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Background. Conventional magnetic resonance imaging (MRI) is unable to differentiate tumor/nontumor enhancing tissues. We
have applied delayed-contrast MRI for calculating high resolution treatment response assessment maps (TRAMs) clearly differen-
tiating tumor/nontumor tissues in brain tumor patients.

Methods. One hundred and fifty patients with primary/metastatic tumors were recruited and scanned by delayed-contrast MRI
and perfusion MRI. Of those, 47 patients underwent resection during their participation in the study. Region of interest/threshold
analysis was performed on the TRAMs and on relative cerebral blood volume maps, and correlation with histology was studied.
Relative cerebral blood volume was also assessed by the study neuroradiologist.

Results. Histological validation confirmed that regions of contrast agent clearance in the TRAMs .1 h post contrast injection rep-
resent active tumor, while regions of contrast accumulation represent nontumor tissues with 100% sensitivity and 92% positive
predictive value to active tumor. Significant correlation was found between tumor burden in the TRAMs and histology in a sub-
group of lesions resected en bloc (r2¼ 0.90, P , .0001). Relative cerebral blood volume yielded sensitivity/positive predictive values
of 51%/96% and there was no correlation with tumor burden. The feasibility of applying the TRAMs for differentiating progression
from treatment effects, depicting tumor within hemorrhages, and detecting residual tumor postsurgery is demonstrated.

Conclusions. The TRAMs present a novel model-independent approach providing efficient separation between tumor/nontumor
tissues by adding a short MRI scan .1 h post contrast injection. The methodology uses robust acquisition sequences, providing
high resolution and easy to interpret maps with minimal sensitivity to susceptibility artifacts. The presented results provide his-
tological validation of the TRAMs and demonstrate their potential contribution to the management of brain tumor patients.
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Previous studies suggest that 14%–30% of glioblastoma multi-
forme (GBM) patients experience treatment effects in the first
few months after treatment.1 – 8 Similarly, 5%–24% of patients
with brain metastases experience treatment effects at various
durations following radiation-based therapies.9 These
treatment-induced changes, often termed pseudoprogres-
sion/radiation necrosis, are depicted as increasing volumes of

contrast-enhancing lesions on MRI, mimicking progression.
Treatment decisions, such as whether to operate on a patient
with radiographic deterioration, continue current treatment, or
change treatment, is a daily struggle involving interdisciplinary
teams of neurosurgeons, neuro-oncologists, and neuroradiolo-
gists who are often unable to reach unanimous interpretation
of the patient’s status.

Received 17 April 2014; accepted 8 August 2014
# The Author(s) 2014. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com.

Neuro-Oncology
Neuro-Oncology 17(3), 457–465, 2015
doi:10.1093/neuonc/nou230
Advance Access date 30 November 2014

457

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/17/3/457/2280732 by guest on 21 August 2022



Despite the questionable value of histological findings in bi-
opsies/resections performed posttreatment,10 quantification of
tumor burden within surgical material appears to provide prog-
nostic value.11 – 13 Therefore, reliable noninvasive quantification
of tumor burden may be applied for improving patient manage-
ment.14 – 18

MR spectroscopy provides information on the tissue metabo-
lism and is being extensively evaluated toward distinction of
progression from radiation necrosis.19 FDG (2-fluoro-2-
deoxy-D-glucose)-PET has been shown to be useful in differenti-
ating radiation necrosis from recurrence, but it has low sensitiv-
ity/specificity in the brain.20 There is limited but increasing
evidence that PET with amino acid tracers may be of benefit.21

Perfusion-weighted MRI is the most studied methodology in
this context, using dynamic contrast-enhanced MRI and dy-
namic susceptibility-weighted contrast (DSC) MRI.21 – 23 Treat-
ment effects typically show decreased relative cerebral blood
volume (rCBV), whereas tumor shows high rCBV.24 – 31 Still,
most of these studies show significant overlap between the 2
conditions. In addition, fast acquisition techniques provide
low spatial resolution and are subject to susceptibility artifacts.

We have recently presented preliminary results in which de-
layed contrast MRI was used to calculate high resolution maps
showing clear differentiation between tumor/nontumor tissues
in brain tumor patients.32 This methodology is based on MRIs
acquired 3 and 75 min on average after a conventional injec-
tion of contrast agent. The MRIs are then processed to provide
treatment response assessment maps (TRAMs). Blue/tumor re-
gions in the TRAMs represent efficient clearance of contrast
from the tissue (delayed signal , early signal), while red/nontu-
mor regions in the TRAMs represent contrast accumulation (de-
layed signal . early signal). When comparing the presurgical
TRAMs with histological samples acquired from 20 patients
with primary/metastatic brain tumors, we found that blue re-
gions in the maps consisted of morphologically active tumor,
while red regions consisted of nontumor abnormal tissues. In ad-
dition, we demonstrated that the common vessels morphology
in the blue region was undamaged vessel lumens, while vessels
in the red regions presented different stages of vessel necrosis.
Therefore, one explanation for the difference between the 2 pop-
ulations may be that vessels in blue/tumor regions provide effi-
cient contrast clearance from the tissue, while the damaged
lumens in the red/treatment-effects regions are unable to clear
the accumulating contrast, resulting in contrast accumulation.

Below we present the full results of this study, including his-
tological validation of the TRAMs and comparison with
DSC-MRI.

Materials and Methods

Patients and Treatment

The study was conducted after approval of the local ethics
committee at Sheba Medical Center. Written informed consent
was obtained from all patients.

The study was designed to assess the application of delayed
contrast MRI to follow patients with brain tumors posttreat-
ment. The primary endpoint was to establish the application
of the TRAMs for differentiating active disease from treatment
effects via histology; secondary endpoints were to determine

patterns of response, progression, pseudoprogression, and radi-
ation necrosis using the TRAMs and to assess possible applica-
tions of the TRAMs for clinical decision making.

Inclusion criteria were brain space–occupying lesions im-
mediately prior to or posttreatment and patient age .18
years. Exclusion criteria were World Health Organization perfor-
mance status ≤3 and contraindications to MRI. Patients were
recruited either for follow-up (to study the evolution pattern
of response, progression, treatment effects, and radiation ne-
crosis) or with a question of progression versus treatment ef-
fects. Since progression or treatment effects may recur more
than once, patients were followed on study until they decided
to retire or were unable to undergo the MRI exams.

One hundred and fifty patients with primary/metastatic
brain tumors were recruited. Sixty-six were females, and the
mean age at recruitment was 53.2+1.2 years (range, 18.1–
83.1); numbers of cases were 46 GBM, 8 anaplastic astrocyto-
mas, 5 oligodendrogliomas, 1 anaplastic oligodendroglioma, 1
anaplastic oligoastrocytoma, 1 anaplastic meningioma, 1 low-
grade oligodendroglioma, 2 low-grade astrocytomas, 2 chordo-
mas, 1 arteriovenous malformation, 27 breast cancers, 1 male
breast cancer, 24 non–small cell lung cancers (NSCLCs), 17 ma-
lignant melanomas, 2 ovarian cancers, 2 adenocarcinomas of
unknown source, 1 yolk sac carcinoma, 1 colon cancer, 2 ade-
noid cystic carcinomas, 1 petroclival meningioma, 2 atypical
meningiomas, and 2 head and neck cancers. Additional infor-
mation regarding the patients and treatments is detailed in
Supplementary File 1.

MRI Data Acquisition

Patients were scanned by MRI immediately following recruit-
ment and every 2 months thereafter or earlier according to
their clinical condition. The MRIs were acquired using 1.5T/3T Ge-
neral Electric MRI systems and included DSC-MRI, fast spin echo
T2-weighted MRI, T2 fluid attenuated inversion recovery, and
echo-planar diffusion-weighted MRI. High resolution spin echo
T1-weighted (T1) MRIs were acquired before, 3.0+0.2 min
after (immediately after the DSC-MRI sequence), and 74.5+
0.2 min after contrast injection (hereafter referred to as the 3
and 75 min time points). Patients were scanned up to �30 min
after contrast injection (the hospital standard brain tumor proto-
col), were taken out of the MRI system, and were then asked to
return for a short scan �75 min after contrast injection.

T1-MRIs were acquired with echo time of 22 ms and repeti-
tion time of 240 ms, field of view 26×19.5 cm, 5/0.5 mm slice
thickness, and 512×512 pixels. DSC-MRIs were acquired with
echo time of 50 ms and repetition time of 2000 ms, flip angle
70 degrees, field of view 26×19.5 cm, 5/0.5 mm slice thick-
ness, and 96×128 pixels.

A standard single dose (0.2 mL/kg, 0.1 mmol/kg) of gadolini-
um DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid 0.5 mmol/mL; Dotarem, Guerbet) was injected intravenous-
ly using an automatic injection system 6 s after starting the
DSC-MRI sequence. No preload contrast dose was administered.

MRI Data Analysis

All image analysis was performed using MatLab version R2010a
(MathWorks). The overall goal of the analysis was to obtain
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subtraction maps, in which T1-MRIs acquired 3 min postcon-
trast were subtracted from T1-MRIs acquired 75 min postcon-
trast. These maps depict spatial distribution of contrast
accumulation/clearance. For example, in the case of normal
blood vessels, due to contrast clearance from the blood, the
signal decreases with time; therefore, the subtraction maps
show negative values (blue in the maps). In the case of contrast
accumulation, the maps show positive values (red).

In order to increase the sensitivity to small changes, it was
essential to perform image preprocessing consisting of correc-
tions for intensity variations and whole body image registration
as previously described.32 In short, an intensity correction was
performed on each image by calculating intensity variation
maps, consisting of large-scale intensity variations, and sub-
tracting them from the original images. Rigid body registration
was performed using a least-squares approach and
6-parameter spatial transformation with the Statistical Para-
metric Mapping 8 MatLab routine (academic software kit by
Wellcome Trust Centre for Neuroimaging). Due to magnetic dis-
tortions, local/elastic registration was also performed by divid-
ing each slice to a grid of 20×20 mm volumes. Each volume
was allowed to move freely in x-y-z until the sum of the abso-
lute values of the intensity difference between the 2 time
points reached a minimum. The resulting three 3D translation
matrices were smoothed using circular smearing and interpo-
lated to obtain translation values per pixel. These high resolu-
tion matrices were then applied to register T1-MRIs of the
second time point to the location of the first time point. Finally,
TRAMs were calculated by voxel-by-voxel subtraction of the
early images from the late images.

Enhancing volume regions of interest (ROIs) were calculated
by threshold analysis as detailed in Supplementary File 1.

RCBV maps were calculated from the DSC-MRIs with a leak-
age correction using commercially available software (Func-
Tools 5×2.1.08, GE Healthcare). These maps were normalized
to the average rCBV value of an ROI chosen in contralateral
normal-appearing white matter.26 The average value of rCBV
in the enhancing lesion ROI was then calculated by registering
the T1-MRIs to the rCBV maps and copying the enhancing ROIs
from the T1-MRIs to the rCBV maps. High rCBV was defined as
rCBV . 1.8 based on previously published thresholds.13,26,33

The volume of high rCBV was therefore defined as the volume
of all pixels in the ROI with values .1.8. The enhancing ROI was
then flipped over the midline to calculate the same parameters
in the contralateral hemisphere.

Due to the inherent low resolution, distortion, and masking
effects of normal-brain vascular regions (such as the midline
and gray matter) in rCBV maps, in addition to the ROI analysis,
rCBV was assessed by the study neuroradiologist (C.H.) as rou-
tinely performed in our hospital. The study neuroradiologist re-
viewed the DSC-MRI data of all patients, blinded to the TRAMs,
and categorized the lesion rCBV as follows:

(1) High rCBV: at least part of the lesion can be delineated
from gray matter anatomy (normally enhanced on rCBV
maps) and demonstrates, at least in part, similar/higher
rCBV than gray matter. High rCBV, as defined here, is used
at the Sheba Medical Center to determine active tumor
based on DSC-MRI.

(2) Moderate rCBV: at least part of the lesion can be delineat-
ed from gray matter anatomy and demonstrates moderate
rCBV (lower than gray matter but still enhancing).

(3) Low rCBV: demonstrates either very low signal or is
completely undetectable on rCBV maps.

Histology

Comparison between the presurgical maps and histology was
previously reported for the first 22 lesions obtained from 20 pa-
tients with brain tumors.32 These data are merged here with the
histological evaluation of an additional 29 lesions obtained from
27 patients. Conventional pathological reports were prepared by
the hospital neuropathologist according to the routine hospital
protocol. In addition, preplanned biopsied samples were obtained
and marked by the neurosurgeon during resection. Histological
evaluation consisted of blinded pathological reports and non-
blinded histological evaluation of the biopsies/en-bloc samples.

Morphologically active tumor was defined as demonstrating
one or more of the following: hypercellularity with small cells,
mitoses, high Ki67, pseudopalisading necrosis, vascular prolifer-
ation. Nontumor abnormal tissue, including treatment effects,
was defined as demonstrating one or more of the following: ra-
diation changes including large, widely spaced atypical astro-
cytes, blood vessel hyalinization, fibrinoid material in vessels,
proliferating small vessels, or nonpalisading tumor necrosis.

In order to calculate the correlation between the presurgical
TRAMs and histological tumor burden, the percentage of active
tumor was calculated from the histological samples by thresh-
old analysis. The threshold was determined by the study neu-
ropathologist (D.N., blinded to the TRAMs). Additional
information can be found in Supplementary File 1.

Results

Treatment Response Assessment Maps

As previously described,32 2 primary enhancement patterns
were found in the TRAMs—one characterized by contrast accu-
mulation at the delayed time point, resulting in a positive signal
in the TRAMs (red/nontumor), and the other characterized by
contrast clearance at the delayed time point (blue/tumor). Ex-
amples are shown in Fig. 1.

Histological Validation of Treatment Response
Assessment Maps

Histological evaluations of 51 lesions resected from 47 patients
were compared with the presurgical maps. Details regarding
the biopsies, samples resected en bloc, and whole lesion infor-
mation are listed in Table 1. Detailed histological assessments
of all the samples, including those previously described,32 are
listed in Supplementary Table S1.

Based on the blinded histological reports, complete agree-
ment between the presurgical TRAMs and histology was
found in 47 of 51 resected lesions, suggesting sensitivity and
positive predictive value (PPV) to active tumor of 100% and
92%, respectively. When separating primary from metastatic
tumors, we found the sensitivity/PPV to primary brain tumors
to be 100%/96% and to brain metastases 100%/89%.
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The addition of the nonblinded data (62 biopsied samples
and 8 en bloc samples) resulted in sensitivity/PPV of 99%/
95%. Disagreements between the TRAMs and histology were
found in 4 cases. In 3 cases of brain metastases, the presurgical
maps showed �85% red and �15% blue, while no tumor was
found in histology. Still, a blue/tumor rim surrounding the sur-
gery site appeared 1–4 months postsurgery in all 3 patients,
suggesting residual/recurrent tumor. The fourth case was of a
GBM patient 4 months postsurgery followed by 6 weeks of che-
moradiation and one course of temozolomide. In this case the
TRAMs showed a blue/tumor volume of 3.3 mL at recruitment
and 12.8 mL 2 months later, prior to surgery. Despite the rapid
growth in blue/tumor volume, histology determined the tumor
to be quiescent. Five weeks postsurgery, a thick blue rim was
depicted surrounding the surgery site, suggesting recurrent
tumor. The patient started treatment with temozolomide but
2 months later progressed and switched to bevacizumab.

The correlation between the blue percentage in the enhanc-
ing ROIs of the presurgical TRAMs and the tumor percentage in
histology was calculated for 12 lesions in which the percentage
of active tumor in histology could be assessed: 8 en bloc sam-
ples, 3 samples that showed no tumor in histology, and 1 sam-
ple estimated by the neuropathologist to consist of 5% active
tumor. Figure 2 shows examples of NSCLC and yolk sac carcino-
ma metastases resected en bloc. The correlation calculated for
the 12 samples was found to be significant: r2¼ 0.90, P , .0001
(Pearson correlation). Only 8 of the 12 samples had rCBV data
available; therefore, the correlation was recalculated for these
8 samples, resulting in r2¼ 0.93, P , .0001.

Histological Validation of Relative Cerebral Blood Volume

Presurgical rCBV data were available for 46 of the 51 resected
lesions. Using ROI analysis, high rCBV was found in 45 of the 46

Fig. 1. Contrast-enhanced MRI (A–C), the calculated TRAMs (D–F), and rCBV maps (G–I) of GBM patients 3 weeks (A, D, and G) and 3 months (B, E,
and H) postchemoradiation and a patient with a malignant melanoma brain metastasis (C, F, and I) 2 months post stereotactic radiosurgery. The 3
lesions, all showing a blue/tumor component in the TRAMs, were categorized by the study neuroradiologist as having high (G), moderate (H), and
low rCBV (I).
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samples, resulting in sensitivity and PPV to active tumor of
100% and 98%, respectively.

We believe that ROI analysis, as performed here, may be
misleading due to masking by high rCBV of normal brain anat-
omy, as demonstrated in the examples of Fig. 3. In order to
study this masking effect, we performed additional ROI analy-
sis on the cohort of 46 resected patients who had DSC-MRI data
available. The average volume of high rCBV was calculated in
the enhancing lesion ROIs and in contralateral ROIs of the
same shape/size for all patients. The average volume of high
rCBV in the enhancing ROIs was 12.1+2.4 mL and in the con-
tralateral ROIs 12.3+2.1 mL. There was no significant differ-
ence between the 2 ROI groups (P , .98, 2-tailed paired
t-test). Average rCBV in the enhancing ROIs was 2.4+0.2 and
in the contralateral ROIs 2.3+0.2. There was no significant dif-
ference between these 2 groups either (P , .24, 2-tailed paired
t-test). In addition, the ratio between the volume of high rCBV
in the enhancing ROI and in the contralateral ROI was calculat-
ed for all patients. The average value of this ratio was 1.1+0.1.
These results suggest that this method of ROI analysis is heavily
masked by normal brain vascular anatomy.

Similar analysis was performed for the TRAMs. The average
blue volume in the enhancing ROIs was 11.1+2.2 mL, while in

the contralateral ROIs it was 1.7+0.4 mL. Blue volumes in the
contralateral regions are attributed to blood vessels. The differ-
ence between the blue volumes in the enhancing ROIs and in
the contralateral ROIs was found to be significant (P , .0001,
2-tailed paired t-test). Similarly to the rCBV analysis, we calcu-
lated the ratio between the blue volumes in the enhancing ROI
and in the contralateral ROI for all patients. The average value
of this ratio was 12.0+3.7.

Based on the above analysis, we conclude that high rCBV
in the enhancing lesion, calculated using the ROI analysis
presented here, may be a reliable indication for tumor only
in cases where the tumor location is isolated from gray mat-
ter, as in the case of Fig. 3A–E. For this reason we also ap-
plied the clinical approach and recalculated sensitivity/
PPV using the neuroradiologist’s determination of high
rCBV, resulting in 51%/96%. When separating primary from
metastatic tumors, we found the sensitivity/PPV to primary
brain tumors to be 58%/92% and to brain metastases
48%/100%.

Similarly to the calculation presented above for the TRAMs,
the percentage of high rCBV volumes within the enhancing
ROIs in the presurgical maps was compared with the percent-
age of active tumor in the histological samples. The correlation

Table 1. Detailed summary of the histological samples

Sample Type # of Samples Total # of
Patients

# of Primary
Tumors

# of Metastatic
Tumors

Active Tumor Found in
Histology

Total number of
resected lesions

51 47 21 26 47 yes, 4 no

Lesion resected en bloc 8 8 1 7 Yes
Lesions resected

without biopsies
29 27 6 21 25 yes, 4 no

Biopsies 46 (45 taken from blue regions; 1
taken from red region)

21 15 6 Yes

Biopsies 16 taken from red regions 12 8 4 No

Fig. 2. Correlation between the percent of blue regions in the presurgical TRAMs and the percent of active tumor in histology. Shown are examples
of an NSCLC lesion (A–D) stained by hematoxylin and eosin and a yolk sac carcinoma lesion (E–H) stained by keratin, resected en bloc. Scale bar,
5 mm. For each example, the calculated TRAMs (A and E), contrast-enhanced T1-weighted MRIs (B and F), and histological samples without (C and
G) and with (D and H) a threshold (blue) marking the regions of active tumor are shown. The plot (I) shows significant correlation between the
TRAMs and histology.
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was calculated for 8 samples that had rCBV data available, re-
sulting in no correlation: r2¼ 0.01, P , .84.

New Lesions Discovered During Follow-up

Twenty-four new metastases were discovered in 15 patients
with brain metastases and 1 patient with atypical meningioma
during their participation in the study. Twenty-three of the new
lesions were small (,1 cm) and all showed a solid blue volume
on the TRAMs. One lesion was larger (�2 cm in diameter) and
cystic with a blue rim. None of these tumors showed high rCBV.

Potential Application of Treatment Response Assessment
Maps for Improved Patient Management

Overall, 492 maps were calculated for 150 patients during their
participation in the study. Once the TRAMs are validated to re-
liably depict tumor burden, and therefore also changes in
tumor burden, they may be used to provide essential informa-
tion for improved patient management. Detailed examples
demonstrating the potential application of the TRAMs to the
daily management of brain tumor patients can be found in
Supplementary File 2.

Potential application of the TRAMs for differentiating pro-
gression from treatment effects in brain tumors posttreatment
is demonstrated in the case of patient #3. In this case,

significant increase in the blue/tumor volume in the TRAMs
was indicative of progression. The patient was resected, and
histology confirmed active tumor (Supplementary Figs S1 and
S2). The same application is also demonstrated in the cases
of patients #30 and #1, where the TRAMs favored pseudoprog-
ression over progression, and in the case of patient #25, where
the TRAMs favored radiation necrosis over progression (Supple-
mentary Figs S3–S5).

The potential application of the TRAMs for assessing the ex-
istence/absence of residual tumor postsurgery is demonstrated
in the case of patient #18 (Supplementary Figs S6 and S7),
showing residual tumor 1 month after a first surgery and 10
days after a second surgery, and of patient #3 (Supplementary
Fig. S1F), where the TRAMs favored postsurgical changes over
residual tumor.

The potential application of the TRAMs for differentiating
malignant transformation from treatment effects in low-grade
tumors is demonstrated in the case of patients #50 and #61
(Supplementary Fig. S8). The TRAMs depicted blue lesions favor-
ing malignant transformation over treatment effects as con-
firmed by the following histology (patient #50) and continued
progression (patient #61).

The low sensitivity of the TRAMs to susceptibility artifacts
leads to an additional potential application of depicting active
tumor within hemorrhages as demonstrated in Supplementary
Fig. S9.

Fig. 3. Examples of a patient with a NSCLC metastasis (A–E) determined by the study neuroradiologist to have high rCBV (tumor) and a GBM
patient (F–J) determined to have moderate rCBV (no tumor). Both lesions were resected and found to consist of active tumor. Shown are
contrast-enhanced T1-weighted MRIs (A and F), MRIs with the contralateral ROI in red (B and G), the calculated TRAMs (C and H), the
calculated rCBV maps (D and I), and the pixels of high rCBV within the enhancing ROI and the contralateral ROI (E and J). ROI analysis of the
metastasis showed that 72% of the enhancing ROI consisted of high rCBV, and average rCBV in the enhancing ROI was 2.3+1.1. In the
contralateral ROI (red mask, B) 57% of the ROI showed high rCBV, and average rCBV was 2.3+1.1 as well. ROI analysis of GBM showed that
47% of the enhancing ROI consisted of high rCBV, and average rCBV was 2.0+1.3. In the contralateral ROI 67% of the ROI showed high rCBV,
and average rCBV was 2.6+1.5. The masking effects of normal brain vasculature are reflected in these examples by the similarity of the ipsi-
and contralateral ROI analysis results. The clinical approach, on the other hand, identified the metastasis as tumor and the GBM as nontumor.
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Discussion
Conventional MRI is unable to differentiate progression from
treatment effects. The TRAMs are similar to DSC-MRI in the
sense that they are based on vascular function, but they
apply an entirely different concept, long delays, which is highly
sensitive to the difference between tumor and treatment ef-
fects. Unlike the model-dependent DSC-MRIs, which assess
vessel function during the first contrast bolus, our technique
is model independent. The novel finding that at long delays
there are only 2 opposite options, contrast clearance versus
contrast accumulation, with no overlap between the 2, is the
reason this methodology has the potential of providing a sim-
ple/robust solution for differentiating tumor from treatment ef-
fects in a variety of neuro-oncological settings.

Since DSC-MRI is the most studied methodology in this con-
text, all patients were scanned by DSC-MRI. We analyzed the
DSC-MRI data using 2 approaches, ROI analysis and the clinical
approach. ROI analysis was applied to a subgroup of 46 resect-
ed lesions. Despite the fact that 44 of the 46 lesions showed
active tumor in histology, neither the average rCBV value nor
the high rCBV volume showed significant difference between
the enhancing ROIs and the contralateral ROIs. These results
suggest that rCBV of the tumors is heavily masked by rCBV of
normal brain vasculature. No correlation was found between
the percentage of high rCBV and the percentage of active
tumor in a small cohort of 8 lesions resected en bloc. This result
may be explained by the small number of lesions and does not
rule out the clinical application of rCBV, whose values tend to
vary significantly within the tumor region (Figs 1 and 3). When
using the clinical approach, even a small percentage of high
rCBV within the enhancing region is an indication of tumor,
thus providing essential information for decision making.

Therefore, we also applied the clinical approach to rCBV,
yielding sensitivity/PPV of 51%/96%. In the case of the
TRAMs, normal brain is depicted as a flat green background
with no masking effects, and therefore both ROI analysis and
clinical evaluation can be easily applied.

The sensitivity of rCBV (clinical approach) to tumor was 51%
using a cohort of 46 resected patients. Using the same cohort,
the sensitivity of rCBV to blue regions in the TRAMs was similar
(48%). Still, the sensitivity of rCBV to blue regions in the TRAMs
in a larger cohort of patients (215 TRAMs calculated for patients
presenting with a question of tumor vs treatment effects) was
23%. This number is significantly lower than the sensitivity to
both tumor and blue regions in the TRAMs determined using
the cohort of resected patients. One explanation may be bias
of the resected-lesion group toward larger lesions. Since rCBV
is less sensitive to small lesions, which are usually not resected,
the sensitivity determined using the resected cohort may be
overestimated. For example, none of the 24 new metastases
discovered during follow-up were resected and none had high
rCBV.

A potential limitation of our DSC-MRI analysis is the lack of
preload dosing to correct for T1 leakage effects, which could af-
fect rCBV values and accuracy.34,35 Additional recently present-
ed leakage correction software methods13,36 – 38 could also
affect rCBV values and accuracy.

It is important to note that reliable determination of histo-
logical tumor burden is challenging, especially in lesions

containing macroscopic necrotic/hemorrhagic regions. In
many cases tissues are lost during the surgery and/or during
handling/fixation/slicing of the samples. Therefore, we studied
the correlation with tumor burden only in cases where it could
be reliably assessed: in lesions resected en bloc or showing no
tumor.

In order to provide the clinicians with a new diagnostic tool,
it is essential to reach high PPV. Relative cerebral blood volume
satisfies this requirement (96% in our cohort), and therefore,
despite its low sensitivity, rCBV has been widely used. In our
study, all cases showing high rCBV also showed a blue compo-
nent in the TRAMs, consistent with the high PPV of both meth-
ods. A major advantage of the TRAMs over DSC-MRI is the high
sensitivity to active tumor, reaching above 90%.

Another advantage of the long delays is the ability to use ro-
bust imaging sequences, resulting in high resolution maps with
high sensitivity to small changes and low sensitivity to suscept-
ibility artifacts. The importance of the latter is also demonstrat-
ed in the TRAMs’ ability to detect active tumor within
hemorrhages while rCBV remains low.

In a previous study including 34 patients with ischemic
stroke, only red regions were depicted in the maps.39 In the cur-
rent study, 24 new/untreated lesions were discovered during
follow-up, all blue in the maps. Both groups further establish
the association of blue with active tumor and red with nontu-
mor regions.

An unavoidable drawback of the TRAMs is the requirement
to wait .1 h after contrast injection. To reduce patient inconve-
nience and avoid wasting expensive MRI time, our patients
were let out of the machine after the conventional MRI exam
while other patients were scanned. Our patients were then re-
turned to the scanner for the delayed MRIs.

In summary, the TRAMs present a novel model-independent
approach providing efficient separation between tumor/nontu-
mor tissues by adding a short T1-MRI scan .1 h post contrast
injection. The methodology uses robust acquisition sequences,
which may be acquired on any MRI system with conventional
types/doses of contrast agents, providing high resolution
maps with minimal sensitivity to susceptibility artifacts. In
most hospitals, clinical decisions whether to operate, change
treatment, or continue treatment are made by an interdisciplin-
ary team of physicians who are often unable to reach a unan-
imous decision due to the uncertainty in radiological
interpretation. The TRAMs, shown here to provide a reliable as-
sessment of tumor burden, may change this situation into
clear/objective and unanimous decisions.
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