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Comparing Perfusion Metrics Obtained from a
Single Compartment Versus Pharmacokinetic
Modeling Methods Using Dynamic Susceptibility
Contrast-Enhanced Perfusion MR Imaging with

ORIGINAL .
researcH | Glioma Grade
M. Law BACKGROUND AND PURPOSE: Numerous different parameters measured by perfusion MR imaging
R. Young can be used for characterizing gliomas. Parameters derived from 3 different analyses were correlated
J. Babb with histopathologically confirmed grade in gliomas to determine which parameters best predict tumor
grade.
M. Rad
T. Sasaki METHODS: Seventy-four patients with gliomas underwent dynamic susceptibility contrast-enhanced
MR imaging (DSC MR imaging). Data were analyzed by 3 different algorithms. Analysis 1 estimated
D. Zagzag relative cerebral blood volume (rCBV) by using a single compartment model. Analysis 2 estimated
G. Johnson

fractional plasma volume (V) and vascular transfer constant (Kans) by using a 2-compartment phar-
macokinetic model. Analysis 3 estimated absolute cerebral blood flow (CBF), cerebral blood volume
(CBV), and mean transit time (MTT) by using a single compartment model and an automated arterial
input function. The Mann-Whitney U test was used make pairwise comparisons. Binary logistic
regression was used to assess whether rCBV, Vo, Kans CBV, CBF, and MTT can discriminate high-
from low-grade tumors.

RESULTS: rCBV was the best discriminator of tumor grade/type, followed by CBF, CBV, and K'@"s,
Spearman rank correlation factors were the following: rCBV = 0.812 (P < .0001), CBF = 0.677 (P <
.0001), CBV = 0.604 (P < .0001), K™ = 0.457 (P < .0001), V, = 0.301 (P =.009), and MTT = 0.089
(P = .448). rCBV was the best single predictor, and K" with rCBV was the best set of predictors of
high-grade glioma.

CONCLUSION: rCBV, CBF, CBV K", and V, measurements correlated well with histopathologic
grade. rCBV was the best predictor of glioma grade, and the combination of rCBV with K'@"s was the

umors of glial origin are among the most common pri-

mary brain tumors. They are typically classified into 1 of
the World Health Organization (WHO) grades: low grade
(grade II), anaplastic grade (grade III), or glioblastoma (grade
IV)."? The grading of gliomas has great clinical significance
because high-grade gliomas are usually treated with adjuvant
radio- or chemotherapy after resection, whereas low-grade gli-
omas are not. However, the current reference standard for
tumor grading, histopathologic assessment, has limitations
such as inherent sampling error associated with the limited
number of biopsy samples.’ Even with cytoreductive surgery,
histology can only be performed on excised tumor and resid-
ual tumor tissue cannot be examined. Furthermore, the his-
topathologic classification of gliomas itself is a controversial
subject, under constant discussion and revision.”

Dynamic susceptibility—weighted contrast-enhanced
perfusion MR imaging (DSC MR imaging) of the brain pro-
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best set of metrics to predict glioma grade.

vides hemodynamic information on intracranial neoplasms
that complements the anatomic information attainable
with conventional MR imaging. Perfusion MR imaging
methods exploit signal-intensity changes that occur with
the passage of paramagnetic contrast (gadopentetate dime-
glumine) through the cerebrovascular system and can be
used to derive a number of perfusion metrics related to
blood volume and blood flow.* Vascular morphology and
the degree of angiogenesis are important elements for eval-
uating tumor type and determining the aggressiveness of
intracranial neoplasms. MR imaging measurements of rel-
ative cerebral blood volume (rCBV) have been shown to
correlate with both conventional angiographic assessments
of tumor vascularity and histologic measurements of tumor
neovascularization. MR imaging measurements of tumor
hemodynamics are, therefore, potentially useful in charac-
terizing tumors because tumor aggressiveness and growth
are associated with neovascularization.’

rCBV measurements have been shown to correlate reliably
with tumor grade and histologic findings of increased tumor
vascularity.>®'” Arterial spin-labeling techniques have also
been used to investigate gliomas.'®'® Although arterial spin-
labeling was adequate for the distinction between high- and
low-grade gliomas, it underestimated blood flow at low-flow
rates.'” Shin et al'* found that the relative cerebral blood flow
(CBF) ratio and rCBV ratio are useful for discriminating high-
and low-grade gliomas.
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In the present study, we compared 3 different approaches
to analyzing DSC MR imaging for assessment of glioma grade.
Analysis 1 is based on the intravascular indicator dilution the-
ory and assumes that the contrast agent is confined to the
vasculature. Although this assumption is not generally valid,
the data can be corrected for contrast leakage. This approach
yields rCBV measurements expressed relative to normal con-
tralateral white matter. Analysis 2 is based on a 2-compart-
ment pharmacokinetic model*>*' and yields not only an esti-
mate of blood plasma volume (V,) but also the vascular
transfer constant (K"*"®) that describes the permeability of
blood vessels to contrast. Analysis 3, also based on the intra-
vascular indicator dilution theory, yields absolute measure-
ments of cerebral blood volume (CBV), CBF, and mean transit
time (MTT) but requires estimation of the arterial input func-
tion (AIF).

These 3 methods are currently used in clinical practice and
are becoming adopted by the major manufacturers in their
postprocessing methods. However, to our knowledge, no
comparison of the different approaches in identifying tumor
grade has been investigated.

Methods

Patients and Histopathologic Analysis

This was a retrospective analysis of patients with a diagnosis of pri-
mary intracranial glioma who underwent MR imaging examination
atour institution between November 1999 and July 2002. A total of 73
patients had preoperative conventional MR imaging and DSC MR
imaging data suitable for evaluation. The ages of the patients ranged
from 4 to 85 years with a mean age of 42 years. There were 47 men and
26 women. Approval for this study was obtained from the Institu-
tional Board of Research Associates. The patients did not require in-
formed consent because the studies represented part of their clinical
evaluation, and a retrospective waiver of consent was obtained for
review of the images and charts from our institutional review board.
The entire study was Health Insurance Portability and Accountability
Act compliant.

Histopathologic evaluation was performed by an experienced
neuropathologist and was based on the WHO classification of glio-
mas': grade II = low grade glioma (n = 31), grade III = anaplastic
astrocytoma (1 = 16), and grade IV = glioblastoma multiforme (n =
26). Within the low-grade glioma group (n = 31), there were 21
low-grade gliomas and 10 low-grade oligodendrogliomas. Pilocytic
astrocytomas were not included in this study because they are classi-
fied as a WHO grade I neoplasms and the nodule of enhancement
often seen with these tumors demonstrates elevated rCBV and per-
meability, putting these tumors into a different group of lesions in
terms of perfusion characteristics. Furthermore, only 4 patients stud-
ied were in the pediatric age group, (4 were in the adolescent/young
adult age group). The grade III lesions were all anaplastic astrocyto-
mas. Sixteen patients (21.9%, primarily low-grade gliomas) under-
went biopsy alone for histologic grading.

Conventional MR Imaging

Imaging was performed on 1.5T systems (Vision or Symphony,
Siemens, Erlangen, Germany). A localizing sagittal T1-weighted
image was obtained followed by nonenhanced axial T1-weighted
spin-echo (TR/TE, 600/14 ms), axial fluid-attenuated inversion
recovery (FLAIR; TR/TE/TI, 9000/110/2500 ms), and T2-weighted
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images (TR/TE, 3400/119 ms). Postcontrast axial T1-weighted im-
aging was performed following the acquisition of the DSC MR
imaging data.

Dynamic Susceptibility-Weighted, Contrast-Enhanced
MR Imaging
DSC MR images were acquired with a gradient-echo echo-planar im-
aging sequence during the first pass of a standard dose (0.1 mmol/kg)
bolus of gadopentetate dimeglumine (Magnevist). Seven to 10 sec-
tions were selected through the tumor on the basis of T2-weighted
and FLAIR images. Imaging parameters were the following: TR/TE,
1000/54 ms; field of view, 230 X 230 mm; section thickness, 5 mm;
matrix, 128 X 128; in-plane voxel size, 1.8 X 1.8 mm; intersection
gap, 0%-30%; flip angle, 30°; signal intensity bandwidth, 1470 Hz/
pixel. Contrast was injected at a rate of 5 mL/s followed by a 20-mL
bolus of saline at 5 mL/s. The injection rate was 5 mL/s in all patients,
except for the 4 patients in the 0-9 year age group, in whom the
injection rate was reduced to 3 mL/s. A total of 60 images was acquired
at 1-second intervals with the injection occurring at the fifth image.
Data were transferred to a Linux workstation for off-line perfu-
sion analysis by using programs developed in-house with the IDL
programming languages. In all cases contrast agent concentration, C,

is first found by using the simple relationship,****

e n(3)
oc ns—o

where S is the signal intensity and S, is the prebolus signal intensity.
This equation assumes that T1 shortening effects are negligible. This
assumption is true in practice because we use a relatively low flip angle
to minimize saturation.

The 3 analyses were performed by a board-certified neuroradiolo-
gist experienced with perfusion data acquisition at our institution.

Analysis 1: rCBV
Standard algorithms were used to calculate rCBV.?>*’ Briefly, blood
volume was estimated by calculating the area under the contrast agent
concentration versus time curve and expressed relative to values mea-
sured in a region of interest (ROI) in contralateral normal white mat-
ter. Color overlay maps of rCBV were calculated. Using the rCBV
maps as a guide, we selected 4 ROIs with high rCBV values. The ROI
with the highest rCBV was recorded. Relative CBV was calculated
within each of these ROIs to improve signal intensity to noise, and the
maximum of the 4 measurements was recorded. This method for the
measurement of abnormality provides the highest intra- and interob-
server reproducibility in rCBV measurements.”* To minimize con-
founding factors in rCBV analysis, we kept the size of the ROIs con-
stant (radius = 3.6 mm).

The effects of contrast leakage were reduced by fitting a gamma-
variate function, which approximates the curve that would be ob-
tained without recirculation or leakage, to the measured signal inten-

sity versus time curve.*>*

Analysis 2: V,, and K"

First-pass pharmacokinetic modeling®® was used to analyze the same
DSC MR imaging data used to calculate rCBV. First-pass pharmaco-
kinetic modeling uses an exact expression for tissue contrast concen-
tration, assuming that contrast exists in 2 interchanging compart-
ments (plasma and extravascular extracellular space) and yields
estimates of blood plasma volume v, and K""¢ a measure of vascular
permeability.



Table 1: Measurements for tumors of each type

Glioma Grade/Type rCBV VP Ktrans CBF CBV MTT

Low-grade glioma 16108 099 +07 0.050 = 0.09 67.37 =842 295+24 3.02+1.12
Low-grade ODG 2.03+09 112205 0.034 = 0.06 124.05 = 104.0 443 =34 321 =131
Low: Glioma + 0DG 1.75+09 1.03+07 0.044 = 0.08 85.66 = 93.3 343 +28 3.08+1.16
Anaplastic astrocytoma 369 +15 130 = 0.7 0.167 = 0.20 99.75 + 37.3 492 25 298 +0.82
Glioblastoma multiforme 6.06 =22 186+ 1.4 0.234 = 0.23 274.49 + 430.9 21.68 = 62.7 337 =145

Note:—Values are expressed as means *+ SD. rCBV indicates maximum relative cerebral blood volume; VP, blood plasma volume; K", vascular permeability; CBF, absolute cerebral blood

flow; CBV, absolute cerebral blood volume; MTT, mean transit time; ODG, oligodendroglioma.

Table 2: P values from an exact Mann-Whitney test for all pairwise comparisons among the tumor grades

Tumor Grades

Compared rCBV VP Ktrans CBF CBV MTT
LG glioma : LG ODG A7 254 .381 017 .081 909
LG glioma : ana Astro .0002 115 .014 .0044 .0037 .86

LG glioma : GBM .0001 017 .0015 .0001 .0001 439
LG ODG : ana Astro .0033 .637 .019 941 .388 .98

LG 0DG : GBM .0001 .204 .0036 027 .0013 a77
Ana Astro : GBM .0009 438 291 .0027 .0009 563

Note:—LG indicates low grade; ODG, oligodendroglioma; ana astro, anaplastic astrocytoma; GBM, glioblastoma multiforme; rCBV, maximum relative cerebral blood volume; VP, blood
plasma volume; K", vascular permeability; CBF, absolute cerebral blood flow; CBV, absolute cerebral blood volume; MTT, mean transit time. Significant P values are in bold face type.

Full details of first-pass pharmacokinetic modeling can be found
in Johnson et al,>> and the method will only be summarized here. It
can be shown that the total contrast concentration, C,, is*>

t Ktrans
C,=V,.C,+ K‘”‘"Sf Cp(t')exp< -V (r— t'))dt’
0 e

dc,
V

e dt = Ktmns(CF - Ce)

where V,,and V., are the fractional plasma and extravascular extracel-
lular space volumes, C, and Cp are the tracer concentrations in the
extravascular extracellular space and plasma respectively, and K" is
the transfer constant.

An estimate of C,, is acquired from a region of normal white mat-
ter?® and fitted to the model function of C, with K™, V_, and V,as
free parameters.

Although it is, in principle, possible to form maps of K™ on a
pixel-by-pixel basis, the calculation can be sensitive to noise and is
time-consuming. Instead, maps of the fractional signal intensity drop
at 25 seconds after the bolus (SD25 maps) were calculated as a surro-
gate. If vascular permeability is high, residual contrast concentration
is also high after the bolus has passed and the SD25 value is also high.
The SD25 maps, therefore, provide a simple index related to vascular
permeability that can be used to select ROIs for K" calculation.
K™ was calculated in 4 ROIs demonstrating the highest SD25 val-
ues, and the maximal value was recorded. v, from the same region of
interest was also recorded.

Analysis 3: Absolute CBV, CBF, and MTT

Absolute CBV, CBF, and MTT were calculated by using the method of
Rempp et al.>”*® These parameters can be calculated from the follow-
ing equations:

cdt
MTT = !
CBV — Jcdt
© JAIP dr
_ CBV
CBF = irp

where C is the tissue concentration following an ideal instantaneous
bolus and C,,,, is the maximal value of C. The bolus is not instanta-
neous, of course, but an approximation to the idealized response can
be found by deconvolving the measured tissue concentration with the
ATF. The ATF was found by using an automated method similar to that

1>” and Carroll et al.*®

described by Rempp et a The minimum signal
intensity, corresponding to the bolus peak, is found in each pixel
within the head. The average signal intensity drop and average bolus
arrival time are then calculated for all pixels. Pixels in which the bolus
arrives early and in which the signal intensity drop is larger than
average are assumed to be within arteries. The AIF was found by

averaging the signals from all such pixels.

Statistical Analysis

The mean and standard deviation of each measure for tumors of
each type were obtained. For each measure (rCBV, Vp’ K'"ans CBF,
CBV, and MTT), the Mann-Whitney U test was applied to the
ranks to make all pairwise comparisons among the tumor grades
(separating low-grade gliomas from low-grade oligodendroglio-
mas, given there has been recent evidence to suggest that oligoden-
drogliomas may have elevated perfusion).'"*° The associations
between each measure were assessed through Spearman rank cor-
relation coefficients. Binary logistic regression was used to assess
the diagnostic utility (sensitivity, specificity, and predictive val-
ues) of using rCBV, Vp, K'™2"s CBF, CBV, and MTT to discrimi-
nate high- from low-grade gliomas.

Results

The mean and standard deviation of each measure for tu-
mors of each type are presented in Table 1. The results from
an exact Mann-Whitney U test used to make all pairwise
comparisons among the tumor grades are summarized in
Table 2. For each measure, the Mann-Whitney U test dem-
onstrated rCBV to be the best discriminator of tumor grade
and type, followed by CBF, CBV, and K"*". The tumor
grades are ordered as low-grade gliomas < anaplastic astro-
cytoma < glioblastoma multiforme; thus, Table 3 shows
the Spearman rank correlation of rCBV, V,, K" CBF,
CBV, and MTT with tumor grade. Tumor grade was signif-
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Table 3: Spearman rank correlation coefficients with P values

rCBV VP Kirans CBF CBV MTT
Correlation 0.81237 0.30173 0.45763 0.67768 0.60417 0.08954
P value <.0001 .009 <.0001 <.0001 <.0001 448

Note:—rCBV denotes maximum relative cerebral blood volume; VP, blood plasma volume; K™, vascular permeability; CBF, absolute cerebral blood flow; CBV, absolute cerebral blood

volume; MTT, mean transit time.

Table 4: Selected combinations of sensitivity and specificity achieved (corresponding to points on the receiver operating characteristic curve)
on the basis of diagnostic models using K"™" and rCBV when considered alone and in combination

rCBV and Ke"s rCBV Kirans
Sensitivity (%) Specificity (%) Sensitivity (%) Specificity (%) Sensitivity (%) Specificity (%)
100.0 333 100.0 46.7 100.0 0.0
97.7 60.0 97.7 66.7 72.1 40.0
95.3 66.7 95.3 70.0 62.8 66.7
90.7 76.7 88.4 76.7 60.5 70.0
81.4 83.3 86.0 83.3 326 86.7
72.1 93.3 83.7 93.3 30.2 90.0
62.8 96.7 74.4 96.7 256 93.3
16.3 100.0 69.8 100.0 2.3 100.0
Note:—rCBV indicates maximum relative cerebral blood volume; K", vascular permeability.
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Fig 1. The ROC curves associated with the model to diagnose high-grade tumors on the
basis of rCBV, rCBV with K", and K" alone. Diagnostic models based on K™ with
rCBV and rCBV alone each had significantly higher (P < .01) area under the ROC curve
(AUC = 0.94, 0.90, respectively) than did the model based on K™ alone (AUC = 0.63).
Max indicates maximum.

icantly positively correlated with each of rCBV, V ,, K",
CBF, and CBYV, but not with MTT. Thus, higher grade tu-
mors tended to be associated with higher values of rCBV,
Vo, K" CBF, and CBV.

Binary logistic regression and receiver operating charac-
teristic (ROC) curve analyses were used to assess the
diagnostic utility of using the metrics to discriminate high-
grade (anaplastic astrocytoma and glioblastoma multi-
forme) from low-grade (low-grade gliomas and low-grade
oligodendroglioma) tumors. Table 4 summarizes the step-
wise variable selection, declares rCBV to be the best single
predictor of high-grade tumors, and identifies K" and
rCBV as the best set of significant independent predictors
of tumor grade. Table 4 shows selected combinations of
sensitivity and specificity achieved (corresponding to
points on the ROC curve) on the basis of diagnostic models
based on K"*™ and rCBV when considered alone and in
combination. The ROC area under the curve (AUC) anal-
ysis (Fig 1) indicated that the diagnostic models based on
K" with rCBV and rCBV alone each had significantly
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Fig 2. Scatterplot of rCBV versus K" shows true low-grade gliomas as crosses and true
high grade gliomas as black points. The figure demonstrates that rCBV and K" together
are good predictors of glioma grade. The performance of the diagnostic model to predict
high-grade tumors using both K" and Max rCBV when overall diagnostic accuracy is
highest (sensitivity = 90.7%, specificity = 76.7%) is shown.

higher (P < .01) area under the ROC curve (AUC = 0.94,
0.90, respectively) than did the model based on K"*"* alone
(AUC = 0.63) but were not distinguishable from each other
in terms of AUC (P = .07). The area under the ROC curve
of 0.94 indicates high sensitivity and specificity. The per-
formance of the diagnostic model for the detection of high-
grade tumors has a sensitivity of 90.7% and a specificity of
76.7%. This is demonstrated by using a scatterplot of K"™"
versus rCBV shown in Fig 2. Examples of low-grade glioma,
anaplastic astrocytoma, and glioblastoma multiforme with
the respective rCBV, SD25, CBF, CBV, and MTT color
overlay maps are shown in Figs 3-5.

Discussion

Neovascularization is an important factor in determining
glioma grade; the other factors are nuclear atypia, mitoses,
and necrosis.” DSC MR imaging has shown promise in
grading gliomas. In this study, we examined 4 different tu-
mor types: low-grade glioma, low-grade oligodendrogli-
oma, anaplastic astrocytoma, and glioblastoma multi-



Fig 3. A-H, Low-grade astrocytoma (grade I1/IV). Top row, left to right.

Perfusion

A, Axial FLAIR image (TR/TE/TI, 9000/110/2500 ms) demonstrates a lesion in the left midbrain with high signal intensity and minor mass effect.
B, Axial T1-weighted postcontrast image (TR/TE, 600/14 ms; 1 excitation) demonstrates no evidence of contrast enhancement, in keeping with a low-grade astrocytoma.

C and D, Gradient-echo (TR/TE, 1000/54 ms) axial DSC MR imaging and SD25 color map suggests low permeability throughout the lesion.
E-G, Bottom row (left to right). rCBV, CBV, and CBF maps demonstrate a few foci of mildly elevated rCBV, CBV, and CBF within the glioma.

H, MTT map demonstrates some prolongation in MTT within the tumor.

forme. To distinguish tumor types and grades, rCBV was
the best parameter, followed by CBF, CBV, and K"*". rCBV
was able to distinguish between all pairs of tumor types
except low-grade oligodendroglioma versus low-grade as-
trocytoma. Absolute CBF could differentiate between all
tumor types except low-grade oligodendroglioma versus
low-grade astrocytoma. Absolute CBV could differentiate
all tumor types except low-grade oligodendroglioma versus
anaplastic astrocytoma and low-grade oligodendroglioma
versus low-grade astrocytoma. Last, K" could differenti-
ate all tumor types except low-grade astrocytoma versus
low-grade oligodendroglioma and anaplastic astrocytoma
versus glioblastoma multiforme. MTT, however, was not
successful in distinguishing glioma grades (Table 2). Find-
ing higher rCBV in low-grade oligodendroglioma com-
pared with low-grade astrocytomas (Table 1) is in keeping
with recently published data showing elevated rCBV in ol-
igodendrogliomas'"° in a study using spin-echo perfusion
imaging. The histologic finding in oligodendrogliomas is
an attenuated network of branching capillaries that pro-
duce a vascular pattern resembling chicken wire in addition
to a “fried-egg” appearance and correspond to classic oli-
godendroglioma histology."*> When correlating individ-
ual parameters with glioma grade, we found that rCBV had
the highest Spearman correlation factor followed by CBF,

CBV, K" and v, (Table 3). Previous studies have also
indicated that rCBV has a high level of correlation with
glioma grade at a statistically significant level."°

Gliomas, particularly high-grade gliomas, are character-
ized by bizarre and extreme tortuosity in the morphology of
the angioarchitecture. The blood flow and volume can,
therefore, be extremely variable and heterogeneous within
any given region of a tumor.”** Furthermore, there are
multiple factors that influence the leakiness of a blood ves-
sel, including luminal surface area, permeability of the ves-
sel wall, rate of blood flow, and hydrostatic, interstitial, and
osmotic gradients across the endothelium,***” not to men-
tion body temperature. Hence, K", which includes all
these factors, is not simply a measure of vascular permeabil-
ity. Furthermore, our method of estimating K" involves a
measurement period of only 60 seconds during the first
pass of contrast. Consequently, the method is relatively in-
sensitive to slow leakage. In Fig 5, the areas of high SD25 (ie,
areas of high leakage during the first pass) do not corre-
spond to enhancing regions on postcontrast T1 images.
This finding may reflect a difference between areas of ex-
tremely high permeability in which contrast extravasation
is limited by flow and areas in which it is limited by vascular
permeability. Targeted biopsy samples coregistered with
the perfusion maps may help determine which regions cor-
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Fig 4. A-H, Anaplastic astrocytoma (grade IlI/IV). Top row, left to right.

Perfusion

A, Axial FLAIR image (TR/TE/TI, 9000/110/2500 ms) demonstrates a dominant lesion in the right thalamus with extension to the left thalamus and parietooccipital region.

B, Axial T1-weighted postcontrast image (TR/TE, 600/14 ms; 1 excitation) demonstrates heterogeneous contrast enhancement in keeping with an anaplastic astrocytoma.

C, Gradient-echo axial DSC MR image (TR/TE, 1000/54 ms).
D, SD25 color map shows foci of increased permeability throughout the lesion.

E-G, Bottom row (left to right). rCBV, CBV, and CBF maps demonstrate elevated rCBY, CBV, and CBF within the glioma.

H, MTT map demonstrates some prolongation in MTT within the tumor.

relate best with angiogenesis. This finding also suggests that
the information provided by our first-pass technique may
be complementary to that provided by alternative methods
that measure K"* during the (steady state) washout of
contrast from the tumor.’®*

Finding poor correlation between MTT and glioma grade
may at first seem surprising; however, there are a number of
explanations. MTT merely reflects the time it takes for the
bolus peak to transit through a vessel or tissue of interest. As a
consequence, it may be prolonged from numerous vascular
collaterals or an increase in mean vessel attenuation/diameter
as aresult of angiogenesis. Conversely, MTT may be decreased
as a result of higher flow rates or arteriovenous shunt surgery
in a very heterogeneous tumor vascular environment. It is also
possible that within both low- and high-grade gliomas, re-
gions of increased blood volume are accompanied by in-
creased blood flow, ultimately having no overall effect on the
MTT.

Finally, it might appear surprising that the V,, measure-
ments correlate poorly with tumor grade because they are
an estimate of rCBV. However, in previous studies v, and
rCBV were compared in identical ROIs. In this study, V,
was measured in ROIs in which K" was found to be max-
imum, and rCBV was measured in ROIs in which rCBV was
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found to be maximum. This finding strongly suggests that
K" is elevated in areas in which rCBV (and V) is normal
and vice versa and hence that the 2 parameters provide
independent information, a hypothesis that is confirmed by
the finding that K™"* and rCBV are independent predictors
of tumor grade.

Conclusion

In the present study, rCBV, CBF, CBV, and K""* measure-
ments are shown to correlate well with histopathologic grade.
MTT for a number of pathophysiologic reasons does not ap-
pear to correlate or be able to discriminate between glioma
grades. The combination of rCBV with K™ metrics was
shown to be the best set of independent predictors of tumor
grade but did not improve the prediction of glioma grade
above the predictive value for rCBV alone. There are numer-
ous limitations when using various models and an AIF to cal-
culate perfusion parameters, and it is important in the clinical
setting to be aware of these limitations, errors, and artifacts.
Regardless, once these limitations are recognized, DSC MR
imaging can offer valuable additional information not given
by conventional MR imaging, which can aid in preoperative
patient management and subsequent follow-up.



Fig 5. A-H, Glioblastoma multiforme (grade IV/IV). Top row, left to right.

Perfusion

" »
". /S bl
v Shah

A, Axial FLAIR image (TR/TE/TI, 9000/110/2500 ms) demonstrates a lesion with surrounding increased signal intensity in the left parietooccipital region.

B, Axial T1-weighted postcontrast image (TR/TE, 600/14 ms; 1 excitation) demonstrates heterogeneous contrast enhancement in keeping with a glioblastoma multiforme.
C, Gradient-echo axial DSC MR image (TR/TE, 1000/54 ms).

D, SD25 color map shows foci of increased permeability anteriorly in the lesion, which appears to “washout” on the axial postcontrast T1-weighted image (arrows), possibly indicating
hyperpermeability during the first pass of contrast. The areas of enhancement more posteriorly may reflect more delayed permeability.

E-G, Bottom row (left to right). rCBV, CBV, and CBF maps demonstrate elevated rCBV, CBV, and CBF within the glioblastoma multiforme.

H, MTT map demonstrates some prolongation in MTT within the tumor.
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