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Perfusion-Weighted MR Imaging Studies in Brain
Hypervascular Diseases: Comparison of Arterial
Input Function Extractions for Perfusion

ORIGINAL
rResearcH | Measurement
D. Ducreux BACKGROUND AND PURPOSE: Brain hypervascular diseases are complex and induce hemodynamic
|. Buvat disturbances on brain parenchyma, which are difficult to accurately evaluate by using perfusion-
weighted (PWI) MR imaging. Our purpose was to test and to assess the best AIF estimation method
J.F. Meder . . . .
L among 4 patients with brain hypervascular disease and healthy volunteers.
D. Mikulis
METHODS: Thirty-three patients and 10 healthy volunteers underwent brain perfusion studies by using
A. Crawley o . e o '
D. Fred a 1.5T MR imaging scanner with gadolinium-chelate bolus injection. PWI was performed with the
. Fredy

indicator dilution method. AIF estimation methods were performed with local, regional, regional
scaled, and global estimated arterial input function (AIF), and PWI measurements (cerebral blood
volume [CBV] and cerebral blood flow [CBF]) were performed with regions of interest drawn on the
thalami and centrum semiovale in all subjects, remote from the brain hypervascular disease nidus.
Abnormal PWI results were assessed by using Z Score, and evaluation of the best AIF estimation
method was performed by using a no gold standard evaluation method.

K. TerBrugge
P. Lasjaunias
J. Bittoun

RESULTS: From 88% to 97% of patients had overall abnormal perfusion areas of hypo- (decreased
CBV and CBF) and/or hyperperfusion (increased CBV and CBF) and/or venous congestion (increased
CBV, normal or decreased CBF), depending on the AlF estimation method used for PWI computations.
No gold standard evaluation of the 4 AIF estimates found the regional and the regional scaled methods
to be the most accurate.

CONCLUSION: Brain hypervascular disease induces remote brain perfusion abnormalities that can be

Cerebral perfusion imaging is currently used to investigate
the brain physiology in healthy patients and in those with
various brain diseases. It can be used in brain hypervascular
diseases (including brain arteriovenous malformations
[AVMs], brain arteriovenous shunts, and capillarectasia such
as proliferative angiopathies, and AVM with pseudo—Moya
Moya) to observe the hemodynamic disturbances that alter
the vascular regulation of the cerebral brain parenchyma'™
and create clinical symptoms.'® To explore brain perfusion,
one can use different techniques; 2 of them are well docu-
mented: positron-emission tomography (PET)''""* and MR
perfusion-weighted imaging (PWI) with gadolinium bolus
injection.'*"

The most common modeling approach used in PWI is
based on the Stewart-Hamilton indicator dilution theory'® es-
tablishing the relationship between the cerebral blood volume
(CBV), the cerebral blood flow (CBF), and the mean transit
time (MTT). PWI quantitative measurements are performed
by using an arterial input function (AIF)"” estimate. In brain
hypervascular disease, hemodynamic disturbances induced by
the brain arteriovenous shunt nidus can remotely stress the
brain gray matter (cortex and basal ganglia), as previously re-
ported in experimental studies.'® Unfortunately, reliable char-
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better detected by using PWI with regional or regional scaled AIF estimation methods.

acterization of brain perfusion in brain hypervascular disease
cases is difficult because of partial volume effects that poten-
tially affect all voxels of the MR imaging acquisition,'® espe-
cially voxels including capillary signal intensity intermingled
with arterial and venous signal intensity. In addition, AIF es-
timate may be affected by aliasing in high-flow arteries,"® es-
pecially when ATF is extracted near the shunt areas. To better
study the hemodynamic disturbances induced by brain hyper-
vascular disease remote from the nidus, we needed to improve
our first-pass gadolinium-chelate bolus injection PWI results.
We compared perfusion parameters (CBV and CBF computed
from thalami [Th]and centrum ovales[CO]) measured by us-
ing 4 different AIF estimates on PWI data acquired in 10
healthy volunteers and 39 patients with brain hypervascular
disease. The relevance of the different CBV and CBF compu-
tations by using different AIF extraction methods was assessed
with an evaluation method that does not require the gold stan-
dard to be known,”**! and also by using Z scores.

Materials and Methods

Subjects
Before MR imaging, we obtained the approval of the ethics committee
for investigating patients and healthy volunteers with perfusion MR
imaging and gadolinium-chelate bolus injection. The subjects’ con-
sents were obtained according to the Declaration of Helsinki.
Sample Size Calculation. To estimate the sample size number (N)
required for this study, we considered the analysis of each patient’s
perfusion map as a simple diagnostic test that yielded either a positive
(abnormal brain perfusion) or negative (normal brain perfusion) re-
sult. In a previous study,'” 51% of patients with proliferative angiop-
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athies had abnormal perfusion results remote from the nidus. We,
therefore, pessimistically assumed that patients with brain hyper-
vascular disease have a 50% chance of having abnormal brain per-
fusion. Considering 2 patient groups, namely those without and
those with PWI abnormalities, we could derive an estimate of sam-
ple size from the estimates of the false-positive and false-negative
rates of the diagnostic tests. We assumed a false-positive rate of
20% and a false-negative rate of 50% as the worst results. Consid-
ering equal numbers of patients with abnormal and normal brain
perfusion, we calculated an expected x* = 0.098 X N. For a critical
x> =3.84 (degree of freedom = 1, P < .05), in a sample size N =
3.84/0.098, about 40 had a 50% chance of yielding a significant
result (ie, statistical power = 0.5). Therefore, we proposed to en-
roll approximately 40 patients with brain hypervascular disease
into the study. All patients were clinically stable and free of MR
imaging or gadolinium-chelate contraindications.

Patients. Thirty-nine patients (20 women and 19 men; aged 9—-65
years; mean age, 35.45 years) were prospectively selected from 3 dif-
ferent neurovascular data bases in France (Bicétre and Centre Hospi-
talier Sainte Anne) and Canada (Toronto Western Hospital, Univer-
sity Health Network). All patients matched the following inclusion
criteria:

e presenting with seizures, focal deficit (with or without recovery),
and/or headaches;

e without intracerebral bleeding (patients with a history of brain pa-
renchyma hemorrhage were eliminated to avoid the magnetic sus-
ceptibility artifacts induced by the blood components to the MR
T2* image);

e MR imaging and angiographic follow-up imaging to be performed

between May 2000 and March 2003;

brain AVMs (n = 25), proliferative angiopathies (n = 10), or AVM

with pseudo-Moya Moya (1 = 4) (Lesions were located variously

in the brain. Before imaging, clinical investigations were performed
to identify the patient symptoms, which were classified as follows:
single focal deficit [n = 8], single headaches [n = 11], and single
generalized seizures [n = 5]);

multiple symptoms (headaches and seizures, [n = 5], headaches
and focal deficit [n = 7], focal deficit and seizures [ = 4], head-
aches and focal deficit and seizures [n = 2]), and free of symptoms
[n=3].

Patients with proliferative angiopathies who had undergone previous
surgical treatment or neurovascular embolization (n = 3) were elim-
inated and referred for further PWT investigations.

Volunteers. Ten fully informed healthy volunteers who were free
of MR imaging or gadolinium-chelate contraindication (4 women
and 6 men; mean age, 33.8 years) participated in the study and were
scanned with PWIL.

MR Cerebral Perfusion Imaging
PWI was performed by using the indicator dilution theory (central

16

volume theorem of Stewart-Hamilton, ® and the relationship be-

tween endovascular gadolinium concentration and MR imaging sig-

nal intensity variation).”>*

MR Imaging Protocol

After sagittal T1-weighted fast scout view imaging, 24 T1-weighted
axial sections (5 mm; 256 X 256 matrix; 240-mm field of view; TR/TE,
450/TE ms) were positioned over the whole brain. Data were acquired

by using an echo-planar T2-weighted gradient-echo MR image,*>**
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which yields a large signal intensity decrease when the gadolinium
bolus arrives. The same echo-planar imaging was used on the 3 1.5T
MR images (Signa EchoPlus [1 in each investigation center], General
Electric Medical System, Milwaukee, Wis). The acquisition parame-
ters were as follows: axial single-shot echo-planar T2-weighted gradi-
ent-echo sections superimposed on the T1-weighted sections partially
covering the brain but registered to T1-weighted section locations; 18
interleaved sections, repeated 25 times (25 phases); 5-mm thickness;
0-mm gap; 128 X 128 matrix; 240-mm field of view; TR/TE, 2000/30
ms; flip angle, 90°. There were no macromotion artifacts (patients’
movements) during the MR imaging investigations.

Injection Protocol. Gadolinium injections were started without
delay after the beginning of the MR imaging acquisition. Fifteen mil-
liliters of gadopentetate dimeglumine (DOTAREM, 0.1 mmol/mL)
were injected with a power injector in a left antecubital vein during 2
seconds (7 mL/second flow), immediately followed by a saline serum
flush (identical quantity and flow).*> The whole brain was imaged in
50 seconds every 2 seconds after the beginning of the acquisition (25
phases).

Data Analysis

PWI Analysis. In PWI, the signal-intensity change resulting from
the gadolinium bolus injection in a T2*-weighted gradient-echo MR
image is based on the magnetic susceptibility T2* effect of the gado-
linium bolus (with AR2* = 1/AT2*,22232¢ where AR2* is the relax-
ation rate difference). The local gadolinium concentration variation
C,(t) in voxel i at time ¢ is related to the MR signal intensity in voxel i
at time ¢, S;(t), by

1) Ci(t) = =K X In[S(1)/S,4,];

where K is a constant depending on the magnetic field, contrast me-
dium type, TE and MR image; and

iavg

is the averaged MR signal
intensity in voxel i from t = 2 to t = 6 seconds before the gadolinium
arrival and after a steady state magnetization has been
achieved.'®**27-?° Because the same TE was used when acquiring all
sections of the bolus-tracking volumes and assuming that all tissue
types (eg, large and small vessels) had similar (but not identical®®)
proportionality constant K (which is not true for a spin-echo echo-
planar imaging?®>"), the actual value of the K-ratio can be neglected
to estimate the CBV (equation 7) because it cancels out. The more the
signal intensity is decreased, the more the bolus is concentrated. The
second, third, and fourth images obtained before gadolinium arrival
were averaged to compute the images’ S;(0). A brain mask was applied
section by section to select brain parenchyma only for further analy-
sis. For each section, the mask was generated by using a gray-level
threshold applied on the image resulting from the average of the time
series. Within the mask, the PWI S,(¢) images were converted into
gadolinium concentration images Cyn(t) by using a homemade soft-
ware (DPTools, http://fmritools.hd.free.fr).

AIF Estimations. To measure cerebral perfusion, we considered 4
semiautomated methods for estimating the AIF: local, AIF was de-
rived from only 1 middle cerebral artery [MCA]; regional, AIF was
derived from arteries that vascularize specific brain location; regional
scaled, same as regional but rescaled to the global maximum of AIF
concentration in the whole brain; and global, average of all AIF de-
rived from all arterial voxels in the brain. To avoid high-frequency
noise, we automatically drew a 9-voxel (3 X 3) region of interest on
arteries that were used in the different AIF estimation methods; loca-
tions of these AIF regions of interest were identical among the differ-
ent AIF estimation methods, either right or left MCA (contralateral to
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Fig 1. A, Arterial region of interest set on the right (red) or left (blue) MCA or right (green)
or left (yellow) PCA in the regional and regional scaled estimations.

B, Tissular region of interest set on the right Th (upper) and right CO (lower).

the location of the lesion in the patients) in the case of local or global
estimations, or left or right MCA for the CO and left or right posterior
cerebral artery (PCA) for the Th in case of regional or regional scaled
estimations, independent of the location of the lesion (but none of
these regions of interest were set on artery branches that directly fed
the brain arteriovenous shunt nidus, Fig 1).

For local AIF estimation, the AIF region of interest was used to
derive arterial temporal curves, AIF (), by

2) AIF,(t) = —In[S4i(8)/S 4],

where AIF,,(t) is the gadopentetate dimeglumine concentration in
arterial voxel A7 at time ¢, S,,(¢) is the MR signal intensity in arterial
voxel A; attime £, and S ,,; is the MR signal intensity averaged over the
arterial voxel Ai from t = 2 to t = 6 seconds before the gadolinium
arrival and after a steady state magnetization was achieved. All the
arterial AIF ,;(f) curves derived from this AIF region of interest were
averaged into a single AIF(7).

For regional AIF estimation, voxels inside the selected AIF region
of interest were analyzed location by location (left and right MCA for
left or right CO measurements, left and right PCA for left or right Th
measurements), yielding 4 AIF estimates related to the 4 location
measurements of the PWI parameters (left Th, right Th, left CO, right
CO). For each of these analyzed voxels, an arterial temporal curve,
AIF (1), was generated as previously described (equation 2).

The regional scaled AIF estimation was used to try to better reflect
the entire brain arterial flow in patients with brain hypervascular dis-
ease, by detecting the maximal arterial concentration of gado-
pentetate dimeglumine in the whole brain. This was used as a scaling
factor, thus correcting for some of the arterial-flow inhomogeneities
in the selected AIF region of interest. This method was similar to the
regional estimation but used an arterial scaling factor C;,max de-

fined by
3) regional scaled AIF,;(t) = —In[S,;(£)/S4,:]Cgamax

where regional scaled AIF ,,(¢) is the gadopentetate dimeglumine con-
centration in arterial voxel Aiat time £, S ,,(¢) is the MR signal intensity

in arterial voxel A; at time ¢, and S, is the MR signal intensity aver-
aged over the arterial voxel Ai from ¢ = 2 to t = 6 seconds before the
gadolinium arrival and after a steady state magnetization was
achieved. C,max is a scaling factor, which is calculated by detecting
the arterial content of the voxels in the whole brain as follows: The
drawn AIF region of interest (depending on the selected AIF location,
left or right PCA or MCA) was used to derive the mean arterial peak
time T, and the mean arterial peak height H,,, of the considered AIF
region of interest by averaging all the AIF () in this region of inter-
est. Then the arterial content of each voxel of the brain was assessed by
a cost function given by

4) Mi = (Hpa/ Tpa)/(Hpi/Tpi) X Wi

where M; is the arterial weight assigned to the analyzed voxel i, H,,;and
T,, are the peak height and the peak time of the ith voxel, and W;is a
function of the distance between voxel i and the image center. Voxels
with W; smaller than 0.33 and larger than 0.66 were discarded from
further analysis; only voxels with 0.33 < M; < 0.66 were considered as
arterial voxels because arterial voxels of the circle of Willis are located
near the image center with W; ~ 0.5 (E.D. Morris et al, unpublished
data, Sensor Systems, Sterling,Va). The detected arterial voxels in the
whole brain had H,, and T, identical to H,,, and T,,, and the maxi-
mum gadolinium concentration in all these detected voxels yielded
Cgamax.

For the global AIF estimate, the method was similar to the local
one, with only 1 region of interest drawn over an MCA, but used the
algorithm previously described (equation 4) to detect all available
arterial voxels in the brain. All these selected arterial voxels were then
grouped into congruent 3 X 3 voxel (32 mm?) matrix kernels, from
which arterial ATF (f) curves were averaged to obtain a single ATF(t).

Regional scaled and global AIF estimation methods used a voxel-
checking procedure by superimposing the arterial voxels on the orig-
inal PWI images to visually check whether they were inside arteries:
With graphic control (AIF voxels superimposed on arteries, AIF[t]
time curve and its gamma fit, Fig 2), the user could check and correct
AIF evaluations by drawing the original 9-voxel region of interest on
another segment of the artery. If some of detected arterial voxels were
inside veins, another AIF region of interest was drawn as though all
the detected arterial voxels were only inside arteries.

PWI Computations. Using a Levenberg-Marquart®* algorithm,
we fitted a gamma variate function to the resulting AIF(#) and Cyn(t)

curves to eliminate recirculation®->° and to reduce noise:
5) ATFF(t) = AIF, (/)% "7+
6) Cl'm(t) = Cppu(t/7) %"+

where AIF™(f) and C,f“m(t) are the fitted AIF(¢) and Cym(t) curves,
respectively, AIF . or Cp, is the maximum of the model curves, 7is
the time of this maximum, a is a parameter resulting from the fit, and
t represents the time.

Using AIF resulting from 1 of the 4 AIF estimation methods de-
scribed previously, we calculated CBV voxel by voxel to yield a CBV

parametric image, by using'"'®343°

7) CBV, = (K/p).jCfitm(t)dt/fAIFfi'(t)dt

where k = (1 — HCT,,)/(1 — HCTj,,) accounts for the fact that
hematocrit (HCT) in large vessels (HCT,,, _ 0.45) is superior to he-
matocrit in small vessels (HCTj,, _ 0.25), and p is the brain paren-

chyma attenuation (1.04 g/mL).>*?®

AJNR Am J Neuroradiol 27:1053—-69 | May 2006 | www.ajnr.org 1061



AL Arterial Input Function

Fig 2. Automated AlF extraction used in regional scaled and global methods. Arterial voxels
(red, upper image) are superimposed over MR PWI series to check their anatomic matching
with brain arteries. Single AIF curve (red, lower image, in arbitrary unit [AU]) derived from
local selected AIF curve (blue) is fitted with a gamma function to eliminate recirculation
(yellow).

In each section, minimal, maximal, mean, and standard deviation
(SD) CBV values were calculated over all voxels.
Similarly, CBF parametric images were obtained by using:

8) CBF; = CBV, X cm/f Ci(rdt
with
9) Ci(t) = C/'m(t) ® 'AIF/"(1)

where C,(t) is the tissue residual function of gadolinium concentra-
tion in brain parenchyma when arterial bolus is a unit impulse (dis-

is the maximum of the
1727,35-39 o

cretely sampled from a delta function), C, .
curve Cy(t), and 196! is the deconvolution operation.
convolution was performed in the Fourier domain (Martin Sander,
OptiVec, Germany), with ATF/*() and C/*m(t) FFT sampling inter-
polated by 2 (with zero filling of the last values to obtain a multiple of
2)* then filtered with low-pass interpolating filter: y, = x, +
1/3(x, 1 — x,).

Finally, from the central volume theorem, one derives the

following:
10) MTT, = CBV,CBE..

Parametric perfusion images of CBV and CBF were generated
section by section for the whole-brain volumes. Some MTT maps
were generated for illustration purposes.
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PWI Measurements and Statistical Analysis. To compare PWI
results of volunteers and patients, we drew only 4 regions of interest of
49 voxels (172 mm?) in both Th and CO on the CBV and CBF para-
metric images of the volunteers and the patients, computed with 1 of
the 4 analysis approaches. Locations of these regions of interest were
identical for all AIF estimation methods. Left CBV and CBF values
obtained in healthy volunteers and patients were averaged and were
analyzed for each region (Th and CO) and for each estimation
method. Identical processing was performed for right hemisphere
PWI values. The accuracy of CBV and CBF estimates was assessed by
likelihood maximization without using a gold standard (no gold stan-
dard method).?*!

This no gold standard method is equivalent to fitting regression
lines without knowing the values on the x-axis. To use this method,
one needs multiple estimates of the clinical parameter of interest for
each patient of a given population. No gold standard assumes that the
statistical distribution for the true values of the clinical parameter of
interest is a member of a given family of parameterized distributions
and that the estimates of the parameters can be expressed as a linear
function of the unknown true parameter values. Using these assump-
tions, the no gold standard method estimates the parameters charac-
terizing the statistical distribution of the unknown true values and the
parameters of the function relating the estimated parameter values to
the true parameter values. This method computes the parameter “a”,
which represents the slope of the linear relationshipx’ = ax + b + ¢
between the unknown true parameter (here CBF or CBV) value x and
its estimate x’. The term “e” represents the random noise in the mea-
surement, assumed to follow a normal distribution with a mean of
zero and a SD of . The figure of merit, o7/a, characterizes the error in
the estimate,”®?! hence the smaller the better.

We drew a radar plot of the o/a’ figure of merit for the 4 PWI
parameters (CBV Th, CBV CO, CBF Th, and CBF CO). In this plot,
because the best estimation method corresponds to the smallest o/a
values, the method yielding the most accurate AIF estimate should
lead to the radar plot with the smallest area (Figs 3A, -B).

We studied the PWI measurement distributions in our patients
with brain hypervascular disease and compared the results to a beta
model in each of the 4 AIF estimation methods (Fig 4).

We performed paired ¢ tests among the PWI results from the dif-
ferent AIF estimation methods in patients and volunteers to find sig-
nificant statistical differences between the AIF estimates.

For each AIF estimation method, the values of CBV and CBF
obtained on volunteers were pooled to derive the mean and SD values.
These were then used in Z score analysis of patients’ data to determine
normal and abnormal hemodynamic regions. For this analysis, Z
>1.96 (P < .05) was considered as abnormal.

Perfusion results were classified as follows: hypoperfusion corre-
sponded to decreased CBV and CBF, hyperperfusion corresponded to
increased CBV and CBF, and venous congestion corresponded to
increased CBV with normal or decreased CBF.

Results

All volunteers and all patients except 3 successfully underwent
MR imaging. We therefore performed PWI for 33 patients.
AIF and Cm(t) gamma fitting and further PWI computations
were successful for all volunteers and for the 33 patients. The
perfusion results for volunteers and patients are presented in
Table 1, and a summarized comparison of the different AIF
estimates is presented in Table 3 and Fig 5. In both volunteers
and patients, PWI CBV and CBF values had a statistical distri-
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Fig 3. Radar plots of the no gold standard o/ results for the 4 PWI parameters (CBV Th, CBV CO, CBF Th, CBF CO) in volunteers (A) and patients (B). The plot with the smallest area

corresponds to the most accurate AlF estimate.

Comparison of statistical distributions of the
different AIF estimation methods

——Local
Regional
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Fig 4. Comparison of the CBF distribution measurements in Th locations of patients with
brain hypervascular disease among the 4 AIF estimations methods, compared with a beta
distribution. All the AIF estimation methods have a beta pattern for the CBV and CBF
measurements in all locations (only CBF in Th is shown here).

bution close to the beta model (Fig 4), suggesting that the no
gold standard method could be used to compare the AIF esti-
mation methods.

In volunteers, all PWI results by using the local or the re-
gional AIF estimation method were close to those reported in
literature (in CO, CBV = 4.7 = 2.1 mL/100 g and CBF =
22.1 = 1 mL/minute per 100 g; in Th, CBV = 8.8 = 4.7 mL/
100 g and CBF = 65.3 = 3.5 mL/minute per 100 g*°). PWI
results by using the regional scaled or global methods were
slightly inferior to those obtained with the local and regional
AIF estimation methods but still ranged within the reported
normal values. Paired ¢ tests of the PWI results among the
different AIF estimation methods found significant statistical
differences between the 4 AIF estimates (Table 4). On the basis
of the no gold standard analysis, the methods that yielded the
poorest results were the local and the global methods. Evalu-
ation of the most accurate CBV and CBF parameters per-
formed by using the no gold standard found the regional
method results to be the most accurate (o/a = 0.008, Table 3)
for CBV parameter and the regional scaled method to be the
most accurate (o/« around 0.13, Table 3) for CBF parameters
in either Th or CO locations. There was not 1 method that

yielded best results for all locations and for both CBF and
CBV. However, overall, the regional method tended to pro-
vide the best results (Fig 3).

In patients, CBV and CBF values presented a greater dis-
persion than the values obtained for volunteers with higher SD
values. Similar to those observed in volunteers, CBF and CBV
values differed slightly as a function of the estimation method
with higher differences in patients than in volunteers. Paired ¢
tests of the PWI results among the different AIF estimation
methods found significant statistical differences between the 4
AIF estimates that were close to those found in volunteers
(Table 4). The most accurate CBF and CBYV, as identified by
the no gold standard analysis, depended on the location (CO
or Th) and on whether CBF or CBV was considered. However,
the regional and regional scaled methods tended to yield re-
sults that were consistently the most accurate in CO locations
for both CBF and CBYV, similar to those observed in volun-
teers. Differences between regional and regional scaled meth-
ods were slight (Table 1).

All 3 previously reported PWI abnormalities
were found (hypoperfusion, hyperperfusion, and venous
congestion), but the incidence of abnormalities varied de-
pending on the way the AIF was estimated: Abnormal PWI
results ranged from 88% to 97% (Table 2 and Fig 6). Com-
paring results obtained with the regional and regional
scaled methods, we found that the regional scaled method
yielded less normal and more hypoperfusion than the re-
gional method on the basis of the Th measurements. The
results by the 2 methods were close in CO (Fig 7 and Table
2). Overall only 5 of the 33 patients had the same PWI
abnormalities, regardless of the method used to derive the
AIF (Table 5).

1-9,40-43

Discussion

Cerebral PWI is widely used in stroke disorders to locate the
mismatch area (penumbra zone or hypoperfused cerebral pa-
renchyma) on which the patient prognosis depends.'* PWI is
also used in cerebral tumor screening to compute the fraction
of the capillary compartment in abnormal tissue: An increased
fraction is associated with a malignant transformation."
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Table 1: Cerebral blood flow and cerebral blood volume values
measured in regions of interest drawn over the thalami and
centrum ovale in volunteers and patients using each of the 4
arterial input function estimates

Table 3: Results of the no gold standard method comparing the
accuracy of cerebral blood volume and cerebral blood flow
perfusion-weighted imaging measurements in volunteers and
patients for different arterial input function estimation methods

Local Regional  Regional Scaled Global Local Regional Regional Scaled Global
Volunteers Volunteers
CBV Th CBV Th 199 .008 169 476
Mean (SD)  6.2(1.5) 6.0(1.6) 5.0(1.2) 59(1.2) CBV CO 295 .008 197 412
Min—max 42-96 3.8-87 34-69 4.1-85 CBF Th 432 166 A1 323
CBV CO CBF CO 262 185 af .356
Mean (SD)  2.0(0.2) 2.0(0.3) 1.9(0.3) 2.0(0.3) Patients
Min—max 1.6-25 16-2.7 1.4-24 16-2.4 CBV Th 090 .069 .040 .076
CBF Th CBv CO 025 017 020 .040
Mean (SD) 66.0(13.5) 67.5(18.2) 60.2 (15.3) 63.5(9.2) CBF Th 066 070 067 .053
Min-max  46.1-95.3  36.3-94.7 34.2-88.4 47.6-80.4 CBF CO 050 .031 071 115
CBF CO Note:—CBV indicates cerebral blood volume; CBF, cerebral blood flow; Th, thalami; CO,
Mean (SD) 20.3(4.6) 19.9(3.2) 20.2 (3.6) 21.0(3.3) centrum ovale. Bold values indicate the best performance (ie, parameter most correlated to
Min-max  12.8-304  12.8-255 14.8-26.9 15.7-25.9 the unknown true values).
Patients
CBV Th Table 4: Paired ¢ test of the pefusion-weighted imaging results from
Mean (SD)  6.9(3.4) 7.0(3.1) 6.0 (2.6) 6.6 (3.0) the arterial input function estimation methods in volunteers and
Min—max 2.4-24.9 3.5-216 2.6-16.8 3.7-18.8 patients
CBv CO Llocvs LocVs Llocvs Rgvs Rgvs RgSvs
Min—max 0.9-14.0 0.8-14.0 0.9-14.9 0.6-21.9
CBF Th Volunteers
Mean (SD) 723(339 770(439)  673(363)  77.1(466) CBVTh 454 000 53 000 892 0%
Min-max  16.3-268.4 27.4-254.0 14.2-192.0 31.9-328.2 CBY CO 232 505 838 038 309 112
CBF CO CBF Th 762 .200 498 .027 A1 A21
Mean (SD) 202(11.1) 197(104)  197(104)  200(105) Pat?frftfo S87. 8% 4% 8602100 382
Min—max 4.9-58.6 5.9-58.6 7.2-60.7 7.0-63.0 CBV Th 500 001 38 000 477 001
Note:—CBF indicates cerebral blood flow (mL/min/100 g); CBV, cerebral blood volume CBV CO 099 001 544 004 915 275
(mL/100 g); Th, thalami; CO, centrum ovale.
CBF Th 097 .083 .099 .001 979 .001
CBF CO 176 448 N 920 690 697

Table 2: Patients’ perfusion-weighted imaging findings observed
with the different arterial input function estimation methods

Local Regional Regional Scaled Global

Th

Hypo 7 2 7(1) 8(2)

Hyper 12(2) 10 9(1) 15(2)

Cong 8(2) 10(2) 11(2) 9(2)

Norm 12 (36%) 14 (42%) 7(21%) 7(21%)
co

Hypo 12 (6) 15(9) 16 (5) 16 (8)

Hyper 5(3) 10 (4) 8(3) 4(3)

Cong 12(5) 9(1) 6(2) 9(3)

Norm 7(21%) 5(15%) 6(18%) 7(21%)
Th & Co

Hypo 3 1 3(1) 6

Hyper 3(1) 3 2(1) 3

Cong 2 2 2 0

Norm 3(9%) 2(6%) 3(9%) 2(6%)

Note:—Hypo indicates hypoperfusion; Hyper, hyperperfusion; Cong, venous congestion;
Norm, normal; Th, thalami; CO, centrum ovale. Within the Hypo, Hyper, and Cong entries,
numbers in parentheses indicate perfusion-weighted imaging abnormalities that are bilateral.

Quantitative PWI measurements rely on compartment theo-
ries, which imply a specific input, the AIF, and an analyzed
compartment, the C(t) tissue residue time curve. Extraction of
the most accurate AIF is the most important step for a reliable
analysis.'”**"*® Because of the Stewart-Hamilton theorem,'®
AIF integral with time (area under the curve) reflects the arte-
rial blood volume and is used to further compute other brain
perfusion parameters (see Materials and Methods). When
an AIF peak varies, so does the CBV estimate. When the AIF

1064  Ducreux | AJNR 27 | May 2006 | www.ajnr.org

Note:—Significant statistical differences are in bold. Loc indicates local; Rg, regional; RgS,
regional scaled; Glb, Global; CBV, cerebral blood volume; CBF, cerebral blood flow; Th,
thalami; CO, centrum ovale.

curve is sharper or wider, the resulting CBF may be under- or
overestimated.'”***¢

Regarding the anatomic location of the AIF, previous re-
ports suggested the importance of a correct correspondence
between the location of the selected AIF and the location of the
analyzed capillary voxels.'”*** Many authors estimate the
AIF from a region of interest drawn over an artery such as the
MCA or the basilar artery.** This estimation method yields 2
types of AIF: local AIF, in which a single AIF derived from a
single artery is used for PWI computation over the whole
brain; or regional AIF, where 4 or more AlFs are derived from
arteries that vascularize specific parts of the brain (eg, MCA for
lentiform nuclei CO; posterior cerebral artery for Th and oc-
cipital lobe). These techniques have poor intra- and interob-
server reproducibility of the region of interest selection for AIF
estimate, bolus dispersion effects, arterial signal intensity sat-
uration,*” and geometric distortions.>® Others proposed auto-
mated AIF detection by using algorithms based on the first
gadolinium peak detection to automatically select the best
possible AIF in the whole brain.*> This detection method is
sensitive to noise or partial volume effect and can yield biased
AIF,*® especially in case of arterial diseases such as brain
AVMs. "

ATF location does affect the CBV and CBF results because
of the different vasculatures of the analyzed capillary voxels
(eg, CO voxels by the anterior part of the circle of Willis; Th



voxels by the posterior part of the circle of Willis). In healthy
subjects, there are minor differences in AIF estimates depend-
ing on the arterial region that is considered, but these differ-
ences may become more pronounced in high-flow diseases
such as brain arteriovenous shunts (Table 4). AIF estimates
from high-flow arterial regions may also sometimes be af-
fected by aliasing (rapid MR signal-intensity variations,'®),
which yields incorrect AIF integral. Avoiding such aliasing is
possible by using a low-pass filter to average high-flow and
low-flow arterial time curves. In patients with brain arterio-
venous shunts, spatial partial volume effect alters both arterial
and capillary compartments, mixing arterial and capillary sig-
nals and capillary and venous signals. Venous artifacts, which
are few in normal conditions, may sometimes affect quantita-
tive measurements,'” especially in venous locations in patients
with brain arteriovenous shunts (eg, insula, lateral fissure, or

Fig 5. Differences between CBV and CBF parameter
color-scaled maps with local (A4), regional (B), regional
scaled (), and global (D) AlF estimations in a patient
with brain AVM. Note that AIF curves are sharper with
the regional and regional scaled methods, mainly be-
cause of AIF positioning and increased CBF values in
gray matter cortices (green). Unlike the observations in
volunteers, CBV and CBF images obtained with the 4 AIF
estimation approaches were not that similar.

even cerebral cortex near cortical
veins). These locations are also affected
by magnetic susceptibility effects and
correspond to transition areas (brain-
bone-air in frontal sinuses or the pe-
trous apex of the temporal bone).

In our study, we paid special atten-
tion to avoid PWI measurement sites
aliased by magnetic susceptibility arti-
facts, as well as the venous partial vol-
ume effect from abnormal arterio-
venous shunt veins. We tried to correct
for several known pitfalls of the AIF es-
timation. AIF and Cm(t) gamma fit-
tings were always successful in patients
and volunteers, suggesting that brain
arteriovenous shunt high-flow arteries
may have a hemodynamic PWI model
similar to the one used in the regular
gamma fitting model (combination of
power and exponential functions), even
if these AIFs were sometimes slightly al-
tered by high-frequency noise in pa-
tients, especially when the AIF location
was close to the nidus. We tried to im-
prove the aliasing correction in patients
with brain arteriovenous shunts by us-
ing new AIF estimation methods we
called “regional scaled” and “global”
methods. The 2 other methods we in-
vestigated (local and regional) are al-
ready widely used in PWI computa-
tions."” The regional, regional scaled,
and global AIF estimation methods
correspond to different trade-offs for
AIF estimate: The global method cor-
rects for arterial aliasing in patients with brain arteriovenous
shunts by rescaling AIF to the maximal gadolinium concen-
tration and by averaging all arterial voxels but does not ac-
count for the location of the region to be analyzed. The re-
gional method estimates PWI results based on the vasculature
near the region to be analyzed but is more affected by aliasing.
The regional scaled method is an attempt to homogenize the
arterial flow by rescaling (to better reflect the whole brain ar-
terial flow in patients with brain hypervascular disease in de-
creasing aliasing), while still accounting for the regional
vasculature.

The aim of our study was to assess different AIF estimation
methods, each attempting to correct for 1 or several of the
previously detailed pitfalls in patients with high-flow diseases.
Paired ¢ tests performed on PWI results among the different
AIF estimation methods found significant differences between
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Arterial Input Function

Fig 6. AIF of a left occipital brain AVM (A, -B) with visualization of the arteriovenous shunt (red voxels inside the left occipital lobe). T2* section (C) shows T2-weighted left parietal abnormal
areas related to gadolinium-chelate magnetic susceptibility effect in abnormal vessels; and color scale parametric CBV (D), CBF (£), and MTT (F) maps computed with the regional scaled
method show high-flow disturbances in this area. Note that hemodynamic disturbances are seen remote from the nidus over the left CO (arrow), regardless of the AIF estimation method

used.
PWI Abnormalities depending on the AIF Estimation Method
O Mormal
oCang
W Hyper
B Hypo
Local Regional  Regonal Scaled Global
AIF Estimation Methods
Hypo Hyper Cong Normal
Local 16 13 18 3
Regional 16 17 16 2
Regional scaled 8 24 13 3
Global 18 16 17 2

Fig 7. Graph shows patients’ PWI abnormalities (hypoperfusion [Hypo], hyperperfusion
[Hyper], venous congestion [Iswb]Cong], or Normal) found in the different AIF estimation
methods. Note that PWI abnormalities may be bilateral. All PWI results varied among the
different methods except for 14 patients who had the same PWI abnormalities regardless
of the AIF estimation method.

the AIF estimates, mostly in CBV (and few CBF) values, espe-
cially between local and regional scaled and between regional
and regional scaled methods in volunteers and patients, but
not between local and regional methods. Because all AIF esti-
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mations methods derive from each other, this result was ex-
pected, but determining the most accurate among these AIF
estimation methods is made especially difficult because of the
lack of gold standard. The no gold standard analysis method is
explicitly dedicated to evaluation in the absence of a gold stan-
dard and uses multiple sets of measurements to determine
which is the most accurate, assuming all measurements are
linearly related with the unknown true values to be estimated.
It also assumes that the unknown true values follow a beta
distribution of unknown parameters. Given these 2 assump-
tions, the no gold standard method maximizes the likelihood
of the data to determine the parameter of the linear and beta
models. No gold standard has been reported to correctly clas-
sify methods with gaussian and also with nongaussian (beta)
distributions.>' Because we found that the PWI measurement
distributions in our patients with brain hypervascular disease
had a beta pattern distribution in each of the 4 AIF estimation
methods, we consequently stated that no gold standard may be
used in patients with brain hypervascular disease.

No gold standard analysis demonstrated that there is no
estimation method that works best on healthy and diseased
subjects. This finding is expected. Indeed, the AIF estimation
method that would work best for healthy patients with homo-
geneous CBF within the brain does not have to be the same as
the one that works best for patients for whom CBF may vary
greatly in different brain regions. It is perfectly conceivable to
plan by using different AIF estimation methods, depending on
whether the subject is suspected of having no perfusion abnor-
malities or is known to have such abnormalities. Difficulties



Table 5: Abnormal perfusion-weighted imaging findings in patients among the different arterial input function estimation methods

Local Regional Regional Scaled Global
Patient No. Hypo Hyper Cong Norm Hypo Hyper Cong Norm Hypo Hyper Cong Norm Hypo Hyper Cong Norm
1 0 0 1 0 0 1 0 0 0 0 0 1 0 0 0 1
2 0 0 1 0 0 0 1 0 0 0 1 0 1 0 1 0
3 0 0 1 0 1 0 1 0 0 1 1 0 1 1 1 0
4 0 0 1 0 0 1 0 0 0 1 0 0 0 1 0 0
5 1 0 1 0 1 0 0 0 0 1 1 0 1 0 1 0
6 1 0 0 0 1 0 0 0 1 1 0 0 1 0 0 0
7 0 0 0 1 1 0 1 0 0 1 1 0 0 0 1 0
8 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0
9 0 0 1 0 0 1 1 0 0 1 1 0 0 1 1 0
10 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0
1 1 1 1 0 1 1 1 0 0 1 0 0 0 1 1 0
12 1 1 1 0 0 1 1 0 0 1 0 0 0 1 1 0
13 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0
14 1 1 1 0 1 1 1 0 0 1 1 0 1 1 1 0
15 1 0 0 0 1 1 0 0 1 1 0 0 1 0 0 0
16 1 1 1 0 1 0 1 0 0 1 1 0 1 0 1 0
17 1 0 0 0 1 0 0 0 0 1 0 0 1 1 1 0
18 1 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0
19 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1
20 1 0 1 0 1 0 1 0 0 1 1 0 1 0 1 0
21 0 0 1 0 0 0 1 0 0 0 1 0 0 1 1 0
22 0 1 1 0 1 1 1 0 0 1 1 0 1 1 1 0
23 0 0 1 0 0 0 1 0 1 1 0 0 1 0 0 0
24 0 1 1 0 0 1 1 0 0 0 1 0 0 0 1 0
25 0 0 0 1 1 0 0 0 1 1 0 0 1 0 0 0
26 1 0 0 0 1 0 0 0 0 1 0 0 0 1 0 0
27 1 1 0 0 1 1 1 0 1 1 0 0 1 0 1 0
28 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0
29 1 1 0 0 0 1 0 0 0 1 0 0 1 1 0 0
30 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0
31 0 1 1 0 0 1 0 0 0 1 1 0 0 1 0 0
32 0 0 0 1 0 0 0 1 1 0 0 0 1 0 1 0
33 0 0 1 0 0 1 1 0 0 0 0 1 1 0 0 0

Note:—O indicates absent; 1, present. Only 5 of 33 patients (15%) had identical perfusion-weighted imaging abnormalities among the different arterial input function methods (shaded
areas). Hypo indicates hypoperfusion; Hyper, hyperperfusion; Cong, venous congestion; Norm, normal.

arise rather from the fact that the optimal AIF estimation
method may also depend on the type of brain AVMs (3 types
in our study—namely AVM, proliferative angiopathies, and
Moya Moya). Indeed, it is likely that the optimal AIF estima-
tion method, which would yield the most accurate CBF and
CBYV values, can be different depending on the location of the
abnormality and on the type of abnormal vasculature. Further
investigations are needed to determine the AIF estimation
method to be recommended as a function of the type of per-
fusion abnormality. Overall however, the regional and/or the
regional scaled methods appear to be the best trade-off both in
normal and diseased subjects. This conclusion is probably be-
cause this method keeps the anatomic correspondence be-
tween AIF location and analyzed capillary voxels and, in the
case of the regional scaled method, decreases the AIF aliasing
by minimizing the bolus dispersion and the arterial signal-
intensity saturation (because of rescaling, but does not correct
for geometric distortions and partial volume effect). Whether
the resulting CBF and CBV are also closer to the unknown true
values would have to be confirmed however, but there is no
straightforward method to do so.

In volunteers, no gold standard results found the regional
method to be the most accurate in CBV parameters and the
regional scaled in CBF parameters. There is a slight difference
between theses 2 methods (only an arterial scaling factor),

which tend to decrease the aliasing of the AIF estimate. CBF
computations are affected by aliasing because of our fast Fou-
rier transformation deconvolution algorithm (equation 9). In
decreasing arterial aliasing, the regional scaled method pro-
vides fewer noisy results, thus better estimates of the CBF both
in Th and CO locations.

In brain arteriovenous shunts, regional vasculature may be
highly affected by aliasing in high-flow arteries and shunt ar-
eas. This seems to be more critical in Th locations for both
CBV and CBF estimations in patients, as suggested by the no
gold standard results. There are more small arteries in Th vas-
culature than in CO, and these arteries are closer to the AIF
reference location (region of interest drawn over the MCA or
PCA). Therefore, in high-flow diseases, these arteries are more
affected by high-flow aliasing than CO arteries, and the re-
gional scaled and the global methods seem to be the most
appropriate to correct for this aliasing. Unfortunately, the
global method always yielded the poorest results in volunteers
regardless of the estimated parameter (CBV and CBF) and the
measurement location (Th or CO), probably because this
method did not make use of the actual location of the region to
be analyzed to derive an appropriate AIF. However, by aver-
aging all arterial voxels detected in the brain, the AIF estimate
was less affected by aliasing from the high-flow arteries and
brain arteriovenous shunts, but anatomic correspondence be-
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tween AIF location and analyzed capillary voxels was lost. Our
results suggest that the global method also yielded the poorest
results in patients (except for CBF parameter in Th locations).
The global method, therefore, does not seem to be appropriate
in general, unlike the regional and regional scaled methods,
which account for the actual location of the region to be ana-
lyzed in the AIF estimation.

The local method, which is widely used for PWI studies in
stroke, tumors, and brain AVMs,'® has been studied but does
not appear to be appropriate for PWI analysis purposes in a
brain arteriovenous shunt because this method does not take
into account the anatomic arterial priors.

Regarding PWI abnormalities, we showed that the method
used to estimate the AIF involved in CBV and CBF calcula-
tions could actually strongly affect the detection and identifi-
cation of abnormalities remote from the nidus (in Th or CO).
These variations were mainly due to the AIF shape and peak,
both related to the AIF region of interest location. Variations
were obvious in the global method, in which patients had
more hypo- and fewer hyperperfused areas in CO and more
hypo- and hyperperfused areas in Th. In that case, AIF estima-
tions (from region of interest area located on the MCA) had
higher peaks and wider AIF curves, contrary to the AIF esti-
mates derived from the regional scaled method, in which the
scaling factor changed the Th PWI results with increased num-
bers of hypoperfused and venous congestion areas. It is, there-
fore, not necessarily reliable to try to relate patient clinical
symptoms and PWI abnormalities by using data from either
local, regional, or regional scaled methods alone. The regional
method yielded a number of normal PWI measurements
(42% in Th, 15% in CO, overall 94% of patients had abnormal
PWI measurements either in Th or in CO or both) close to
those found in previous reports.>*'* However, there is a dis-
crepancy between the regional and the regional scaled method
in Th locations regarding the diagnosis of hypoperfused and
normal areas. This suggests that brain arteriovenous shunt
PWTI results must be interpreted with caution by using both
methods and knowing the limitations of each of them.

Conclusion

Brain hypervascular diseases are complex high-flow diseases
that induce acute and chronic hemodynamic disturbances
near and remote from the nidus. We investigated various AIF
estimation methods in both normal volunteers and patients
with brain hypervascular disease to determine which was most
appropriate for accurate characterization of brain perfusion.
We found that the detection of PWI abnormality highly de-
pends on the AIF estimation method. Regional and regional
scaled AIF estimation methods appear to yield the most accu-
rate CBV and CBF estimates in both normal volunteers and
patients and in gray and white matter.
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