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Background. The inability of structural MRI to accurately measure tumor response to therapy complicates care management for patients
with gliomas. The purpose of this study was to assess the potential of several noninvasive functional and molecular MRI biomarkers for
the assessment of glioma response to radiotherapy.

Methods. Fourteen U87 tumor–bearing rats were irradiated using a small-animal radiation research platform (40 or 20 Gy), and 6 rats
were used as controls. MRI was performed on a 4.7 Tanimal scanner, preradiation treatment, as well as at 3, 6, 9, and 14 days postradia-
tion. Image features of the tumors, as well as tumor volumes and animal survival, were quantitatively compared.

Results. Structural MRI showed that all irradiated tumors still grew in size during the initial days postradiation. The apparent diffusion
coefficient (ADC) values of tumors increased significantly postradiation (40 and 20 Gy), except at day 3 postradiation, compared with
preradiation. The tumor blood flow decreased significantly postradiation (40 and 20 Gy), but the relative blood flow (tumor vs contralat-
eral) did not show a significant change at most time points postradiation. The amide proton transfer weighted (APTw) signals of the tumor
decreased significantly at all time points postradiation (40 Gy), and also at day 9 postradiation (20 Gy). The blood flow and APTw maps
demonstrated tumor features that were similar to those seen on gadolinium-enhanced T1-weighted images.

Conclusions. Tumor ADC, blood flow, and APTw were all useful imaging biomarkers by which to predict glioma response to radiotherapy.
The APTw signal was most promising for early response assessment in this model.
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Glioma is the most common malignant and lethal form of
primary brain tumors. Of these malignant tumors, glioblastoma
accounts for �50% of cases, with a median survival of 12–15
months.1 Since randomized trials in the 1970s showed a survival
benefit from postoperative 60-Gy whole brain radiotherapy,
radiotherapy has become a major treatment method in the man-
agement of high-grade gliomas.2 Currently, MRI is the standard
modality for assessing glioma treatment response in the clinic.
The most common MRI sequences are T2-weighted (T2w), fluid-
attenuated inversion recovery, and gadolinium (Gd)-enhanced
T1-weighted (T1w). When evaluating treatment response, new
or increased Gd enhancement is typically interpreted as tumor

recurrence according to the standard Macdonald criteria.3

However, these conventional, structural MRI methods are not
sufficiently tissue specific and suffer from some limitations. For
example, Gd enhancement can occur in any area of blood–
brain barrier disruption, which may be influenced by many etiolo-
gies, such as tumor recurrence and treatment effects (radiation
necrosis4,5 or pseudoprogression6). In addition, Gd enhancement
may disappear immediately when antiangiogenic therapies are
used, and tumor recurrence often appears as a nonenhancing
tumor (ie, pseudoresponse7,8). Therefore, conventional MRI
alone is not adequate for assessment of the treatment response
due to a lack of specificity.
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Currently, various functional and molecular MR techniques are
being investigated in an effort to more accurately assess glioma re-
sponse to therapy.9 – 12 These advanced MRI approaches include
diffusion imaging to probe tumor cellularity (quantified by the
apparent diffusion coefficient [ADC]),13 – 15 perfusion imaging
to detect microvascular integrity (quantified by tumor blood
volume, blood flow, and vascular permeability),16,17 and proton
MR spectroscopic imaging to determine metabolic status.18,19 In
addition, PET, using F-18 fluorodeoxyglucose or some amino acid
tracers, is being evaluated to distinguish tumor recurrence from
treatment effects.20,21 Notably, it is widely accepted that patients
with gliomas would significantly benefit from a multiparametric or
multimodality imaging exam that can first diagnose the disease
and subsequently assess the effects of treatment.22 – 24 Although
the results are promising, there is still no standard imaging modal-
ity available for assessing treatment response in the clinic. Current-
ly, there is an international, multidisciplinary effort to develop new
response assessment criteria for malignant gliomas.25

Recently, a novel protein-based MRI contrast mechanism called
amide proton transfer (APT) imaging26 has been developed. The
APT technique can provide contrast because of the amide proton
content of endogenous mobile cytosolic proteins27 or tissue pH.
Previous preclinical and clinical studies have indicated that malig-
nant tumors, typically overexpressing many proteins, consistently
exhibit a high APT weighted (APTw) signal.28,29 The purpose of this
study was to quantitatively compare the imaging features of irra-
diated U87 tumors in rats, using structural (T1 and T2), functional
(ADC and blood flow), and molecular (APTw and magnetization
transfer ratio [MTR]) sequences, in an effort to explore a more sen-
sitive method for the assessment of glioma response to therapy.

Materials and Methods

Tumor Model Preparation

Twenty-eight male nude rats (20222 wk; 3002350 g) were anesthetized
by an intraperitoneal injection of 325 mL/kg of a solution containing keta-
mine hydrochloride, 25 mg/mL, and xylazine, 2.5 mg/mL. A midline scalp
incision was made, exposing the sagittal and coronal sutures. A small
burr hole was made with an electric drill, centered 3 mm to the right of
the sagittal suture and 1 mm anterior to the coronal suture. A needle
was placed into the burr hole at a depth of 5 mm from the skull. U87
glioma cells (1 million in 4 mL media) were stereotactically injected over
324 min for each rat. All experimental procedures were conducted with
the approval of the Johns Hopkins Animal Care and Use Committee.

Radiotherapy

Rats underwent preliminary MRI on several post-implantation days to de-
termine whether the tumors had reached an appropriate size for radiation
studies. Only those (n¼ 20) who grew tumors of 426 mm in diameter at
11–13 days post-implantation were further used. Fourteen rats were
selected as the treatment group and were irradiated using a small-animal
radiation research platform.30 Briefly, the rats were anesthetized with 4%
isoflurane for about 5 min, followed by 2%–2.5% isoflurane for mainten-
ance during radiation. The rats were immobilized in a fixation device. A
single, well-collimated x-ray beam with a dose of 40 Gy (n¼ 10) or 20 Gy
(n¼ 4) was administered to a 10×10 mm2 region centered at the tumor,
under on-board, cone-beam CT image guidance. Six other rats were used
as the control group and received no treatment. To reduce the differences
in starting tumor volume among these 3 groups (40, 20, 0 Gy), the rats
were divided according to their tumor diameter sizes (4, 5, and 6 mm)

and then selected in a stratified random-sampling manner. The rats were
monitored daily until 90 days post-implantation. Animal survival was
recorded for each group.

MRI Data Acquisition
MRIdatawere acquired atseveral time points (within 1 day before radiation,
and 3, 6, 9, and 14 days after radiation). Imaging experiments were per-
formed on a 4.7 T animal MRI system (Bruker Biospin), with an actively
decoupled cross-coil setup (a 70-mm body coil for radiofrequency trans-
mission and a 25-mm surface coil for signal reception). First, axial/
coronal T2w images were acquired using the following parameters: repeti-
tion time (TR)¼ 3 s; echo time (TE)¼ 64 ms; 5 slices; thickness¼ 1.5 mm;
field of view (FOV)¼ 42/32×32 mm2; matrix¼ 256/192×192; number of
averages (NA)¼ 2. Then, several quantitative MRI parameters were
acquired using previously described methods,31 including T1 (inversion re-
covery; pre-delay¼ 3 s; TE¼ 30 ms; inversion recovery times¼ 0.05, 0.3,
0.6, 1.2, 1.8, 2.5, and 3.5 s; NA¼ 4), T2 (TR¼ 3 s; TE¼ 30, 40, 50, 60, 70,
80, and 90 ms; NA¼ 4), isotropic ADC (TR¼ 3 s; TE¼ 80 ms; b-values¼ 0,
166.7, 333.3, 500, 666.7, 833.3, and 1000 s/mm2; NA¼ 8), blood flow (ar-
terial spin labeling [ASL]32; 3-s labeling at a distance of 20 mm away from
the imaging slice; TR¼ 6 s; TE¼ 28.6 ms), and APT (frequency-labeling
offsets of+3.5 ppm; TR¼ 10 s; TE¼ 30 ms; saturation power¼ 1.3 mT; sat-
uration time¼ 4 s; NA¼ 16). Conventional MTR images were acquired with
the same experimental parameters as the APTscans except that a radiofre-
quency saturation frequency offset of 10 ppm (2000 Hz at 4.7 T) was used.
Finally, T1w images (repetition time¼ 700 ms; echo time¼ 10 ms; NA¼
10) with and without Gd enhancement were acquired with the same geom-
etry and location as the T2w images.

Image Analysis
All imaging data were processed using Interactive Data Language v7 (Exelis
Visual Information Solutions). Tumor volumes were manually measured as
the sum of all tumor voxels in all slices on the high-resolution T2w images.
The T1 map, T2 map, and ADCmapwere fitted using the followingequations:
I¼ A + B exp (-TI/T1), I¼ I0 exp (-TE/T2), and I¼ I0 exp (-b ADC), respective-
ly. The cerebral blood flow map was reconstructed from images with and
without labeling, using previously described methods.32 The APT-MRI
signal was quantified by the MTR asymmetry at+3.5 ppm with respect to
the water signal: MTRasym(3.5 ppm)¼ Ssat(23.5 ppm)/S0 2 Ssat(+3.5
ppm)/S0, where Ssat and S0 are the signal intensities with and without,
respectively, selective radiofrequency irradiation.31

For the quantitative image analysis, the signal abnormalities on the
high-resolution T2w images and Gd-T1w images were used as a reference
for defining regions of interest. Two regions of interest (tumor and contra-
lateral brain tissue) were drawn manually on the ADC maps and then
transferred to identical sites on other co-registered MRI maps. The
tumor region covered most areas of the lesions with the signal abnormal-
ities on MRI. The contralateral normal-appearing, relatively homogeneous
brain tissue was used for comparison. Ventricles and peritumoral edema
were excluded.

Histology

After the terminal MRI scanning, animals were euthanized immediately
using carbon dioxide inhalation for 7 min, and brains were excised and pre-
served in 4% paraformaldehyde at 48C. Brain samples were sectioned
(10-mm thick), and histological sections were stained with hematoxylin
and eosin (H&E). Brain sections were analyzed using a light microscope at
102200×magnification.
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Statistical Analysis

All results were expressed as mean+SD. The differences in tumor volumes
and MRI signal intensities in the tumor (preradiation vs several time points
postradiation), as well as differences among the starting tumor volumes for
the different groups (40, 20, 0 Gy), were analyzed by a 1-way ANOVA, fol-
lowed by the Tukey test. Survival was plotted on a Kaplan–Meier survival
curve, and the log-rank test was used to compare groups. Excluded were
rats euthanized for the histology study before they died from the tumor.
The median survival duration was calculated for each group. All statistical
analyses were performed using SPSS for Windows v18. The level of
significance was set at P , .05.

Results

Morphological Features of Irradiated Tumors
and Animal Survival

At 11–13 days post-implantation (when radiation was adminis-
tered), the tumors were 426 mm in diameter (Fig. 1). Follow-up

structural T2w MRI showed that all irradiated tumors in both the
40-Gy and 20-Gy radiation groups were still growing in size
during 1–3 days postradiation. Then, these tumors remained at
a size that was almost the same as (or a little larger than) the
tumor size at day 3 postradiation. At day 9 postradiation,
the tumors in both treatment groups became heterogeneous on
the T2w images and were likely associated with severe necrosis.
For the nonirradiated group, the tumors grew relatively rapidly,
and all 6 rats died before the second time point postradiation.
Figure 1D shows the growth of the tumor volumes as measured
by T2w MRI for the 3 different groups (40 Gy, n¼ 10; 20 Gy, n¼ 4;
0 Gy, n¼ 6). There were no statistical differences among the start-
ing tumor volumes for the different groups (40, 20, 0 Gy; all
P . .983).

Figure 2 shows the cumulative survival curves for the 3 different
groups in this study. Four rats euthanized for histology before they
died from the tumor were excluded from the survival analysis.
Median survivals were 28.5 days (95% confidence interval [CI],
18.6–31.4 d; 40 Gy), 26.0 days (95% CI, 15.8–36.2; 20 Gy), and

Fig. 1. (A–C) T2w MRI features acquired at the different time points (preradiation and at 3, 6, and 9 days postradiation) for 3 different rats. (A) Eleven days
post-implantation, 40 Gy; (B) 12 days post-implantation, 20 Gy; (C) 13 days post-implantation, without radiation. The irradiated tumors were still growing
in size during the initial days postradiation. (D) Tumor volumes as measured by T2w MRI at the different time points (preradiation and at 3, 6, and 9 d
postradiation). The statistical significance of the difference compared with preradiation: *P , .05, **P , .01, ***P , .001.
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14.0 days (95% CI, 11.6–16.4; 0 Gy). There were statisticallysignifi-
cant differences between the 40-Gy radiation group and the
control group (P , .001) and between the 20-Gy radiation group
and the control group (P¼ .033), but the difference was not
significant between the 2 radiation groups (P¼ .825).

Multiparametric MRI of Irradiated Tumors (40 Gy)

The tumor was hyperintense on T1 and T2 maps and hypointense
on MTR maps, compared with the contralateral normal brain
tissue, which showed negligible changes between preradiation
and postradiation (Fig. 3). However, ADC, blood flow, and APTw
maps demonstrated considerable changes from preradiation to
day3, 6, or 9 postradiation. On the ADC maps, the tumor was hyper-
intense before radiation and showed an increase in intensity,
particularly at day 9 after therapy, compared with preradiation.

On the blood flow maps, the tumor was hypointense both preradia-
tion (as reported before33) and postradiation. The blood flow signal
intensities in the entire brain, including the tumor and contralateral
normal tissue, decreased considerably at 3 days postradiation and
remained relatively low at several later time points. Similarly, the
APTw signal intensities in the tumor were high preradiation and
decreased at all time points postradiation. Especially at day 9 post-
radiation, the APTw image intensity of the lesion became very
heterogeneous, with an area that was almost isointense to the
contralateral normal brain tissue.

Figure 4 shows the results of the longitudinal quantitative ana-
lysis of multiparametric MRI signals of the irradiated tumors for the
40-Gy radiation group (n¼ 10). The average tumor ADC values did
not show a significant change at 3 days postradiation, compared
with preradiation (1.08+0.07 vs 1.06+0.03 mm2/ms; P . .05)
but increased significantly at ≥6 days postradiation (1.15+0.10
at day 6 postradiation, 1.34+0.07 at day 9 postradiation, 1.29+
0.06 at day 14 postradiation vs 1.06+0.03 mm2/ms preradiation;
Ps , .05, ,.001, ,.001, respectively). The blood flow signals
were low in the tumor (compared with the contralateral normal
brain tissue) both preradiation and postradiation. The average
tumor blood flow values (showing large standard deviations)
decreased significantly at all time points postradiation (≥3 d) com-
pared with preradiation (17.5+5.2 at day 3, 17.1+4.4 at day 6,
22.7+2.5 at day 9, 24.7+13.1 at day 14 vs 42.0+20.5 mL/
100 g/min preradiation; Ps , .001, ,.001, ,.01, ,.01, respective-
ly). In addition, average APTw signal intensities were significantly
lower at all time points postradiation than at preradiation
(1.78%+0.55% at day 3, 0.99%+0.93% at day 6, 1.18%+
0.57% at day 9, 0.29%+0.49% at day 14 vs 2.76%+0.60% prera-
diation; Ps , .01, ,.001, ,.001, ,.001, respectively). There were
no significant changes in T1, T2, or MTR for most time points
postradiation compared with preradiation.

We also quantitatively analyzed the changes in relative MRI
signal intensities in the tumor after therapy, with respect to contra-
lateral normal brain tissue (Fig. 5). The statistical significances of
the relative MRI intensity differences at all time points postradia-
tion compared with preradiation were similar to those of the
absolute MRI intensity differences for most MRI measures. One
exception was for the relative blood flow, showing that the

Fig. 2. Plots of Kaplan–Meier survival curves as a function of
post-implantation days for 3 different groups (40 Gy, n¼ 6; 20 Gy, n¼ 4;
0 Gy, n¼ 6). The rats were observed daily until 90 days post-implantation.
Both the 40-Gy and 20-Gy irradiation groups survived longer than the
nonirradiated control group (P , .001 and P¼ .033, respectively).

Fig. 3. Changes in T2w, T1, T2, ADC, blood flow, MTR, and APTw images acquired at the different time points (preradiation and at 3, 6, and 9 d postradiation)
for a rat with a U87MG glioma. The display windows are T1 (0.5–2 s), T2 (0–100 ms), ADC (0–2×1029 m2/s), blood flow (0–200 mL/100 g/min), MTR at
2 kHz (0%–50% of the bulk water signal intensity), and APTw (210% to 10% of the bulk water signal intensity).
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statistical differencewas significant onlyat day 6 postradiation due
to the fact that the signal intensities in both the tumor and the
contralateral normal tissue decreased.

Radiation Dose Effects

Figure 6 shows the results of the quantitative multiparametric MRI
comparison at the different time points for the 3 groups (40, 20,
0 Gy). For the 20-Gy radiation group, similar to the 40-Gy group,
the average tumor ADC value was significantly higher at ≥6
days postradiation than at preradiation (1.15+0.03 at day 6,
1.17+0.04 at day 9 vs 1.03+0.04 mm2/ms preradiation; both
P , .01). The tumor blood flow showed a significant decrease at
all time points postradiation compared with preradiation (20.3+
7.2 at day 3, 20.1+2.7 at day 6, 10.0+3.8 at day 9 vs 45.8+
6.2 mL/100 g/min preradiation; Ps , .01, ,.05,,.001, respectively).
The APTw signal intensity exhibited a significant decrease at the
later time point (day 9) postradiation compared with preradiation
(2.59%+0.59% vs 0.91%+0.52%, P , .01). There were no
significant changes in T1, T2, and MTR for all measured time
points postradiation compared with preradiation.

For the nonirradiated group, there were no significant changes
in T1, T2, MTR, ADC, and APTw during the 3 days (the time period
between preradiation and at day 3 postradiation for the radiation
group). However, the tumor blood flow signals decreased
significantly during the same period (10.3+7.7 vs 35.3+4.6 mL/
100 g/min, P , .01).

Table 1 summarizes the changes in tumor volumes and MRI in-
tensity values in the tumor measured at the 3 time points postra-
diation with respect to preradiation (40, 20, 0 Gy). Consistent with
Fig. 1, the tumor volumes, as measured by T2w MRI, dramatically
increased for both the irradiated and nonirradiated groups during
the initial days postradiation. The tumor ADC values increased in
all groups. At the 2 earlier time points (days 3 and 6) postradiation,
the dose-related changes in tumor ADC values seemed small.
However, at the later time point (day 9) postradiation, the tumor
ADCvalues demonstrated a larger increase in the 40-Gy irradiation
group than in the 20-Gy irradiation group. Blood flow decreased
considerably postradiation and did not show an apparent differ-
ence between the 2 radiation groups. Interestingly, the blood
flow value decreased dramatically, even for the nonirradiated
group. Finally, the tumor APTw signals decreased in all groups.
The APTw values had a dramatic decrease at 6 and 9 days

Fig. 4. Quantitative analysis of multiparametric MRI signal intensities at the different time points (preradiation and at 3, 6, 9, and 14 days postradiation) for
the irradiated tumors (40 Gy) and the contralateral normal brain tissue (n¼ 10). The statistical significance of the difference compared with preradiation:
*P , .05, **P , .01, ***P , .001, not marked¼ not significant.
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postradiation in the 40-Gy irradiation group and only at the later
time point (9 days) postradiation in the 20-Gy irradiation group.

Histogram Analysis

To consider tumor inhomogeneities, we further analyzed changes
in multiparametric MRI histograms after radiation. Figure 7 shows
the results of the histogram analysis for a typical irradiated rat
(40 Gy). The histogram distribution reflects the size and status of
the tumor. Before irradiation, the tumor was small and homoge-
neous, and all histograms (except blood flow)showed a narrow dis-
tribution. During the first days postradiation, the tumor continued
to grow in size, and the histograms shifted and became broader.
Starting from about 9 days postradiation, the tumor became very
heterogeneous, as reflected by widened histogram distributions.
The ADC histograms demonstrated a right shift following
therapy,34 except at day 3, when there seemingly was a left shift.
Both the blood flow and APTw histograms had a consistent left
shift in response to radiation. The blood flow values quantified by
the ASL technique were associated with a change of 1%–2% in

bulk water intensity and thus had low signal-to-noise ratios,
consistent with a relatively wide histogram distribution at all
time points.

Comparison With Gd-T1w MRI

Figure 8 shows the comparison of several advanced MRI measures
with the Gd-T1w maps for 3 typical rats. For all rats, T2w images
demonstrated large tumor areas of hyperintensity, and Gd-T1w
images clearly showed strong enhancement of the mass. The 3
tumor lesions reflected by T2w abnormalities, including peripheral
edema, were all larger than Gd-enhancing regions. For the nonir-
radiated rats, the tumors showed relatively homogeneous
enhancement on the Gd-T1w image, showing the absence of
central spontaneous necrosis at this time point (when the
tumor was small). It is also interesting that the blood flow could
not clearly demonstrate the tumor area. For both the 40-Gy
(day 6) and 20-Gy (day 14) irradiated rats, like the T2w images,
the ADC maps showed large tumor areas of heterogeneous hyper-
intensity. Notably, both the blood flow and APTw maps identified

Fig. 5. Quantitative analysis of relative MRI signal intensities in the tumor, with respect to contralateral normal brain tissue, after therapy (preradiation and
at 3, 6, 9, and 14 days postradiation) for the 40-Gy irradiation group (n¼ 10). The relative T1, T2, ADC, and APTw intensities were defined as tumor value –
contralateral value, and the relative blood flow and MTR intensities were defined as tumor value/contralateral value. The statistical significance of the
difference compared with preradiation: *P , .05, **P , .01, ***P , .001, not marked¼ not significant.
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highly heterogeneous tumor characteristics consistent with
Gd-enhancement. It seemed that the Gd-enhancing rims de-
monstrated high blood flow and APTw signals, while the Gd-
nonenhancing central areas demonstrated hypointense blood
flow and relatively low APTw signals.

Histological Evaluation

Figure 9 shows 2 examples of T2w and APTw images and high-
magnification (40×) H&E images at 2 time points for rats with
(40 Gy) and without radiation. The MRIs show that both irradiated
and nonirradiated tumors were growing after radiation. However,
the APTw signal of the tumor decreased significantly for the irra-
diated rat at 3 days postradiation (Fig. 9A) but remained almost
the same for the nonirradiated rat during the same time period
(Fig. 9C). The H&E-stained histological sections of the irradiated
tumor acquired at 3 days postradiation showed hypocellularity
with necrosis, nuclear shrinkage, and vacuolation changes, which
were consistent with the cardinal histological characteristic of
radiation necrosis (Fig. 9B). In contrast, the nonirradiated tumor
exhibited high cellularity, nuclear atypia, and no vacuolation on
histology (Fig. 9D).

Fig. 6. Quantitative analysis of multiparametric MRI signal intensities at the different time points (preradiation and at 3, 6, and 9 days postradiation) for 3
different groups (40 Gy, n¼ 10; 20 Gy, n¼ 4; 0 Gy, n¼ 6). The statistical significance of the difference compared with preradiation: *P , .05, **P , .01,
***P , .001, not marked¼ not significant.

Table 1. Changes in tumor volumes and MRI parameters postradiation vs
preradiation

Parameter Dose, Gy Day 3, % Day 6, % Day 9, %

Tumor volume 40 81.9** 102.6*** 91.1**
20 87.5* 113.1** 141.0**

0 112.3***
ADC 40 2.0 9.3* 29.9***

20 4.0 10.1** 12.0**
0 2.3

Blood flow 40 243.1*** 252.8*** 256.1**
20 244.1** 248.3* 273.0***

0 242.3**
APTw 40 233.9** 268.2*** 260.8***

20 233.1 225.3 267.5**
0 228.8

Positive values indicate increasing values, and negative values indicate
decreasing values. The statistical significance of the difference compared
with preradiation was taken from Figs. 1 and 6: *P , .05, **P , .01, ***P ,

.001, not marked¼ not significant.
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Discussion
Accurate assessment of tumor response to treatment for each
individual patient is crucial in determining whether to continue

the current therapy or switch to an alternative therapy.35,36

Currently, tissue sampling via surgery is the only reliable ap-
proach in the clinic. However, tissue sampling is not always feas-
ible for all brain areas. Even when surgery is possible and

Fig. 7. Histogram analysis of T2, T1, ADC, blood flow, MTR at 2 kHz, and APTw intensities obtained at different time points (preradiation and at 3, 6, 9, and
14 days postradiation) for a U87MG glioma in a rat. It seems that the ADC histograms demonstrated a right shift, while the blood flow and APT histograms
demonstrated a consistent left shift after therapy.

Fig. 8. Comparison of the MRI features of the T2w image, Gd-T1w image, ADC map, blood flow map, and APTw map at the different time points with
different doses postradiation. The display windows are ADC (0–2×1029 m2/s), blood flow (0–200 mL/100 g/min), and APT (210% to 10% of the bulk
water signal intensity).
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advised, choosing the area to target for tissue sampling is often
difficult, as gliomas are heterogeneous. Therefore, most clini-
cians agree that reliable imaging parameters that can distin-
guish between true tumor progression and treatment effects
are urgently needed.25

As mentioned previously, many reports in the literature have
suggested that treatment effects are associated with increasing
ADC values.34,37 In this study, the ADC scan used 7 b-values, with
the highest b-value (1000 s/mm2) the same as that used in most
clinical studies, and the calculated ADC values were all consistent
with the report in the literature.38 We clearly observed the effects
of radiotherapy on tumor volumes and survival. We further
observed that the mean ADC values in the tumor significantly
increased at 6 days postradiation, although the tumor volumes
still increased during these initial days postradiation. However,
some rats showed a decrease in ADC at 3 days postradiation
(Fig. 7), although the mean ADC values were a little higher at this
time point than at preradiation. The exact biophysical mechanism
for this disparity is currently still not clear. Generally, successful
treatment may cause necrosis and/or apoptotic processes,
leading to a reduction in cell density, which would increase the
ADC values. However, radiation injury has been associated with
gliosis, fibrosis, macrophage invasion, vascular changes, and de-
myelination. All these radiation-induced effects may restrict
water mobility, leading to a lower ADC value.39 Moreover, inflam-
matory processes, cell swelling, and a reduction in blood flow
may also be potential explanations.40,41

Tumor blood volume, blood flow, and vascular permeability, as
measured by dynamic susceptibility weighted contrast-enhanced
(DSC) MRI, dynamic contrast-enhanced MRI, or ASL MRI methods,
have been widely used in tumor grading, prognosis, and differen-
tiation between recurrent tumor and radiation necrosis in
patients with gliomas.42,43 In this study, we used the noninvasive
ASL technique to quantify tumor blood flow, and the results
clearly showed a significant decrease in average tumor blood
flow intensities at all time points postradiation (Figs. 3 and 5).
However, care should be taken when interpreting the observed
results. When we compared the relative signal intensities in the
tumor, with respect to contralateral normal brain tissue, the rela-
tive blood flow values still decreased at all time points. However,
these relative blood flow values showed significant changes only
at day 6 postradiation (Fig. 5), due to the fact that the blood flow
signals in the tumor and contralateral brain tissue changed sim-
ultaneously. In addition, in the nontreated rats, the tumor blood
flow also showed a significant decrease. This may have been
attributable to the high intracranial pressure caused by the
large tumor and edema that developed with time, but further
investigation is needed.

Our prior clinical data suggested that APTw hyperintensity
(compared with the contralateral normal-appearing white
matter) is a typical feature of high-grade gliomas,44,45 based on
the increased content of cellular proteins in the tumors.46,47

Importantly, APT imaging is capable of distinguishing the mass
of malignant tumors from peritumoral edema and can distinguish
high- from low-grade gliomas.44,45 In addition, a recent study on
the radiation necrosis rat model has shown that the APTw
imaging signal was hypointense to isointense in the necrotic
lesion compared with the contralateral normal brain.48 Therefore,
APTw signal intensities should be lower in radiation necrosis than in
viable, actively growing tumor tissue. Our histological analysis in

this study demonstrated that the irradiated tumor at day 3 postra-
diation (Fig. 9) exhibited radiation necrosis, such as coagulative
necrosis and vacuolation changes, leading to the loss of mobile
cytosolic proteins, consistent with the decreased signal on the
APTw image. These results showed that the APTw signal was sen-
sitive to mobile protein changes in tumors after radiation and could
be an earlyand reliable imaging biomarker for predicting treatment
effects in patients with brain tumors.

Treatment effects mimic tumor recurrence clinically and radio-
graphically, posing a formidable diagnostic dilemma in neuro-
oncology.35,36 The results of this study have clearly shown that
ADC, blood flow, and APTw changes that correlate with the appear-
ance of radiation necrosis are all very important for helping to
assess glioma response to radiotherapy. Notably, the changes in
these imaging biomarkers were observed a few days earlier than
the changes in irradiated tumor volumes in our model (Table 1).
Thus, a clinical, multiparametric MRI study that combines various
advanced MR techniques, such as diffusion imaging, perfusion
imaging, and protein-based APTw imaging, will likely allow for
more accurate response criteria to be developed in the future. Com-
pared with ADC maps derived from diffusion MRI, blood volume and
blood flow maps derived from perfusion MRI, as well as APTw
images, typically have relatively low signal-to-noise ratios (Fig. 3).
It is also important to note that the blood flow map quantified by
the ASL technique showed large standard deviations. This is
because ASL was associated with a change of 1%22% in bulk
water intensity32 and always had a lower contrast-to-noise ratio
compared with APTw imaging, which was associated with a
change of 3%25% in bulk water intensity.44,45 Numerous studies
have previously suggested that blood volume (usually measured
by DSC MRI) can distinguish radiation necrosis from glioma recur-
rence.24,49,50 The DSC MRI method has short scan times and is cur-
rently widely available on commercial scanners. However, the
blood volume measurement can be compromised byelevated vas-
cular permeability and leakage of contrast agent. Other disadvan-
tages of DSC MRI are the difficulty in absolute quantification,
susceptibility artifacts, and operator dependence.51 In contrast,
one unique advantage of both ASL perfusion MRI and APT molecu-
lar MRI is that these techniques use endogenous contrast agents,
and thus no contrast agent injection is required. This is particularly
significant for patients with a contraindication to Gd administra-
tion, as well as for pediatric cases, where intravenous access is
often problematic.

Finally, there were a few limitations to this study. First, the
number of rats was relatively small. Second, the nonirradiated
rats all died during the first and second time points postradia-
tion. Therefore, we could not further compare the MRI data
between the irradiation group and nonirradiation group at the
later time points. Third, one should note that the presence of
spontaneous necrosis might be a confounder for radiation
necrosis. Fourth, it is known that radiation effects are critically
dependent on the dose and time of exposure.52 Our preliminary
results (Table 1) showed that there was a decreasing trend in
glioma response for the lower-dose (20 Gy) radiation group,
compared with the 40-Gy radiation group. More treatment
groups with varied-dose radiation or fractionized radiation
should be studied in the future. Finally, ASL perfusion imaging
(rather than more developed techniques, such as DSC) was
used in this study. Thus, the tumor blood volume response to
radiation therapy was not assessed.
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Conclusions
The results of this studysuggest that the ADC, blood flow, and APTw
signals are all useful noninvasive biomarkers with which to predict
glioma response to radiotherapy. When applied to this preclinical
model, the ADC and APTw signals were more reliable for assessing
radiation-induced changes, but the change in ADC was still mixed
at the initial time point after radiation, even for the 40-Gy radiation
group. The tumor blood flow (quantified by the ASL technique) had
a relatively lower contrast-to-noise ratio than either ADC or APTw.
Moreover, the relative blood flow values in tumors, with respect to
contralateral normal brain tissue, were not reliable enough to
assess radiation-induced changes. The APTw signal is an early
and reliable imaging biomarker for response assessment in this
model. Protein-based APT MRI is a safe, completely noninvasive
technology, and the results can be easily translated into the
clinic. A multiparametric MRI study that includes APTw imaging
in a clinical setting would potentially allow for more accurate
response criteria to be developed in the future.
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