA territory contralat-
eral to the affected hemisphere, in a slice including the basal
ganglia, was determined. All temporal PW1 parameters (eg,
TTP, FM, BAT, BET, and FWHM) were normalized by
subtraction of the mean contralateral ROI value (eg,
TTP_absolute — TTP_ROI). Normalization of non-
deconvolved surrogates of CBF and CBV (eg, Cmax, MS,
and CBV () were expressed as the ratio to the contralateral
mean ROI value (eg, Cmax_absolute / Cmax_ROI).>%°

MRI and PET Image Analysis

All PET and MR images were analyzed with a multimodal-
imaging tool VINCI (Max Planck Institute for Neurologi-
cal Research, Cologne, Germany). To match spatial
resolution, PET images were resized to the PW MR
images, which were previously filtered (gauss 3D filter) to
match the FWHM of the PET images. All PET and MR
images were then realigned by a fully automated algo-
rithm.?® For each patient, a 3D grey matter brain mask
based on the individual T1 image was automatically cre-
ated and manually corrected using VINCI. The grey mat-
ter masks were resliced to the PW MR image dimensions.
Then a direct voxel-based analysis of the PET and MR
images was performed within this individual 3D brain mask
including the cortex (grey matter) of the ischemic hemi-
sphere. The voxel values from the coregistered PET-CBF,
-CBV, -OEF, -CMRO, and PW-MRI maps (group A) and
PET-CBF and PW-MRI maps (group B) were used for a
direct voxel-based analysis. PET CBV voxels >8.0ml/100g/min
were excluded as artifactual (group A).*® Voxels within the
infarcted tissue without contrast bolus arrival during PW1I
scanning were excluded from further analysis.>” To prevent
our analysis from being biased by necrosis or established
reperfusion (very low OEF), we excluded all voxels with OEF
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PET-CBF PET-CMRO2 T1-MASK

FM with DC FM without DC

CBVctc

FIGURE 1: Voxel-based comparative analysis of positron emission tomography (PET)-cerebral blood flow (CBF), PET-oxygen
extraction fraction (OEF), and PET-cerebral metabolic rate of oxygen (CMRO,) with deconvolved perfusion-weighted imaging
(PWI)-CBF, —cerebral blood volume (CBV), -mean transit time (MTT) and —time to maximum (Tmax) as well as nondeconvolved
PWI-time to peak (TTP), -bolus arrival time (BAT), —bolus end time (BET), —full width at half maximum (FWHM), —first moment
(FM), -maximum concentration (Cmax), —negative enhancement integral (NEI), —-normalized signal drop (dS/S), -maximum slope
(MS), and -CBV of the tissue contrast concentration time curve (CBVcrc). Deconvolved PWI maps calculated by standard
deconvolution with an arterial input function (AIF) from the tissue response curve. Nondeconvolved PWI maps calculated without
deconvolution with an AIF. A T1-based grey matter mask was used for a voxel-based comparison of the PET and PWI maps.
Ventricles, white matter, large arteries, sinuses, and areas of severely delayed contrast agent were excluded. receiver operating
characteristic curve analysis was performed with a combination of the classic penumbra thresholds: PET-CBF < 20m|/100g/min,
PET-OEF > mean OEF of unaffected hemisphere + 2 standard deviations and PET-CMRO, > 64pmol/100g/min. DC = delay
correction; DWI = diffusion-weighted imaging.

below the minimum value of the individual contralateral
OEEF values (group A). The remaining voxels were used for
further analysis.

For analysis of group A, we chose previously validated
PET thresholds which fulfilled the classic criteria for penum-
bra with reduced CBF, compensatory increased OEF, and rel-
atively preserved CMRO,;: (1) established CBF penumbra
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threshold <20ml/ 100g/min,2’3’8 (2) significantly elevated
OEEF of more than the individual mean contralateral OEF plus
2 standard deviations (OEF > mean OEFcontr + 2 SD),*® and
(3) viable tissue threshold CMRO, > 64pmol/100g/min
(equates to >1.5ml/100g/min).*”>3° For analysis of group B,
we chose the established PET-CBF penumbra threshold
<20ml/100g/min.>>*

Volume 85, No. 6



Statistical Image Analysis

The accuracy of the PWI maps to detect the penumbral flow
threshold as defined by full quantitative PET was determined
by a receiver operating characteristic (ROC) curve analysis.
The previously defined classic '>O-PET-based penumbra
criteria CBF < 20ml/100g/min, OEF > mean OEFcontr +
2 SD, and CMRO, > 64mol/100g/min were used as a dis-
criminator to define tissue as penumbral or nonpenumbral
in group A. The established PET-CBF penumbra threshold
of <20ml/100g/min was used as a discriminator in group
B. The ROC curve analysis provides 2 important measures,
the area under the curve (AUC) and the equal sensitivity and
specificity threshold (ESST)-based cutoff thresholds. The
AUC represents a threshold independent accuracy measure
of penumbral flow threshold detection. The ESST-based
cutoff threshold represents the optimal threshold of the PW1I
maps to detect the penumbra threshold as defined by the
stringent penumbral PET criteria. The ROC curve analysis
was performed separately for each patient identifying the
AUC and the ESST-based cutoff thresholds for each PWI
map. The median and interquartile range (IQR) of the AUC
and the median and bootstrapped confidence interval (CI) of
the ESST-based cutoff thresholds as well as their sensitivity
and specificity values were calculated. To test the ROC
curve—derived optimal penumbral flow Tmax and TTP
thresholds, we calculated bias-corrected and accelerated
(BCa) bootstrapped 95% ClIs (iterations = 1,000; random
number seed = 978), adjusted for possible bias and skewness
in the bootstrap distribution.*

We tested for differences of PWI map performance
(AUC) between the PW maps. The differences of the
AUC were tested by a repeated-measures analysis of vari-
ance on ranks and a post hoc analysis Student—Newman—
Keuls procedure for multiple comparisons at a corrected
type 1 error level of 0.05. Data were analyzed with
Sigmaplot 12.5 (Sysstat, 2012), R software (v3.5.0) and
MedCalc (v18.11).

Results

Clinical Data

In this comparative study 2 groups were analyzed: group A
(PET-CBF, -OEF, and -CMRO,) included 10 patients
(6 women, 4 men) with acute or subacute ischemic stroke
(median age = 66 years [IQR = 56-74], median NIHSS =
12 [IQR = 4-14]). Consecutive PET and MRI were per-
formed within 48 hours (median time = 10 hours [IQR =
4-35]) after stroke onset. Five patients were measured within
12 hours (time = 4 hours [IQR = 2.9-4.9]), and 5 patients
measured between 12 to 48 hours (time = 35 hours [IQR =
17.8-42]). The median time delay between PET and MRI
was 116 minutes (IQR = 100-150). Stenosis of the internal
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carotid artery (ICA) or MCA was present in 6 patients ipsilat-
eral and in 2 patients contralateral to the infarct (Table 1).
Group B (PET-CBF) included 23 patients (12 women,
11 men) with acute or subacute ischemic stroke (median
age = 56 years [IQR = 42-63], median NIHSS = 13 [IQR
= 7-18]). Consecutive PET and MRI was performed within
48 hours (median time = 12 hours [IQR = 7-25]) after
stroke onset. Ten patients were measured within 12 hours
(time = 5.8 hours [IQR = 3.5-7]), and 13 patients were
measured between 12 to 48 hours (time = 24 hours [IQR =
19.8-31.5]). The median time delay between PET and
MRI was 67 minutes (IQR = 51-138). Stenosis of the ICA
or MCA was present in 10 patients ipsilateral and in
4 patients contralateral to the infarct.

ROC Curve Analysis

All patients exhibited penumbral tissue on PET and PWI
up to 48 hours after ischemic stroke (Fig 2). Accuracy of
the PWI maps to detect penumbral tissue, as defined by the
ROC curve analysis, varied considerably between the differ-
ent maps and was best for deconvolved Tmax in group A
and best for deconvolved Tmax and nondeconvolved TTP
and FM without DC in group B. The ROC curve analysis
was performed separately for each patient and PWI modal-
ity. The AUC values, which indicate the threshold indepen-
dent performance to detect penumbral flow, were pooled
among the 10 patients (group A) and 23 patients (group B)
for every single PW map. The best performing PW map
based on the AUC of the penumbra gold standard PET
group (group A) was deconvolved Tmax (AUC = 0.88,
IQR = 0.78-0.91), which performs significantly better (p <
0.05) than other established deconvolved PW maps, for
example, CBF (AUC = 0.70, IQR = 0.64-0.85) and MTT
(AUC = 0.69, IQR = 0.62-0.79) as well as nondeconvolved
PW maps, for example, TTP (AUC = 0.83, IQR =
0.74-0.88) and FM without DC (AUC = 0.81, IQR =
0.74-0.87; Table 2).

The optimal pooled thresholds to detect penumbral
flow based on the ESST of the penumbra gold standard PET
group (group A) were for the best deconvolved measure Tmax
> 5.6 seconds (95% CI = 4.6-6.1) with a sensitivity of 81%
(IQR = 70-83%) and a specificity of 81% (IQR = 71-83%)
and for the best nondeconvolved measures TTP > 3.8 seconds
(95% CI = 3.7-4.4) with a sensitivity of 77% (IQR =
68-81%) and a specificity of 77% (IQR = 67-82%). In the
bigger PET-CBF group (group B), the optimal penumbral
flow thresholds were for deconvolved Tmax > 6.0 seconds
(95% CI = 4.9-6.9) with a sensitivity of 87% (IQR =
80-91%) and a specificity of 87% (IQR = 80-91%) and for
the best nondeconvolved measures TTP > 4.1 seconds (95%
CI = 3.9-4.9) with a sensitivity of 85% (IQR = 77-90%) and
a specificity of 85% (IQR = 77-90%; Table 3).

879



ANNALS of Neurology

TABLE 1. Clinical Patient Data

Age, Stroke to
Patient ID Site

1 MCAR 56/M 14 3 111
2 MCAR 76/F 1 2.5 210
3 MCAL 48/M 12 40 271
4 MCAL 47/F 4 6 120
5 MCAR 71/F 18 14 57
6 MCAL 56/M 12 4.5 150
7 MCAL 85/F 6 35 102
8 MCAR 74/F 4 4 100
9 MCAR G62/F 15 46 127
10 MCAL 70/M 14 19 100
Mean/median 65/66 10/12  17.4/10
Interquartile range 56-74 4-14  4-35

Minimum 47 1 2.5 57
Maximum 85 18 46 271

MRI to
yr/Sex NIHSS Imaging, h PET, min Ipsilateral, % Contralateral, % cm’ cm®

135/116
100-150

DWI = diffusion weighted lesions; F = female; ICA = internal carotid artery; ID = identification; L = left; M = male; MCA = middle cerebral artery;
MRI = magnetic resonance imaging; NIHSS = National Institutes of Health Stroke Scale; PET = positron emission tomography; R = right.

ICA/MCA

Stenosis

ICA/MCA DWI PET

Stenosis Lesion, Penumbra,

0 0 9.3 18.3
100 0 10.1 186.7
0 60 17.4 208.3
100 0 7.7 10.9
0 0 20.1 129.4
100 0 96.2 145.0
0 0 40.4 23.5
60 0 25.0 47.7
90 70 21.6 42.0
100 0 24.8 164.1

Four representative ROC curves of the best PWI
map Tmax with the AUC values and the sensitivities and
specificities at the optimal operating points where equal
weights were attributed to sensitivity and specificity

(ESST) are shown in Figure 3.

Discussion

This prospective imaging study of acute and subacute ische-
mic stroke was performed to improve mismatch-based tis-
sue at risk detection and guide treatment decisions in
ischemic stroke. To this end, we validated the whole range
of established PW maps against full quantitative O-PET
to determine the optimal PWI maps and thresholds to
detect the penumbral flow threshold in ischemic stroke
within 48 hours of symptom onset. The optimal PWI map
and threshold that delineates penumbra from oligemia was
identified using a voxel-based ROC curve analysis based on
the classic PET penumbra definition of reduced blood flow
(CBF) increased oxygen extraction (OEF) and stable oxy-
gen metabolism (CMRO,) in the gold standard PET group
(group A) and the established PET penumbral flow thresh-
old of reduced CBF in the larger PET group (group B).
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Several novel findings, all with clear clinical implica-
tions, emerged from our gold standard PET group (group A)
analysis: (1) the best PW parameter Tmax had an excellent
threshold independent prediction of penumbral flow (AUC =
0.88), (2) the optimal penumbral flow threshold of the most
predictive PW map Tmax > 5.6 seconds was highly accurate
with a sensitivity and specificity above 80%, and (3) PW
Tmax was highly reliable to identify the penumbral flow
threshold up to 48 hours after stroke onset.

The current study has new important implications for
mismatch detection in acute stroke, and several main issues
need to be discussed. The threshold independent perfor-
mance of PW Tmax was excellent with an AUC of 0.88.
Tmax significantly outperformed other deconvolved and
nondeconvolved measures (group A). The bigger PET-CBF
group validation (group B) provides evidence that Tmax,
TTP, and FM without DC are the best PWI parameters to
detect the upper penumbral flow threshold. These results
are roughly in line with those from the smaller full quanti-
tative gold standard PET group (group A), which further
strengthens the validity of our results and supports the use
of deconvolved Tmax and nondeconvolved TTP if no AIF
is used. These results are important because previous
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TABLE 2. Area under the Curve Values (Median) of
Group A (PET-CBF, -OEF, -CMRO,) and Group B
(PET-CBF) for Deconvolved Tmax, CBF, CBV, MTT,
and Nondeconvolved TTP, BAT, BET, FWHM, FM
without/with DC, Cmax, MS, CBVcrc, dS/S, and NEI

PW Maps AUC, Group A AUC, Group B
Tmax* 0.88 (0.78-0.91)*  0.94 (0.88-0.97)"
CBF 0.70 (0.64-0.85)  0.84 (0.81-0.88)
CBV 0.60 (0.56-0.67)  0.65 (0.57—0.66)
MTT 0.69 (0.62-0.79)  0.81 (0.79-0.89)
TTP 0.83 (0.74-0.88)  0.93 (0.85-0.96)"
BAT 0.69 (0.67-0.73)  0.82 (0.80—0.87)
BET 0.65 (0.57-0.73)  0.80 (0.71-0.84)
FWHM 0.61 (0.60-0.68)  0.65 (0.61-0.77)

FM without DC

0.81 (0.74-0.87)

0.89 (0.84-0.93)°

FM with DC 0.59 (0.57-0.71)  0.61 (0.57-0.73)
Cmax 0.66 (0.59-0.76)  0.82 (0.79-0.89)
MS 0.68 (0.59-0.72)  0.80 (0.77-0.83)
CBVcre 0.62 (0.56-0.74)  0.72 (0.60-0.80)
ds/s 0.65 (0.58-0.78)  0.67 (0.59-0.79)
NEI 0.64 (0.59-0.67)  0.66 (0.61-0.69)

Results are derived from the receiver operating characteristic curve
analysis.

*Significantly higher AUC values within group A.

PSignificantly higher AUC values within group B. Repeated measures anal-
ysis of variance on ranks and post hoc analysis Student-Newman-Keuls
procedure for multiple comparisons at a corrected type I error level of 0.05.
Median values of the AUC values. Variation is stated as interquartile range.
AUC = area under the curve; BAT = bolus arrival time; BET = bolus
end time; CBF = cerebral blood flow; CBV = cerebral blood volume;
CBVcre = cerebral blood volume of the tissue contrast concentration
time curve; Cmax = maximum of the concentration time curve;
CMRO;, = cerebral metabolic rate of oxygen; DC = delay correction;
dS/S = normalized signal drop; FM = first momeng; FWHM = full

width at half maximum; MS = maximum slope; MTT = mean transit

PET-CBF

PET-OEF PET-CMRO2 PWI-Tmax

time; NEI = negative enhancement integral; OEF = oxygen extraction

FIGURE 2: Coregistered images of multitracer *O- positron fraction; PET = positron emission tomography; PW = perfusion

emission tomography (PET), magnetic resonance perfusion-
weighted imaging (PWI) time to maximum (Tmax) and
diffusion-weighted imaging (DWI) in all 10 patients (group A)
with acute and subacute ischemic stroke. All patients show
penumbral tissue on PET with reduced cerebral blood flow
(CBF), elevated oxygen extraction fraction (OEF), and normal
to reduced cerebral metabolic rate of oxygen (CMRO,).

weighted; Tmax = time to maximum; TTP = time to peak.

20ml/100g/min). However, since the mismatch concept is a
surrogate of the classic penumbra definition by PET,> our
study was particularly suitable to determine the best PW
parameter to detect penumbra as defined by full quantitative
validation studies in acute stroke showed conflicting results PET. One reason why deconvolved Tmax detects the pen-
concerning the best PW parameter and threshold. Most pre- umbral flow threshold with such a high accuracy might be
vious studies validated PWI maps against a single quantita- the deconvolution procedure used for quantification, which,

tive PET or Xe-CT penumbra threshold (CBF <

from a theoretical point of view, has advantages over
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PW Maps PF Threshold, s*
Group A
Tmax >5.6 (95% CI = 4.6-6.1)
TTP >3.8 (95% CI = 3.7-4.4)
Group B
Tmax >6.0 (95% CI = 4.9-6.9)
TTP >4.1 (95% CI = 3.9-4.9)

*BC, bootstrap 95% CI (1,000 iterations; random number seed = 978).

TABLE 3. Optimal Penumbral Flow Threshold Values (Median) of Group A (PET-CBF, -OEF, -CMRO,) and Group
B (PET-CBF) for the Best Deconvolved Tmax and Nondeconvolved TTP Perfusion Maps

Results are derived from the receiver operating characteristic curve analysis. PF threshold is defined by the ESST.

CBF = cerebral blood flow; CI = confidence interval; CMRO, = cerebral metabolic rate of oxygen; ESST = penumbral flow threshold corresponding
to the equal sensitivity and specificity threshold; OEF = oxygen extraction fraction; PET = positron emission tomography; PF threshold = optimal pen-
umbral flow threshold; PW = perfusion weighted; Tmax = time to maximum; TTP = time to peak.

Sensitivity, % Specificity, %

81 (IQR = 70-83)
77 (IQR = 68-81)

81 (IQR = 71-83)
77 (IQR = 67-82)
87 (IQR = 80-91) 87 (IQR = 80-91)

85 (IQR = 77-90) 85 (IQR = 77-90)

nondeconvolved measures (eg, TTP, FM). Deconvolution
might therefore help to detect tissue that is affected by not
only low blood flow but also compromised oxygen metabo-
lism. For a thorough discussion of deconvolution, see Reimer
and colleagues."® Tmax performs better than physiologic
PW maps because Tmax calculation is only dependent on
the tissue response curve to its peak and not on the whole
response curve like many other maps (eg, CBV, MTT, EM),
making Tmax also less prone to artifacts.'”>” The accuracy to
detect penumbral flow thresholds with PW measures shows
slightdy lower AUC values if validated against the classical
PET definition of penumbra (group A) rather than against a
single PET penumbra CBF threshold (group B; Tmax AUC
= 0.88 vs 0.94). This might be attributed to PWI being a sur-
rogate of blood flow, and a direct comparison to PET-based
blood flow without metabolic measures is more straightfor-
ward. However, our validation based on full quantitative PET
(group A) might well provide a more accurate performance of
PWI penumbral flow detection.

The optimal penumbra threshold to distinguish pen-
umbral from oligemic tissue is Tmax > 5.6 seconds. Along
with the optimal thresholds for TTP > 3.8 seconds, our
results are in line with the results of group B and some
previous comparative PET-, Xe-CT-, and MR-based stud-
ies.”?%*! However, we found a slightly lower optimal
TTP threshold than some previous studies.'”?®4** This
might be due to the classic PET definition of penumbra
used for PW1I validation leading to further improved opti-
mal penumbra thresholds. We also performed a voxelwise
ROC curve analysis rather than a ROI-based analysis,
which might lead to less biased thresholds.

Because patients in this study exhibited penumbral
tissue up to 48 hours after stroke onset, we could prove
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for the first time that the performance of the PWI param-
eter Tmax > 5.6 seconds is excellent in detecting the
upper penumbral flow threshold up to 48 hours after
stroke onset. This time window is in line with previous
PET-based studies, which detected penumbral tissue with
BO-PET as late as 18 to 48 hours®'® and with '®F-fluo-
romisonidazole PET as late as 48 hours.**

Few previous studies have validated the mismatch
concept in acute and subacute ischemic stroke. There have
been 2 different approaches to validate the performance of
established PW1I maps to detect penumbral low: MR-based
validation studies compare PWI maps with infarct growth
on late MRI as a reference in patients without reperfusion.
These studies either compare the performance of different
PWI maps®>#>%® or identify the optimal perfusion thresh-

#4347 1o detect penumbral tissue. It

old of a single PWI map
is crucial in these MR-based validations to exclude
reperfusers. Therefore, these studies only included patients

without thrombolytic therapy 4474748

or patients with
proven nonreperfusion.”” In addition, the optimal imaging
method and time to accurately detect the final infarct is of
importance.”’ These studies investigated different PWI
maps and found different results in terms of the best PWI
map and threshold to detect tissue at risk of infarction.
Some variation in results might be explained by methodo-
logical differences of how reperfusers were excluded and
how final infarct was defined.

PET or Xe-CT-based studies compare PWI maps back
to back with a measure of quantitative CBF, for example,
PET'3%42 or Xe-CT.#! In these studies, the best PWI maps
and thresholds are validated against CBF < 20ml/100g/min,
which is used to discriminate oligemic from penumbral tis-
sue.?> Previous studies of our group'”*****?  found
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Zaro-Weber et al: Penumbra Detection with MRI

100 100 TMAX
80 80
AUC =0.90 AUC =0.79
:E 60 g 60 /
3 3
40 40
20 ESST <6.1 (0.84/0.84) 20 ESST =<6.1 (0.70/0.70)
0 I N B B 0 A B TR B
20 40 60 80 100 20 40 60 80 100
100-Specificity 100-Specificity
100 100
80 80
AUC =0.92 AUC =0.90
%’ 60 g 60
A A
40 40
20 ESST <5.9 (0.87/0.87) 20 ESST <4.1 (0.82/0.82)
0 I N R B 0 N B B B SR

20 40 60 80
100-Specificity

100

20 40 60 80 100
100-Specificity

FIGURE 3: Representative receiver operating characteristic curves of 4 patients illustrating the performance of time to maximum
(Tmax) with respect to penumbral flow detection based on full quantitative positron emission tomography (PET)-cerebral blood
flow, PET-oxygen extraction fraction, and cerebral metabolic rate of oxygen. The equal sensitivity and specificity threshold
(ESST) is marked on the receiver operating characteristic curve. The corresponding optimal penumbral flow threshold with its
sensitivity and specificity is shown. AUC = area under the curve.

deconvolved Tmax > 6.1 seconds and nondeconvolved TTP
> 4.2 seconds, Cmax < 0.66, and FM without DC > 3.6 sec-
onds to perform best and equally well in discriminating tissue
with PET CBF < 20ml/100g/min. However, these studies
did not validate PW maps against penumbra as defined by full
quantitative '’ O-PET. Another study of 5 acute and subacute
stroke patients investigated the performance of PW maps
(Tmax > 5.5 seconds, MTT > 6 seconds, TTP > 4.8 seconds)
to detect penumbral flow thresholds against quantitative and
full quantitative "O-PET and found no difference in
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performance.” ¢ Olivot and colleagues41 validated Tmax and
MTT in 7 subacute stroke patients against Xe-CT and found
Tmax > 4 seconds to be more reliable than MTT > 10 seconds
to detect critical hypoperfusion.

In summary, previous MR-, PET- and Xe-CT-based
validation studies found conflicting results as to which PW
map and threshold performs best in detecting penumbral
tissue. To settle the dispute, we validated all established
PW maps against the classical penumbra definition of full
quantitative PET up to 48 hours after stroke and provide
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clear recommendations to the clinician in terms of the best
PW map and its optimal threshold.

From a clinical point of view, these results are impor-
tant because the optimal PW maps and penumbra thresh-
olds validated against full quantitative PET up to 48 hours
of stroke onset are pivotal to detect penumbral tissue and
can help the clinician to decide on revascularization or
other options of treatment in acute stroke beyond the
established time windows. This is particularly true because
recent clinical stroke studies (DEFUSE-3 and DAWN)!¢7
have shown a clinical benefit of endovascular revasculariza-
tion based on mismatch detection within 24 hours of stroke
onset.

Several methodological issues need to be discussed.
First, we validated the whole range of PW maps against
full quantitative '>O-PET and processed these maps with
a validated software (PMA) which allows calculation of a
wide range of deconvolved and nondeconvolved PW maps
with high precision.”’ Second, our validation was per-
formed using a voxel-based ROC-curve analysis, which
allows an unbiased approach to detect the most predictive
PW maps and their optimal thresholds.”® Third, because
we wanted the sensitivity and specificity to be equal for
optimal penumbral flow threshold definition, the best cut-
off threshold using the ROC curve analysis was deter-
mined by the ESST.>> However, depending on the
individual clinical setting, a higher sensitivity or specificity
might be required and the optimal threshold values might
be different. Fourth, the PWI-based penumbral flow
thresholds are valid for grey matter only, and the inclusion
of white matter may lead to slightly higher (eg, Tmax) or
lower (eg, CBF) PWI penumbra thresholds. We mini-
mized this error by creating a grey matter mask that
excluded white matter voxels. Therefore, the results are
not applicable to pure subcortical infarcts. Fifth, we vali-
date the upper limit of penumbral flow (ie, discrimination
of penumbral from oligemic flow). This is a standard
approach,®>?%*! because the lower limit of penumbral flow
(ie, the infarct core threshold) is defined by the DWT lesion
within the mismatch concept and has previously been vali-
dated by ''C-flumazenil PET.”>*" Sixth, we present the
biggest patient sample of full quantitative O-PET with
consecutive PW MR in acute stroke. The restricted num-
bers in the literature are due to the very challenging logistics
to perform these measures in acute stroke (see Patients and
Methods section). However, our bigger PET-CBF group
validation (group B) shows time-driven parameters to per-
form best, which strengthens the results of the gold stan-
dard PET group (group A). Seventh, the time of stroke
onset to imaging does not influence the validity of our
results because the upper CBF “penumbra” threshold is,
unlike the lower CBF “infarction” threshold, not time

884

dependent.l’5 2 Eighth, the brief inhalation 50O-PET
method used in this study can be used for full quantitative
regional measurement of CBF, OEF, and CMRO,. It has
been fully validated for a wide range of values and is valid
for low blood flow values under pathologic conditions such
as stroke.”>? The main advantage of the brief inhalation
method is that it is a rapid technique, is easy to repeat, and
involves a lower radiation dosage. It is less time consuming
than the steady-state '>O-PET method, and less patient
cooperation is needed, which is, along with the shorter
scanning procedure, an advantage in stroke patients.”
Ninth, flow and metabolic changes during consecutive MR
and PET imaging were minimized by keeping the time
between both imaging modalities as short as possible,
excluding patients with revascularization treatment and
clinical changes (NIHSS > 2 points) during and between
imaging. We also monitored CBF by sonography of the
cerebral arteries before and between the scans. However, to
eliminate changes between MR and PET completely, imag-
ing should be performed simultaneously on a PET/MR
hybrid scanner in future studies. Tenth, PWI maps showed
an individual variation of the optimal penumbral flow
threshold despite the use of deconvolution algorithms based
on input functions in deconvolved PW1I or normalization
to the contralateral nonaffected hemisphere in non-
deconvolved PWI. The use of quantitative bookend DSC-
MR in future studies might reduce this individual over- or
underestimation of penumbral tissue.”> Eleventh, because
the classical PET-based definition of penumbra is based on
CBF, OEF, and CMRO,, mismatch-based penumbral tis-
sue detection in acute stroke might benefit from additional
validated MR-based quantitative measures of OEF and oxy-
gen metabolism (CMRO,).>®

In summary, this study of acute and subacute ische-
mic stroke validated a wide range of established PW
parameters against the classical definition of penumbra as
defined by full quantitative "O-PET within 48 hours of
stroke onset. We demonstrated that Tmax > 5.6 seconds
is outstanding in detecting the upper penumbral flow
threshold up to 48 hours after stroke onset and outper-
forms other PWI parameters. However, if no selection of
an AIF is feasible, nondeconvolved TTP > 3.8 seconds is
a very good alternative to Tmax. These results might help
to expand acute stroke treatment well beyond the current

time windows.
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