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ORIGINAL RESEARCH
ADULT BRAIN

Vessel Type Determined by Vessel Architectural Imaging
Improves Differentiation between Early Tumor Progression

and Pseudoprogression in Glioblastoma
M. Kim, J.E. Park, K. Emblem, A Bjørnerud, and H.S. Kim

ABSTRACT

BACKGROUND AND PURPOSE: Currently available perfusion parameters are limited in differentiating early tumor progression and
pseudoprogression with no insight about vessel size and type. We aimed to investigate differences in vessel size and type between
early tumor progression and pseudoprogression in posttreatment glioblastoma and to demonstrate diagnostic performance using
vessel architectural imaging.

MATERIALS AND METHODS: Fifty-eight patients with enlarging contrast-enhancing masses in posttreatment glioblastomas under-
went simultaneous gradient recalled-echo and spin-echo dynamic susceptibility contrast imaging. Relative CBV and vessel architec-
tural imaging parameters, including the relative vessel size index, peak shift between gradient recalled echo and spin-echo bolus
signal peaks, and arterial dominance scores using spatial dominance of arterial/venous vessel type, were calculated and compared
between the 2 conditions. The area under the curve and cross-validation were performed to compare the diagnostic performance
of the relative CBV, vessel architectural imaging parameters, and their combinations.

RESULTS: There were 41 patients with early tumor progression and 17 patients with pseudoprogression. Relative to pseudoprogres-
sion, early tumor progression showed a lower peak shift (�0.02 versus 0.33, P ¼ .02) and a lower arterial dominance score (1.46 ver-
sus 2.11, P ¼ .001), indicating venous dominance. Patients with early tumor progression had higher relative CBV (1.88 versus 1.38, P ¼
.02) and a tendency toward a larger relative vessel size index (99.67 versus 83.17, P ¼ .15) than those with pseudoprogression.
Combining arterial dominance scores and relative CBV showed significantly higher diagnostic performance (area under the curve ¼
0.82; 95% CI, 0.70–0.94; P ¼ .02) than relative CBV alone (area under the curve ¼ 0.64; 95% CI, 0.49–0.79) in distinguishing early tu-
mor progression from pseudoprogression.

CONCLUSIONS: Vessel architectural imaging significantly improved the diagnostic performance of relative CBV by demonstrating
venous dominance and a tendency toward larger vessel size in early tumor progression.

ABBREVIATIONS: AUC ¼ area under the curve; ETP ¼ early tumor progression; CCRT ¼ concurrent chemoradiotherapy; GRE ¼ gradient recalled-echo;
PP ¼ pseudoprogression; rCBV ¼ relative CBV; rVSI ¼ relative vessel size index; SE ¼ spin-echo; VAI ¼ vessel architectural imaging

Pseudoprogression (PP) remains a diagnostic challenge in
neuro-oncology, occurring in about 20% of patients with

high-grade gliomas within 12weeks of the completion of concur-
rent chemoradiotherapy (CCRT).1 An accurate and timely diag-
nosis of PP is critical to avoid erroneous termination of
successful treatment, which could negatively influence survival.
However, a confirmatory scan may be required before PP can be

confidently distinguished from early tumor progression (ETP),
which might delay a prompt therapeutic intervention. Both PP
and ETP manifest as new or enlarging contrast-enhancing lesions
on follow-up imaging after the completion of CCRT. Abnormal
enhancement in PP likely results from increased permeability
caused by direct damage to the blood-brain barrier and treat-
ment-related cellular hypoxia, which results in increased expres-
sion of hypoxia-regulated molecules in surrounding cells.2,3 This
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appears indistinguishable from increased enhancement associated
with early tumor progression, which represents tumoral neoan-
giogenesis. Such differences in tumoral vasculature and microen-
vironment cannot be shown by conventional MR imaging.

So far, perfusion parameters have shown promise in differenti-
ating PP from ETP. CBV from DSC imaging has been found to be
particularly useful for diagnosing PP.4-7 Although high CBV on
DSC imaging may result from overall increased vascular density,
it does not specify whether high CBV comes from vessel recruit-
ment or dilation of vessels.8 In addition, CBV is unable to differ-
entiate the dominant vessel type within the ROI. Vessel
architectural imaging (VAI) is a recent MR imaging technique
with the potential of providing further insight into vessel size and
type. Emblem et al9 demonstrated the use of VAI to characterize
the vessel architecture of recurrent glioblastoma and its changes in
response to antiangiogenic agents to successfully identify respond-
ers to antiangiogenic treatment. It exploits the differences in
observed proton relaxation from simultaneously acquired contrast
agent–enhanced gradient recalled-echo (GRE) and spin-echo (SE)
MR imaging for vessel-size estimation.10-12 The temporal shift
between the 2 relaxation rate curves from GRE and SE may be
visualized in a hysteresis plot, and its slope and direction provide
estimates of vessel size and type, respectively. It has been shown
that vessel size measures on MR imaging accurately reflected his-
tologic measures of vessel caliber while CBV correlated with vessel
density in high-grade gliomas.8 Because VAI can estimate vessel
size and type, it may be able to provide further insight into the
mechanism of PP and to differentiate tumoral neoangiogenesis
seen in ETP and treatment-induced change seen in PP.

We hypothesized that VAI could improve the diagnostic per-
formance for identifying PP over DSC perfusion parameters by
reflecting vessel size and type in the early posttreatment stage of
glioblastoma. Thus, the purpose of this study was to investigate
differences in vessel type and size between ETP and PP in post-
treatment glioblastomas and to demonstrate the diagnostic per-
formance in the enlarging contrast-enhancing mass using VAI.

MATERIALS AND METHODS
Study Patients and Inclusion Criteria
Asan Medical Center institutional review board approved this ret-
rospective study, and the requirement for informed consent

was waived. We searched the elec-
tronic data base of the Department of
Radiology at our tertiary center and
retrospectively reviewed the records
of patients between August 2018 and
July 2019. Figure 1 shows the patient
inclusion process. We identified 71 con-
secutive patients who met the following
inclusion criteria: 1) histopathologic di-
agnosis of a newly diagnosed glioblas-
toma according to the 2016 World
Health Organization criteria;13 2) CCRT
with temozolomide from Stupp et al14

and 6 cycles of adjuvant trimetazidine
performed after surgical resection or bi-
opsy; 3) newly developed or enlarging

(.25%) and measurable contrast-enhancing lesions on surveillance
MR imaging following completion of CCRT;15and 4) DSC perfusion
and VAI sequences available at the time of newly developed or
enlarging and measurable contrast-enhancing lesions, and 5) patho-
logic diagnosis or clinicoradiologic consensus of ETP or PP.
Measurable contrast-enhancing lesions were defined as bidimen-
sionally enhancing lesions with 2 perpendicular diameters of at least
10mm being visible on $2 axial slices on conventional MR
imaging.

A final diagnosis of PP and ETP was confirmed pathologically
in second-look operations when clinically indicated. When sec-
ond-look operations could not be performed, clinicoradiologic
diagnoses were made by consensus between a neuro-oncologist
(J.H.K. with 26 years of experience in neuro-oncology practice)
and a neuroradiologist (H.S.K. with 18 years of experience in
neuro-oncology imaging) according to the Response Assessment
in Neuro-Oncology criteria.15 A final diagnosis of PP was made
when there was an increase in contrast-enhancing lesions that
subsequently regressed or became stable without any changes in
the treatment for at least 6months after an operation and com-
pletion of CCRT. Alternatively, a final diagnosis of ETP was
made if enhancing lesions gradually increased on.2 subsequent
follow-up MR imaging studies performed at 2- to 3-month inter-
vals and required a prompt change in treatment. Patients were
excluded if contrast-enhancing lesions did not meet the criteria
for ETP or PP (n ¼ 4), there was inadequate follow-up to confi-
dently determine ETP or PP on clinicoradiologic consensus (n ¼
6), and VAI sequences were inadequate for image analysis (n ¼
3). Finally, 58 consecutive patients were enrolled in the study.

MR Imaging Protocol and Image Processing
The brain tumor imaging protocol after completion of CCRT at
our institution included T2-weighted imaging, FLAIR imaging,
T1-weighted imaging, diffusion-weighted imaging, simultaneous
GRE-SE DSC perfusion, contrast-enhanced T1-weighted imag-
ing, and conventional DSC perfusion MR imaging. Simultaneous
GRE-SE DSC MR imaging was acquired using axial gradient-
echo, spin-echo echo-planar images with TR ¼ 1.33 seconds,
TE ¼ 34 and 103ms (respectively), section thickness ¼ 5mm,
intersection gap ¼ 2.5mm, in-plane resolution ¼ 1.70 � 1.70
mm, matrix size ¼ 128 � 128, ten slices, and 120 volumes with a

FIG 1. Flow diagram showing the patient-selection protocol and the inclusion and exclusion
criteria.
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total acquisition time of 6minutes 30 seconds. For simultaneous
GRE-SE DSC perfusion, a dynamic bolus was administered
as a standard dose of 0.1mmol/kg of gadoterate meglumine
(Dotarem; Guerbet) delivered at a rate of 4mL/s by a MR imag-
ing–compatible power injector (Spectris MR injector; Medrad).
The bolus of contrast material was followed by a 20-mL bolus of
saline, injected at the same rate. For conventional DSC perfusion,
a second, standard dose of 0.1mmol/kg of gadoterate meglumine
was administered. Conventional DSC perfusion MR imaging was
acquired using TR ¼ 1.72 seconds, TE ¼ 40ms, flip angle ¼ 35°,
FOV ¼ 240mm, section thickness ¼ 5mm, intersection gap ¼
2mm, matrix size¼ 128� 128, and number of slices¼ 20 with a
total acquisition time of 1minute 50 seconds. The dynamic ac-
quisition was performed with a temporal resolution of 1.5 sec-
onds, and 60 dynamics were acquired.

Definition of CBV and VAI Parameters
The simultaneous GRE-SE DSC perfusion data obtained during
the first injection were used for VAI analysis, while the conven-
tional DSC perfusion data obtained during the second injection
were used for whole-brain relative CBV (rCBV). The whole-
brain rCBV, normalized to contralateral normal-appearing
white matter, was calculated using numeric integration of the

time concentration curve after correcting for contrast agent
leakage. Leakage correction was performed using the method of
Weisskoff et al16 with further adaptations from Boxerman et
al17 for both VAI perfusion analysis and conventional DSC per-
fusion analysis with leakage being estimated from the deviation
in each voxel according to a nonleakage reference tissue
response curve.

The VAI perfusion-related maps were generated according to
previously published definitions and notations.9,18,19 In short, the
pixel-wise GRE and SE dynamic signals were converted to changes
in R2* and R2, respectively, for the GRE and SE signals. The result-
ing DR2 values were then raised to the power of 3/2, and a
Gaussian function was fitted to the resulting time curves. The fitted
curves were then plotted with DR2^3/2 along the x-axis and DR2*
along the y-axis, forming hysteresis loops. The hysteresis loops
were characterized by the loop direction, long axis, and slope of
long axis that are shown to be affected by changes in microvascular
function and structure.20 The voxelwise loop direction was visual-
ized by the arrows representing the temporal vortex propagation
(Fig 2). We estimated the following VAI metrics:

1) Relative vessel size index (rVSI):9 defined by rVSI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rCBV � ADC
p � b , where b is the slope of the long axis of
the resulting hysteresis curve, as shown in Fig 2, ADC is the appa-
rent diffusion coefficient, and rCBV is relative cerebral blood

FIG 2. Peak shift and hysteresis plot. A, Peak shift: the time curves of GRE-based DR2* and SE-based DR2^3/2 were fitted to a g -variate func-
tion. A positive peak shift indicates a GRE peak preceding the SE peak, while a negative peak shift indicates the SE peak preceding the GRE peak.
B, Hysteresis plot: the fitted curves are plotted with DR2^3/2 (SE-based) along the x-axis and DR2* (GRE-based) along the y-axis. The clockwise
rotation indicates that GRE-based changes precede SE-based changes, corresponding to the positive peak shift with arterial dominance. The
counter-clockwise rotation indicates that SE-based change precedes GRE-based changes, corresponding to the negative peak shift with venous
dominance. Max indicates maximum.
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volume obtained from the GRE signal normalized to contralateral
normal-appearing white matter.

2) Peak shift: the shift in the peak (g-fitted) GRE versus SE
signals. Peak shift showed positive value when the GRE peak sig-
nal preceded the SE peak signal (Fig 2). Here, we applied a 2-stage
fitting procedure for optimal stability. First, we approximated the
g variate model parameters from linear regression after pixel-
wise transforming of the nonlinear g variate expression to a lin-
ear form, as described by Madsen.21 The estimated parameters
from the linear fit were then used as initial values in a nonlinear
least-squares model using a standard implementation of the itera-
tive Levenberg-Marquardt algorithm.22 In addition, Gaussian
smoothing was applied to the raw data before analysis to reduce
noise.

3) Arterial dominance score: dominant vessel type (artery ver-
sus venule/capillary) was assigned for each voxel depending on
the direction of the vortex. Here, arterial dominance was assigned
to the voxels with a positive (clockwise) vortex direction, while
venule/capillary dominance was assigned to the voxels with a
negative (counterclockwise) vortex direction. Because the average
value of vortex direction for a given VOI representing the con-
trast-enhancing mass did not account for spatial dominance of
arterial-versus-venous vessel type, 2 expert radiologists (J.E.P.
with 7 years of experience in neuro-oncologic imaging, and
H.S.K.) determined the dominant vessel type by observation of
the spatial dominance of negative (venule/capillary dominance)
or positive vortex directions (arterial dominance) based on the
colorized VAI vessel-type map. The arterial dominance score was
assigned on the following scale: 1, capillary/venule-dominant; 2,
mixed; and 3, arterial-dominant. The readers were blinded to the
clinical information and reference standard when assigning the
score.

Lesion segmentation of the contrast-enhancing mass was per-
formed using a 3D region-growing based on the multiplanar
reconstruction view of 3D contrast-enhanced T1-weighted
images by a neuroradiologist (M.K., with 2 years of experience in
neuro-oncologic imaging) using segmentation threshold and
region-growing segmentation algorithms provided by Medical
Imaging Interaction Toolkit (MITK) software (www.mitk.org).
All segmented images were re-evaluated and validated by an
experienced neuroradiologist (H.S.K). Finally, the lesion mask

and 3D contrast-enhanced T1-weighted
images were coregistered to the rCBV
and VAI maps. All image analyses were
performed using the commercial soft-
ware package (nordicICE, Version 4.0.6;
NordicNeuroLab).

Statistical Analysis
The Student t test and x 2 test were
used to assess differences between PP
and ETP groups regarding the demo-
graphic data. The Student t test was
used to assess differences in the rCBV
and VAI parameters between the PP
and ETP groups. A receiver operating
characteristic curve analysis was per-

formed to determine the diagnostic performance of each perfu-
sion parameter for differentiating ETP and PP and was further
validated using leave-one-out cross-validation with 100-fold
bootstrapping. The diagnostic performance of each individual
VAI parameter combined with the rCBV was also evaluated.23

Subgroup analysis with patients diagnosed as ETP and PP within
9months of completing CCRT was performed. P values of areas
under the curve (AUCs) from each parameter were compared
using the Wald test. For the comparison of the AUCs and cross-
validation with bootstrap resampling, the pROC and cvTools
packages in R, Version 3.4.3 (R Project for Statistical Computing,
http://www.r-project.org) were used. A P value, .05 was consid-
ered statistically significant.

RESULTS
Patient Demographics
The clinical characteristics of the patients are summarized in
Table 1. Of the 58 study patients, 41 (70.7%) were classified as
ETP, and 17 (29.3%), as PP. Among 41 patients with ETP, 7
patients (17%) were pathologically confirmed and 34 cases (83%)
were diagnosed as having ETP by clinic-radiologic consensus.
There were no significant differences between the patients with
PP and ETP in terms of age, sex, baseline Karnofsky Performance
Status score, isocitrate dehydrogenase (IDH) mutation status,
MGMT methylation status, extent of surgery, and mean time
interval between the operation and imaging study. Subsequent to
study imaging, patients were treated by reoperations or second-
line agents including antiangiogenic treatment. There were no
patients on experimental therapies such as vaccines or checkpoint
inhibitors.

Comparison of rCBV and VAI Parameters in ETP and PP
DSC and VAI parameters are summarized in Table 2. Patients
with PP showed significantly lower rCBV (mean PP ¼ 1.38 [SD,
0.53] versus mean ETP ¼ 1.88 [SD, 0.78], P ¼ .02) and a tend-
ency toward a smaller rVSI (PP ¼ 83.17 [SD, 40.60] versus
ETP ¼ 99.67 [SD, 38.78], P ¼ .15) compared with patients with
ETP. Patients with PP showed a significantly higher positive peak
shift compared with those with ETP (PP ¼ 0.33 [SD, 0.77] versus
ETP ¼ �0.02 [SD, 0.36], P ¼ .02). The arterial dominance score
was significantly higher in the PP group compared with the ETP

Table 1: Clinical characteristics of the patientsa

ETP (n = 41) PP (n = 17) P
Age (yr) 57.2 [SD, 12.5] 55.1 [SD, 16.0] .64
No. of female patients 17 (41.5%) 11 (64.7%) .11
KPS $70 35 (85.4%) 14 (82.4%) .77
IDH wild-type 38 (92.7%) 15 (88.2%) .36
MGMT promoter status (methylated/

unmethylated/NA)
15/22/4 7/6/4 .28

Surgical extentb .97
Biopsy 4 (9.8%) 2 (11.8%)
Partial resection 13 (31.7%) 5 (29.4%)
Gross total resection 24 (58.5%) 10 (58.8%)

Mean time interval between completion of CCRT
and imaging (days)

204.4 [SD, 523.0] 112.4 [SD, 123.9] .48

Note:—KPS indicates Karnofsky Performance Status; IDH, isocitrate dehydrogenase; NA, not available.
a Data are expressed as the mean [SD]. Numbers in parentheses are percentages.
b Surgical extent refers to the extent of surgical resection at the initial cytoreduction surgery.
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group (PP ¼ 2.11 [SD, 0.6] versus ETP ¼ 1.46 [SD, 0.7], P ¼
.001). Figure 3 shows representative cases of PP and ETP, and
corresponding signal intensity curves with hysteresis plots are
provided in the Online Supplemental Data.

Diagnostic Performance of
Individual and Combined
Parameters
Table 3 summarizes the diagnostic
performance of VAI parameters when
used individually and combined with
rCBV. The diagnostic performance of
rCBV was 0.64 (95% CI, 0.49–0.79)
with a sensitivity of 88.2% and speci-
ficity of 48.8%. Among VAI parame-
ters, the arterial dominance score
showed the highest performance with
an AUC of 0.76 (95% CI, 0.64–0.88;
Wald test, P ¼ .005), followed by peak
shift (AUC ¼ 0.60; 95% CI, 0.43–0.76;
Wald test, P ¼ .20) and rVSI (AUC ¼
0.60; 95% CI, 0.43–0.77; Wald test,
P¼ .58).

The highest diagnostic perform-
ance was achieved when the rCBV was
combined with the arterial dominance
score with an AUC of 0.82 (95% CI,
0.70–0.94) with a sensitivity of 82.3%,
specificity of 78.0%, and accuracy of
79.3%, which was significantly higher
than rCBV alone (P ¼ .02). The diag-
nostic performance also improved
when the rCBV was combined with
the rVSI (AUC ¼ 0.67; 95% CI, 0.53–
0.82) or peak shift (AUC ¼ 0.70; 95%
CI, 0.56–0.86), but these did not reach
statistical significance.

Subgroup Analysis with Patients
Diagnosed as ETP or PP within 9
Months of Completing CCRT
There were 28 patients with ETP (68%,
28/41) and 14 patients with PP (82%)
diagnosed within 9months of com-
pleting CCRT. DSC and VAI parame-
ters in patients diagnosed with ETP or
PP within 9months of completing
CCRT are summarized in the Online
Supplemental Data. Patients with PP
showed significantly lower rCBV
(mean PP ¼ 1.30 [SD, 0.54] versus
ETP¼ 1.99 [SD, 0.82], P¼ .003) and a
higher arterial dominance score (PP ¼
2.07 [SD, 0.46] versus ETP¼ 1.43 [SD,
0.68], P ¼ .001). Patients with PP
showed a tendency toward a higher
peak shift and a smaller rVSI com-
pared with patients with ETP.

The diagnostic performance of VAI parameters when used
individually and combined with rCBV is shown in the Online
Supplemental Data. Among VAI parameters, the arterial domi-
nance score showed the highest performance with an AUC of

FIG 3. A, Early tumor progression. A 53-year-old woman who completed concurrent chemoradio-
therapy 8weeks ago developed a necrotic enhancing mass in the right frontal lobe surrounding the
surgical cavity. On the rCBV map and rVSI map, rCBV is increased with a high rVSI in the corre-
sponding area. A negative peak shift on the peak shift map with venous dominance on the vortex
direction map is noted, and an arterial dominance score of 1 was assigned. B, Pseudoprogression. A
67-year-old woman who completed CCRT 10weeks ago developed a necrotic enhancing mass in
the left frontal lobe. On the rCBV and rVSI maps, rCBV is mildly increased with a lower rVSI than in
the patient with ETP. A positive peak shift on the peak shift map and arterial dominance on the vor-
tex direction map are shown, and an arterial dominance score of 3 was assigned.

Table 2: Mean perfusion and VAI parameters in ETP and PP
Imaging Parameters ETP (n = 41) PP (n = 17) P Valuea

rCBV 1.88 [SD, 0.78] 1.38 [SD, 0.53] .02
rVSI 99.67 [SD, 38.78] 83.17 [SD, 40.60] .15
Peak shift –0.02 [SD, 0.36] 0.33 [SD, 0.77] .02
Arterial dominance score 1.46 [SD, 0.7] 2.11 [SD, 0.6] .001

a P values from an independent-samples t test.
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0.78 (95% CI, 0.64–0.91). The highest diagnostic performance
was achieved when the rCBV was combined with the arterial
dominance score with an AUC of 0.86 (95% CI, 0.75–0.98).

DISCUSSION
In this study, we demonstrated that vessel architectural imaging
parameters derived from simultaneously acquired contrast
agent–enhanced gradient-echo and spin-echo MR imaging
improved the diagnostic performance of rCBV by determining
vessel size and type in differentiating early tumor progression
from pseudoprogression. Early tumor progression showed ve-
nous dominance and a tendency toward larger vessel size, while
pseudoprogression showed arterial dominance and a tendency
toward smaller vessel size. The spatial dominance of vessel type
was analyzed using the arterial dominance score, which was lower
in early tumor progression. VAI parameters were able to provide
insight into tumor vasculature and mechanism of pseudoprogres-
sion by providing information about vessel size and type and
may be used to improve the diagnostic performance of rCBV in
diagnosing tumor progression in posttreatment glioblastoma.

The GRE and SE readouts have different sensitivities to contrast
agent–induced susceptibility effects, with the GRE data reflecting
vessels of all sizes and SE data predominantly reflecting capilla-
ries.20 Peak shift is mainly affected by the relationship between ar-
terial and venous volumes,19 and negative peak shift indicates SE
preceding the GRE peak with venous dominance. In our study, a
negative peak shift was obtained in the ETP group, implying an SE
peak preceding the GRE peak with venous dominance, which cor-
responds to a counterclockwise direction in the hysteresis plot. The
venous dominance of the tumor vasculature may be attributed to
arteriovenous connections within the tumor that lead to increased
vessel size and venous flow and reduced flow in the feeding arterio-
les.24 Tissue with treatment-related change, on the other hand,
showed a positive peak shift (GRE peak preceding the SE peak)
with arterial dominance. We speculate this as relatively less venous
dominance in tissue with treatment-related change with low rCBV
values. In recurrent tumor, proliferation of microvessels at early
neovascularization25 may be reflected in the SE peak by its high
sensitivity to microvessels, while treatment-related change showed
a less prominent SE peak resulting in a positive peak shift with the
GRE peak preceding the SE peak.

In our study, the rVSI was not shown to be significantly dif-
ferent between ETP and PP, though there was a tendency toward
larger vessel size in ETP. A previous study26 showed that mean
vessel size was higher in tumor progression (89 [SD, 45]mm)
compared with contralateral normal white matter (40 [SD,

11] mm) with borderline significance in a subgroup analysis
with patients suspected of tumor progression within 9months
after completing CCRT. In addition, vessel size measures on
MR imaging were reported to demonstrate higher specificity
and sensitivity in differentiating high-grade from low-grade
gliomas compared with rCBV.8 VAI was able to provide infor-
mation regarding vessel size and type better, reflecting underly-
ing tumor vasculature, and hence showed improved diagnostic
performance in detecting tumor progression.

The vasculature of viable tumor and damaged tissue is spa-
tially complex and heterogeneous, and conventional perfusion
parameters such as CBV cannot currently reflect such spatial
complexity and heterogeneity.26 The arterial dominance score in
this study successfully accounted for the spatial dominance of
arteries in PP over capillaries or venules. Previous studies
reported vessel type using the hysteresis plot18,26 or binarized
value26 of arterial or venous dominance, but these reports were
limited to selected voxels and did not account for dominance of a
particular vessel type or spatial heterogeneity. The arterial domi-
nance score was reported on a 3-number scale, and fraction of
dominance was considered, which may suggest that vessel type as
well as its spatial dominance can be helpful in differentiating PP
from ETP in posttreatment glioblastoma. In the current study,
the arterial dominance score was established by 2 experienced
neuroradiologists. In future studies, reproducibility and interob-
server agreement of the arterial dominance score among readers
with different levels of experience may need to be evaluated to
validate this parameter. Moreover, the possibility of deriving this
score directly from the VAI images may be investigated to elimi-
nate the need for manual expert analysis.

In the meta-analyses based on DSC perfusion MR imaging,
pooled sensitivities and specificities for the best-performing param-
eters ranged from 82% to 90% and from 86% to 95%, respec-
tively.6,7,27 However, these analyses did not strictly differentiate
between late radiation necrosis and early treatment effects of pseu-
doprogression. Our results showed that rCBV was a sensitive pa-
rameter (88.2%) with low specificity (48.8%), while rVSI, peak shift,
and the arterial dominance score had higher specificity (67.2%–
74.1%). Angiogenesis and vascular recruitment may consist of a
large number of small-caliber vessels or a small number of large-cal-
iber vessels.28 While rCBV may detect increased vascularity, it is
unable to discriminate the composition of vessels from these poten-
tial circumstances.8 Because peak shift and arterial dominance
scores were able to provide insight into the vascular composition
and its spatial distribution, VAI parameters exhibited higher speci-
ficity in detecting PP compared with rCBV.

Table 3: Diagnostic performance of individual and combined imaging parameters from perfusion and VAI in differentiating PP from
ETP

Individual Parameters AUC Criterion 95% CI Sensitivity Specificity Accuracy
rCBV 0.64 #1.74 0.49–0.79 88.2 48.8 60.3
rVSI 0.60 #70.8 0.43–0.77 47.5 75.6 67.2
Peak shift 0.60 .0.345 0.43–0.76 29.4 92.6 74.1
Arterial dominance score 0.76 .1 0.64–0.88 88.2 65.8 72.4
rCBV 1 rVSI 0.67 NA 0.53–0.82 94.1 39.05 55.2
rCBV1 peak shift 0.70 NA 0.56–0.86 100 39.0 56.9
rCBV 1 arterial dominance score 0.82 NA 0.70–0.94 82.3 78.0 79.3

Note:—NA indicates not available.
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Alternative approaches of vascular analysis exist, including
phase-sensitive and susceptibility-weighted imaging techniques
with improved detection of microvasculature and iron-containing
hemorrhagic foci. In patients with posttreatment glioblastoma, a
previous study showed that the increase in the percentage of hypo-
intensity on susceptibility imaging was higher in responders than
in nonresponders, and nonresponders showed a sparse amount of
hypointense signal in the area of contrast enhancement.29 This
finding revealed that radiation-induced damage to microvascula-
ture resulted in the formation of microbleeds on susceptibility
imaging.29,30 However, chronic hemorrhage also appears as hypo-
intensity, and differentiation of arterial- or venous-type vasculature
may not be feasible with susceptibility imaging.

This study has several limitations. First, the diagnostic perform-
ance of rCBV in our study was lower than previously reported in
differentiating tumor progression from treatment-related change.
This finding may be due to low rCBV values extracted from the
conventional DSC MR imaging protocol with a flip angle of 35°,
which is lower than that proposed by American Society of
Functional Neuroradiology recommendations.31 The use of a lower
flip angle may result in relatively small CBV from a low signal-to-
noise ratio and low baseline signal32 and may undermine its dis-
criminatory power between the 2 conditions. Previous studies33,34

quantified perfusion imaging metrics with histopathologic tumor
fraction and yielded a higher diagnostic performance from active
tumor portion. Because posttreatment glioblastoma exhibits spatial
heterogeneity from admixed treatment effect and tumor cells, vox-
elwise quantification to measure distributions and parametric maps
will be a preferred approach in imaging-based analysis.

In this study, we evaluated spatial heterogeneity using the arterial
dominance score, but the measurement was qualitative, and future
study with quantitative longitudinal assessment is deemed neces-
sary. Second, the VAI sequence provides a limited scan range com-
pared with conventional DSC MR imaging due to the need for an
SE readout with long TEs and requires a double-dose injection of
contrast material. However, the recent development of using the
combined spin- and gradient-echo–based MR imaging35 allows
whole-brain coverage and acquisition of robust CBV without a pre-
load in addition to VAI. Technical updates are necessary in our pro-
tocol, though double-dose perfusion studies have been performed
for.20years and were acknowledged by the consensus recommen-
dations of the American Society of Functional Neuroradiology31

and Jumpstarting Brain Tumor Drug Development Coalition
Imaging Standardization Steering Committee.36

CONCLUSIONS
Vessel architectural imaging significantly improved the diagnos-
tic performance of rCBV by demonstrating venous dominance
and a tendency toward larger vessel size in early tumor progres-
sion and may serve as an early identifier of disease progression in
posttreatment glioblastoma.
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