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ORIGINAL RESEARCH
BRAIN

Diffusion and Perfusion MRI to Differentiate Treatment-
Related Changes Including Pseudoprogression from Recurrent
Tumors in High-Grade Gliomas with Histopathologic Evidence

A.J. Prager, N. Martinez, K. Beal, A. Omuro, Z. Zhang, and R.J. Young

ABSTRACT

BACKGROUND AND PURPOSE: Treatment-related changes and recurrent tumors often have overlapping features on conventional MR
imaging. The purpose of this study was to assess the utility of DWI and DSC perfusion imaging alone and in combination to differentiate
treatment-related effects and recurrent high-grade gliomas.

MATERIALS AND METHODS: We retrospectively identified 68 consecutive patients with high-grade gliomas treated by surgical resection
followed by radiation therapy and temozolomide, who then developed increasing enhancing mass lesions indeterminate for treatment-
related changes versus recurrent tumor. All lesions were diagnosed by histopathology at repeat surgical resection. ROI analysis was
performed of the enhancing lesion on the ADC and DSC maps. Measurements made by a 2D ROI of the enhancing lesion on a single
slice were recorded as ADCLesion and rCBVLesion, and measurements made by the most abnormal small fixed diameter ROI as ADCROI

and rCBVROI. Statistical analysis was performed with Wilcoxon rank sum tests with P � .05.

RESULTS: Ten of the 68 patients (14.7%) had treatment-related changes, while 58 patients (85.3%) had recurrent tumor only (n � 19) or
recurrent tumor mixed with treatment effect (n � 39). DWI analysis showed higher ADCLesion in treatment-related changes than in
recurrent tumor (P � .003). DSC analysis revealed lower relative cerebral blood volume (rCBV)Lesion and rCBVROI in treatment-related
changes (P � .003 and P � .011, respectively). Subanalysis of patients with suspected pseudoprogression also revealed higher ADCLesion (P �

.001) and lower rCBVLesion (P � .028) and rCBVROI (P � .032) in treatment-related changes. Applying a combined ADCLesion and rCBVLesion

model did not outperform either the ADC or rCBV metric alone.

CONCLUSIONS: Treatment-related changes showed higher diffusion and lower perfusion than recurrent tumor. Similar correlations were
found for patients with suspected pseudoprogression.

ABBREVIATIONS: AUC � area under the curve; HGG � high-grade glioma; HR � hazard ratio; NL � normal contralateral white matter; MGMT � O6-methylguanine-DNA
methyltransferase; PSR � percentage signal recovery; rCBV � relative cerebral blood volume; ROC � receiver operating characteristic; RT � radiation therapy

Differentiating treatment-related changes from recurrent tu-

mor in treated patients with high-grade glioma (HGG) re-

mains challenging due to overlapping clinical and radiologic fea-

tures. Both may present with new and/or increasing enhancing mass

lesions and fulfill standard response criteria for progression.1 Radia-

tion therapy (RT) and chemotherapy can increase capillary permea-

bility and alter the blood-brain barrier, leading to increased leakiness

of contrast agent and increased contrast enhancement in the absence

of tumor.2,3 At histopathology, these treatment-related changes are

characterized by vascular dilation, fibrinoid necrosis, and endothelial

damage of normal cerebral vasculature.4 In contrast, recurrent tu-

mors are characterized by the presence of tumor cells, increased cel-

lularity, and vascular proliferation.5-7

Treatment-related changes may be clinically separated into

early pseudoprogression and late radiation necrosis on the basis of

timing. Pseudoprogression usually develops �6 months after RT

with self-limited enhancing lesions that spontaneously stabilize

and resolve without any new treatment. Patients who develop

pseudoprogression have been described as having improved sur-

vival,3,8-10 due to favorable correlation with methylated O6-

methylguanine-DNA methyltransferase (MGMT) promoter sta-
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tus.11 In contrast, radiation necrosis usually occurs �12–18

months after RT, with progressive enhancing lesions that are as-

sociated with worsened morbidity. Although pseudoprogression

and radiation necrosis are thought to represent distinct clinical

and pathophysiologic mechanisms,11 they share many histologic

similarities such as inflammatory infiltrates and necrosis, which

translate into similar imaging characteristics.9

Diffusion and perfusion MR imaging provide physiologic in-

formation that is not available with conventional MR imaging.

DWI measures the motility of water molecules and alterations in

the balance of intracellular and extracellular water restricted by cell

membranes and other structures.12 Areas of diffusion restriction in

tumors are correlated with increased tumor cellularity and/or in-

flammatory processes. DSC MR imaging perfusion is a complemen-

tary technique that provides independent information on neoangio-

genesis, vascular attenuation, and microvascular leakiness.2,13 While

both techniques have been examined individually in patients with

suspected treatment-related changes, few studies have examined the

utility of combining these 2 techniques. The purpose of this study was

to assess the utility of DWI and DSC perfusion imaging in differen-

tiating treatment-related changes and recurrent tumor. We hypoth-

esized that the combination of DWI and DSC predictors would im-

prove diagnostic accuracy over either alone.

MATERIALS AND METHODS
Patients
This retrospective study was granted a waiver of informed consent

by the hospital institutional review board. In compliance with all

Health Insurance Portability and Accountability Act regulations,

we queried a hospital data base for patients with histopathologic

evidence of HGG according to revised World Health Organiza-

tion criteria. As summarized in Fig 1, the final patient cohort

consisted of 68 consecutive patients with

HGG according to the following inclu-

sion criteria: 1) diagnosis of primary gli-

oblastoma or anaplastic astrocytoma, 2)
treatment with RT and temozolomide
(Temodar), 3) new and/or increasing
enhancing mass lesions at follow-up MR
imaging suspicious for treatment-re-
lated changes versus recurrent tumor,
and 4) brain MR imaging, including
contrast T1-weighted imaging with
DWI and/or DSC perfusion, �35 days
before subsequent resection of the en-
hancing mass lesion.

The 68 patients consisted of 51 men
(75%) and 17 women (25%) with a
median age of 54.9 years (range, 22.6 –
79.4 years). Chart review was per-
formed by an experienced neuro-oncol-
ogist blinded to the DWI and DSC
results. At initial diagnosis, patients un-
derwent gross total resection of all en-
hancing tumors (n � 41, 60.3%), subto-
tal resection of the enhancing tumors
(n � 24, 35.3%), or biopsy (n � 3,
4.4%). When available, MGMT pro-

moter status was determined by review of results from real-time
polymerase chain reaction amplification. Most patients (n � 66,
97.1%) received partial brain RT to 5940 – 6000 cGy in 30 –33
fractions during 6 weeks. In 2 patients (2.9%), partial brain RT
was administered to 4005 cGy in 15 fractions during 3 weeks,
which is an equivalent alternative for the elderly or patients with
deconditioning.14 All patients except 1 received concomitant te-
mozolomide, and all patients received adjuvant temozolomide at
standard (n � 62, 91.2%) or alternative doses according to an
ongoing clinical trial (n � 6, 8.8%).15 Patients were followed to
determine overall survival.

Lesion Diagnosis
In each case, the lesion diagnosis was determined by histopathol-

ogy at repeat surgical resection. Treatment-related changes were

defined as necrotizing treatment effects with the complete ab-

sence of tumor. Recurrent tumor was defined as any amount of

tumor (ie, pure tumor and tumor admixed with necrotizing treat-

ment effects).

MR Imaging Parameters
MR images were obtained by using 1.5T and 3T magnets (Signa

Excite and Discovery 750; GE Healthcare, Milwaukee, Wiscon-

sin). In addition to the DWI and DSC parameters described

below, standard T1-weighted, T2-weighted, FLAIR, and tripla-

nar contrast T1-weighted images were obtained. A trained oper-

ator (with 2 years’ experience in MR imaging postprocessing)

blinded to clinical status (eg, symptomatic or asymptomatic) and

lesion diagnosis performed DWI and DSC analysis under the di-

rect supervision of a board-certified radiologist with a Certificate

of Added Qualification in neuroradiology (with 14 years’

experience).

FIG 1. Description of patient cohort.
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DWI
DWI was performed by using single-shot echo-planar imaging

with b-values � 0 and 1000 s/mm2. The DWI data were trans-

ferred along with the anatomic data to an off-line workstation

(Advantage Workstation; GE Healthcare) and were analyzed by

using commercial software (FuncTool 4.6; GE Healthcare). ADC

maps were calculated, coregistered with the axial contrast T1-

weighted images, and then displayed as overlays. The contrast

images were inspected, and the section containing the maximum

diameter of the enhancing lesion was selected for subsequent ROI

analysis. We manually drew a 2D-ROI around the entire enhanc-

ing lesion on a single section, while excluding blood vessels and

areas of hemorrhagic, cystic, and/or necrotic-appearing change.

The ROI was transferred to the ADC map, and the mean value was

recorded as ADCLesion. In addition, up to 4 small circular ROIs

(approximately 0.5 mm2) were manually drawn in the enhancing

lesion on the same contrast section, transferred to the ADC map,

and adjusted as necessary to target areas with visually low ADC

values; the single minimum ADC measurement was recorded

as ADCROI. This technique has been described as the most accu-

rate and reproducible way to obtain ROI-based measure-

ments.16-18 The ADCRatio was calculated by dividing the ADCROI

by the ADCnormal contralateral white matter (NL) obtained from mea-

suring a similar small circular ROI in the contralateral normal

brain.

DSC
DSC was performed by using gradient-echo echo-planar images

with TR � 1000 –1200 ms, TE � 40 –50 ms, matrix � 128 � 128,

flip angle � 60°, section thickness � 5 mm, intersection gap � 0,

sections � 12–18. Multisection image data were acquired every

second for a total of 60 seconds with the contrast injection begin-

ning at 10 seconds. Gadopentetate dimeglumine (Magnevist;

Bayer HealthCare Pharmaceuticals, Wayne, New Jersey) was

power-injected though a peripheral intravenous catheter at doses

standardized by patient body weight (0.2 mL/kg body weight, to a

maximum of 20 mL) at 2–5 mL/s and immediately followed by a

20-mL saline flush at the same rate. No preload contrast was

administered.

The DSC data were transferred along with the anatomic data

to an off-line workstation (Advantage Workstation) and were an-

alyzed by using commercial software (FuncTool 4.6). T2*-

weighted signal intensity–time curves were derived on a voxel-by-

voxel basis. Post hoc correction for leakage was performed by

using �-variate curve fitting to approximate the curve without

recirculation and leakage.19 Cerebral blood volume maps were

calculated, coregistered with the contrast T1-weighted images,

and displayed as overlays. ROI analysis for CBV was performed in

a manner similar to that of ADC. A single contrast section con-

taining the maximum diameter of the enhancing lesion was se-

lected, and an ROI was drawn around the entire enhancing lesion.

Areas of hemorrhage, blood vessels, susceptibility artifacts, and

cystic or necrotic change were excluded. The control CBVNL was

initially placed in the normal white matter contralateral to the

enhancing lesion. The relative CBV of the lesion (rCBVLesion) was

calculated by dividing the CBVLesion, drawn around the entire

enhancing lesion on a single section, by the CBVNL. Next, 4 small

(approximately 0.5 mm2) circular ROIs were drawn in the en-

hancing lesion, transferred to the CBV map, adjusted as necessary

to target the areas with the visually highest CBV, and the ROI with

the maximal CBV abnormality was measured and selected as the

CBVROI. The location of the small ROI for CBV was often the

same as the location of the small ROI for ADC because the 2 were

placed to target different biologic processes. The CBVROI was di-

vided by the CBVNL to yield the relative CBVROI (rCBVROI). The

signal intensity–time curve of the CBVROI was also used to deter-

mine S0 � precontrast baseline signal intensity, Smin � minimum

signal intensity at the peak of contrast bolus, and S1 � end signal

intensity at 60 seconds. These values were then used to calculate

the percentage signal recovery (PSRROI) � (S1 � Smin)/(S0 �

Smin). PSRROI is a measure of permeability influenced by leakage

of contrast and the size of the extravascular space,20 with lower

PSR reflecting higher permeability.

Statistical Analysis
Comparisons between treatment-related change and recurrent

tumor groups were performed by using Wilcoxon rank sum tests.

Optimal threshold values for ADCLesion and rCBVLesion were ob-

tained by area under the curve (AUC) analysis derived from the

receiver operating characteristic (ROC) curves and maximizing

the sum of sensitivity and specificity. Overall survival analysis was

performed by fitting a univariate Cox model to report the hazard

ratio (HR) with P values. Multivariate analysis was not performed

due to the small number of events (treatment-related changes).

Statistical significance was set at P � .05.

To specifically examine patients with possible pseudoprogres-

sion, we performed an analysis for the subset of patients who

developed new and/or increasing enhancing lesions �6 months

(�180 days) after completion of RT. Similar Wilcoxon rank sum

tests and ROC and AUC analyses were performed.

RESULTS
The cohort consisted of patients with HGG with glioblastoma

(n � 55, 80.9%) and anaplastic astrocytoma (n � 13, 19.1%).

MGMT promoter status was known for 31 patients (46%), with

more unmethylated (n � 19, 61%) than methylated (n � 12,

39%) tumors. During follow-up, all patients developed a new

and/or increasing enhancing lesion suspicious for recurrent tu-

mor or treatment-related change and underwent repeat surgery.

The mean interval from the end of RT to the repeat surgery was

6.1 months (range, 0.4 – 40.4 months), with patients undergoing

gross total resection of the entire enhancing lesion (n � 38,

55.9%) or subtotal resection of the enhancing lesion (n � 30,

44.1%). Subsequent histopathology revealed treatment-related

changes (n � 10, 14.7%) or recurrent tumor (n � 58; 85.3%,

consisting of n � 19 tumor only and n � 39 tumor admixed with

necrotizing treatment effects). Of the patients with treatment-

related changes, most had gross total resections (n � 6, 60%). Due

to evolving MR imaging standards of care during the study pe-

riod, all 68 patients underwent DWI and most patients (n � 41,

60.3%) underwent both DWI and DSC.
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DWI
Diffusion analysis showed higher ADCLesion in treatment-related

change (P � .003). An ADCLesion threshold of �0.00149 mm2/s to

optimize both sensitivity and specificity in declaring tumor had

73.7% sensitivity, 70% specificity, and AUC � 0.779. ADCLesion

�0.0016 mm2/s had 94.7% sensitivity and 50% specificity to max-

imize sensitivity for tumor, while ADCLesion �0.00139 mm2/s had

52.6% sensitivity and 90% specificity to maximize specificity.

ROC curves are shown in Fig 2.

DSC
For perfusion, both rCBVLesion (P � .003) and rCBVROI (P �

.011) were lower in treatment-related change. An optimized

rCBVLesion threshold of �1.27 had 86.5% sensitivity and 83.3%

specificity with AUC � 0.863 to declare tumor. This AUC was not

significantly better than the best AUC derived from DWI, with

P � .36. With a commonly applied threshold �1.75,9,21,22

rCBVLesion had 56.8% sensitivity and 83.3% specificity. An opti-

mized rCBVROI of �1.74 showed 91.9% sensitivity and 66.7%

specificity with AUC � 0.797. Results are summarized in Table 1

and Fig 3.

DWI and DSC
An analysis was performed for the subset of patients (n � 41) with

both DWI and DSC data. Using ADCLesion �0.00149 mm2/s and

rCBVLesion �1.27 to predict recurrent tumor, we found 51.2%

sensitivity (21/41 recurrent tumors correctly identified) and

100% specificity (8/8 treatment-related changes correctly identi-

fied). This combined model was not sig-

nificantly better than rCBVLesion alone.

Pseudoprogression
For patients (n � 51) who developed

worsening lesions �6 months after RT,

histopathology revealed pseudoprogres-

sion in 8 (15.7%) patients and recurrent

tumor in 43 (84.3%) patients. Due to

low numbers of known MGMT status

(n � 21/51, 41.2%), particularly in the

pseudoprogression group (n � 3), fur-

ther stratification by MGMT status was

not performed.

All patients had DWI available for

analysis, and most (n � 33, 64.7%) had

both DWI and DSC available, though

only half of the patients with pseudopro-

gression (n � 4) had DSC. For DWI,

ADCLesion was higher in pseudoprogression (P � .001), while

ADCROI and ADCRatio were not different (P � .12). The ADCLesion

had an AUC of 0.839, and a threshold of �0.0016 mm2/s showed

63% specificity and 95% sensitivity. Results are summarized in

Table 2 and Fig 4, and ROC curves are shown in Fig 5.

For DSC, rCBVLesion (P � .028) and rCBVROI (P � .032) were

lower for pseudoprogression. The AUC for rCBVLesion was 0.804,

and for rCBVROI, it was 0.795. The best threshold for rCBVLesion

to predict pseudoprogression was �1.07 with 75% specificity and

100% sensitivity, and for rCBVROI, it was �1.74 with 75% speci-

ficity and 92.9% sensitivity.

A subanalysis was performed to evaluate a combined DWI and

DSC model for the patients at risk for pseudoprogression. When

using ADCLesion �0.0016 and rCBVLesion �1.07 to predict recur-

rent tumor, we found 93.1% sensitivity (21/41 recurrent tumors

correctly identified) and 83.3% specificity (5/6 treatment-related

changes correctly identified). This finding was not significantly

better than rCBVLesion alone. Representative T1-weighted imag-

ing, DWI, ADC maps, and rCBV maps for pseudoprogression and

recurrent tumors are shown in Figs 6 and 7.

Survival
For all patients, the predictors of overall survival were rCBVROI

(HR � 1.32, P � .019) and PSRROI (HR � 0.204, P � .036). For

the subset of patients with suspected pseudoprogression present-

ing with enhancing lesions �6 months after completing RT, the

predictors of overall survival were ADCLesion (HR � 5.563, P �

.047), rCBVROI (HR � 1.557, P � .009), and PSRROI (HR �

0.166, P � .04). The other diffusion and perfusion metrics were

not significant (P � .10).

DISCUSSION
We found higher diffusion and lower perfusion values in treat-

ment-related changes than in recurrent tumor in patients with

HGGs as confirmed by histopathology. These results probably

reflect the lower cellularity and vascularity of treatment-related

changes, respectively, and suggest that DWI and DSC are useful

tools in discriminating treatment-related changes from recurrent

FIG 2. ROC curve for all patients.

Table 1: Diffusion and perfusion results in all patientsa

Treatment-Related
Change (Median)

Recurrent
Tumor

(Median) P Value

Survival
Analysis

HR P Value
ADCLesion 0.00159 0.00138 .003b 3.547 .104
ADCROI 0.0012 0.0011 .13 0.437 .352
ADCRatio 1.538 1.471 .37 0.515 .283
rCBVLesion 1.015 1.81 .003b 1.286 .183
rCBVROI 1.7 2.98 .011b 1.316 .019b

PSRROI 0.84 0.85 .53 0.204 .036b

a ADC is reported in mm2/s; rCBV and PSR are unitless.
b Significant values.
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tumor. DSC outperformed DWI in predicting treatment-related

changes, while the combination of DSC and DWI yielded higher

specificity at the expense of lowered sensitivity.

DWI has been shown to be helpful in determining treatment

response, with several studies describing higher mean ADC values

or ADC ratios than those in recurrent tumors.12,23 Other articles

have applied ADC histogram analysis24 and 3-layer patterns of

ADC analysis,25 though these techniques are not commercially

available and have not been incorporated into clinical practice.

ADC may be decreased with treatment-related changes, possibly

due to cellular inflammatory factors and abundant polymorpho-

nuclear lymphocytes.23,25 Our results suggest that these inflam-

matory-related decreases in ADC are less marked than those that

occur in recurrent tumors due to high cellularity.

DSC has also been described as useful for distinguishing treat-

ment-related changes from recurrent tumor.9,26-28 Alterations in

perfusion parameters may occur due to inflammation and vascu-

lar changes, including vascular elongation, aneurysmal forma-

tion, and proliferation of endothelial cells in response to radiation

injury. In patients with glioblastoma with suspected radiation ne-

crosis at a mean of �300 days after RT, Barajas et al26 found lower

rCBV (P � .01) and higher PSR (P � .05) in the necrosis group. In

patients with glioblastoma with suspected pseudoprogression at a

mean of 133 days after RT, Young et al9 reported similar results

with lower rCBV (P � .009) and higher PSR (P � .039). These

studies indicate that despite possible differences in the underlying

pathophysiologic processes for early pseudoprogression and late

radiation necrosis and the very different clinical courses and im-

plications, the 2 entities share common imaging features along a

spectrum of treatment-related changes—and that similarities on

conventional scans may also translate into similarities on ad-

vanced MR imaging by using DSC as well as DWI.

Few studies have examined the combination of DWI and DSC

imaging for distinguishing treatment-related changes and recur-

rent tumor. In 38 patients with primary brain tumor, Fink et al29

reported that rCBV (AUC � 0.917, P � .001) outperformed

ADCRatio (AUC � 0.726, P � .035) in determining postradiation

injury. Patients in their study had a mix of HGGs (n � 20) and

low-grade gliomas (n � 17) as well as an ependymoma, however,

who received a variety of chemotherapy agents and inconsistently

underwent RT (n � 6, no RT). In addition, their median interval

for clinical and radiological follow-up was 17.6 months with a

FIG 3. Box-and-whisker plots for parameters in Table 1.

Table 2: Diffusion and perfusion results in patients <6 months
from RTa

Treatment-Related
Change (Median)

Recurrent
Tumor

(Median) P Value

Survival
Analysis

HR P Value
ADCLesion 0.00162 0.00139 .001b 5.563 .047b

ADCROI 0.0012 0.0011 .128 0.653 .651
ADCRatio 1.585 1.482 .288 0.703 .595
rCBVLesion 0.88 1.76 .028b 1.382 .233
rCBVROI 1.625 2.575 .032b 1.563 .009b

PSRROI 0.80 0.87 .467 0.166 .040b

a ADC is reported in mm2/s; rCBV and PSR are unitless.
b Significant values.
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wide range (1.2–164.5 months), and only 35% were confirmed by

histopathology. A small study of 8 patients with glioma (n � 7,

HGG) by Bobek-Billewicz et al,30 also reported lower rCBV in

radiation injury (median, 13 months; range, 3–70 months) with

insignificant results for ADC probably due to their small cohort.

We used histopathology as the reference standard against

which the imaging results were tested.

Because all patients in this study under-

went gross total or subtotal resections

rather than biopsies, the likelihood of

sampling error was lessened. The power

of our study may have been affected by

the fewer patients (14.7%) determined
to have treatment-related changes at re-
peat surgery. This number probably re-
flects our definition of recurrent tumor
as any amount of tumor at histopatho-
logic analysis, with treatment-related
changes having a relatively conservative
definition as the complete absence of
any identifiable tumor. We did not at-
tempt to stratify by fraction of tumor
versus fraction of treatment-related
changes because there is no standard
definition of how little tumor is permis-
sible to diagnose treatment-related
changes rather than recurrent tumor.
We also did not attempt to distinguish

active (eg, mitotic figures, vascular proliferation, necrosis with
pseudopalisading) and inactive (ie, quiescent) tumor. The litera-
ture definition of treatment-related changes is inconsistently de-
scribed as “necrosis without evidence of tumor,”31 “pure treat-
ment-related necrosis,”32 “�20% . . . neoplasm,”27 “no to
minimal identifiable tumor,”10 “�1% viable tumor,”20 or simply

FIG 4. Box-and-whisker plots for parameters in Table 2.

FIG 5. ROC curve for patients �6 months after RT.
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“at pathologic analysis.”33 Despite these limitations, histopathol-

ogy remains the reference standard and is often considered pref-

erable to clinical and radiologic definitions, which are more sub-

jective and influenced by patient signs, symptoms, medications,

and follow-up.

Both DWI and DSC may be useful in differentiating treat-

ment-related changes from recurrent tumor, with DSC perform-

ing slightly better as a predictor. We found increased specificity

when both ADCLesion and rCBVROI were applied in a combined

model for all patients, though the increase in specificity (100%)

was accompanied by a decrease in sensitivity (51%). While the

clinical dilemma is usually to accurately identify treatment-re-

lated changes, for which the high specificity should be helpful, the

decrease in sensitivity for only an incremental increase in speci-

ficity limits the usefulness of combining the 2 metrics. For the

subgroup of patients at �6 months after RT at risk for pseudo-

progression, the specificity and sensitivity when using both

ADCLesion and rCBVROI were slightly better (but not significantly

better) than rCBVROI alone. Compared with DSC, DWI has the

distinct advantage of widespread adoption into routine imaging

protocols, as well as being a rapid-acquisition, noncontrast tech-

nique with highly reproducible results. We, therefore, suggest that

whenever possible, patients with suspected treatment-related

changes should undergo both DSC and DWI.

A few potential limitations were encountered. First, this was a

retrospective study in which only 60.3% had both DWI and DSC

imaging, which may have decreased our evaluation of the com-

bined diffusion and perfusion model. In addition, fewer patients

had treatment-related changes, and only 4 of 8 patients with pseu-

doprogression had DSC data available for analysis. Despite the

small sample sizes, we detected significant differences in diffusion

and perfusion metrics and suggest that DSC may be a useful tech-

nique for detecting pseudoprogression. Second, there was some

heterogeneity in MR imaging scanner field strengths and contrast

FIG 6. Pseudoprogression. Six months following RT with concomitant and adjuvant temozolomide, this patient with glioblastoma developed a
new heterogeneously enhancing mass lesion in the right posterior temporal lobe on a contrast T1-weighted image (A) with no diffusion
restriction on DWI (B) or ADC (C). ADCLesion � 0.00142 mm2/s. An rCBV map overlaid on a contrast T1-weighted image (D) shows no increase in
perfusion. rCBVLesion � 1.41. Repeat surgery confirmed treatment-related changes.

AJNR Am J Neuroradiol 36:877– 85 May 2015 www.ajnr.org 883



injection rates that may have affected DSC perfusion time curves,

though such variability was minimized by standardized scan pa-

rameters, contrast dose, and postprocessing techniques. Third,

there may have been a clinical bias to preferentially recommend

surgery for patients with large enhancing lesions, mass effect,

and/or worsening signs/symptoms. Patients who have treatment-

related changes, particularly pseudoprogression, are more likely

to be asymptomatic8 and therefore more likely to undergo fol-

low-up rather than repeat surgery. While this outcome may have

decreased the power of our results, we still found significant re-

sults for both DWI and DSC. Fourth, �50% of our patients had

known MGMT status, which was still emerging as the standard of

care during the time of the study. Because studies have shown

positive correlations between MGMT status and pseudoprogres-

sion,8,11 this correlation is an attractive area for future study.

Fifth, we used two 2D-ROI measurements that encompassed the

entire lesion and targeted the areas of maximal abnormality.

These techniques are rapid, reproducible, robust by using com-

mercial software, and are commonly used in clinical practice.17,18

Although some authors have implemented 3D volumetric mea-

surements,34 these tools often require additional technical exper-

tise and are not widely available.

CONCLUSIONS
DWI and DSC may be helpful in differentiating treatment-related

changes and recurrent HGGs. We found that DSC may outper-

form DWI alone and in combination to predict treatment-related

changes as distinguished from recurrent tumor. We suggest that

both DSC and DWI be used to improve specificity.

Disclosures: Alisa J. Prager—RELATED: Grant: Memorial Sloan Kettering Cancer Cen-
ter Medical Student Summer Fellowship Research Program.* Antonio Omuro—

FIG 7. Recurrent tumor. Five months later after RT with concomitant and adjuvant temozolomide, this patient with glioblastoma developed a
new heterogeneously enhancing mass lesion in the left occipital lobe on a contrast T1-weighted image (A) with heterogeneously increased signal
on DWI (B) and decreased ADC (C). ADCLesion � 0.00123 mm2/s. rCBV map (D) shows hyperperfusion. rCBVLesion � 2.78. Repeat surgery
confirmed recurrent tumor.
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