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Abstract 

Additional resection beyond contrast enhanced lesion on MRI is recently considered to prolong 
survival in glioblastoma. Prediction of future recurrent site in the peritumoral lesion on preopera-
tive MRI could be useful for surgical planning. The objective of this study was to determine if the 
preoperative ADC value was associated with the site of future recurrence in patients with glioblas-
toma. We retrospectively analyzed 21 patients with primary GBM. The ADC value on MRI were 
analyzed before and after operation and at recurrence. The region of interests (ROIs) were set to 
cover almost the FLAIR high-signal lesion surrounding contrast enhanced lesion. We determined 
whether the value of ADC on MRI was correlated with the spot of future recurrence. Among 1844 
ROIs determined in the FLAIR high-signal lesion on preoperative MRI, new enhanced lesions 
occurred in 186 sites. The other 1258 sites showed no change or decrease in size on follow up MRI, 
and the other 400 sites were removed in first operation. The pre-operative ADC values of sites corre-
sponding to future recurrence were significantly lower than that of non-recurrent sites (p <0.001). 
We suggest that a low ADC values in FLAIR high-signal lesion is corresponding to recurrence, and 
useful for predicting recurrence of the lesion in cases of GBM. These results will be helpful for plan-
ning of surgery or radiation therapy and facilitate future prospective studies on GBM.
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Introduction

Glioblastoma (GBM) is the most common malignant 
brain tumor in adults. It is difficult to avoid recur-
rence in this disease with extremely poor prognosis.1) 
Despite therapeutic advances, the median survival 
period in such cases is approximately 14–18 
months.2–4) Maximum safe resection followed by 
conventional radiotherapy (RT) (60 Gy in 30 frac-
tions) combined with concurrent adjuvant 
temozolomide (TMZ) has now become the standard 

treatment for glioblastoma (GBM) patients.2) Several 
studies reported that age, sex, Karnofsky Performance 
Status (KPS), extent of resection, Ki67 labeling 
index, isocitrate dehydrogenase 1 (IDH1) mutation, 
O6-methylguanine methyltransferase (MGMT) gene 
promoter methylation, and alteration of 7p (EGFR), 
and 10q (PTEN) were prognostic factors for survival.5–9)

Regarding to role of the surgery, overall survival 
of the patients underwent total resection of the 
enhanced lesion was still 18.8 months.10) Recently, 
to prolong the survival of the patients with GBM, 
more aggressive surgery using intraoperative magnetic 
resonance imaging (MRI), 5-aminolevulinic acid (5-ALA) 
has been proposed.11,12) Li et al. also reported that 
additional resection of FLAIR high-signal lesion 
around the enhanced mass was associated with 
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better prognosis than total resection of enhanced 
lesion alone.13) However, since the resection of 
eloquent lesion surrounding tumor will result in 
severe morbidity, it could be often difficult to remove 
whole FLAIR high-signal lesion around the enhanced 
tumor bulk. Therefore, the important issue is to 
discriminate the invading tumor cells which is truly 
resected from edematous change in the FLAIR high-
signal lesion. To overcome the limitations of conven-
tional MRI, several efforts in the field of neuroimaging 
have been undertaken.

Previously, PET using radiolabeled amino acids 
has become a valuable diagnostic tool for various 
indications in patients with brain tumors. In partic-
ular, the high diagnostic value of amino acid PET 
compared to anatomical MRI for the differentiation 
of tumor progression from treatment-related changes 
has been reported in patients with glioma.14,15)

Multimodal MRI characteristics including magnetic 
resonance spectroscopy (MRS) and perfusion MRI 
also provided the useful information to evaluate 

GBM invasiveness beyond contrast-enhanced lesion.16) 
Similarly, apparent diffusion coefficients (ADC) 
calculated from diffusion-weighted MRI (DWI) have 
been used to predict the prognosis17,18) and to predict 
the recurrence in GBM.18–21) However, the ADC values 
in the surrounding lesion for preoperative planning 
are unclear.

In this study, to determine whether the preopera-
tive ADC value was associated with the site of future 
recurrence, we analyzed the ADC value of FLAIR 
high-signal lesion on MRI in patients with GBM.

Materials and Methods

Patients and samples
This retrospective study was conducted with the 

approval of the Ethics Committees of the Yamagata 
University School of Medicine, and written informed 
consent was obtained from all subjects. We analyzed 
21 patients with GBM in cerebral hemisphere treated 
in our institution between August 2012 and December 2017. 

Fig. 1 Representative MRI scans and MET-PET of the patients treated at our institute. The scans were obtained 
before and after surgery and at the first recurrence. (A) Contrast-enhanced T1-weighted MRI revealed left temporal 
tumor with surrounding FLAIR high-signal lesion. (B) The enhanced tumor was totally removed. (C) New enhanced 
lesion appeared around resection cavity (arrow). The new recurrent tumor showed high uptake in 11C-methionine 
PET. MRI: magnetic resonance imaging. 
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All patients met the following inclusion criteria: (1) 
a diagnosis of GBM multiforme, World Health Orga-
nization grade IV; (2) no history of lower-grade 
tumors; (3) genomic DNA being available; (4) infor-
mation on events, such as recurrence or death during 
the follow-up period, being available or the patient 
not experiencing any such events for ≥12 months 
of follow-up; (5) treated with surgical removal of 
the tumor followed by adjuvant chemo-radiotherapy 
(RT) with temozolomide (TMZ) and total 60 Gy local 
irradiation; and (6) enough volume of the peri-tumoral 
FLAIR high-signal lesion on preoperative MRI.

Tumor specimens were obtained from a lesion 
that exhibited enhancement on gadolinium (Gd)- 
enhanced MRI studies and immediately stored at 
−80°C until DNA extraction. Evaluation with MRI 
had examined in preoperative period and within 48 
hours after surgery. Follow-up MRI has been performed 
every 2 months during follow-up periods (Fig. 1).

Magnetic resonance imaging
All patients were examined within 7 days prior to 

surgery, within 48 hours after surgery, and at recurrence 
in follow-up study in a 3 tesla MRI scanner (Achieva 
3.0T, Philips Medical Systems, Amsterdam, Netherlands). 
DWI was acquired with b-values 0 and 1000 s/mm2 
and used for generating ADC maps. Sequence details 
are 30 slices and slices of 5 mm thickness. For data 
evaluation, the Picture Archiving and Communication 

System (PACS) (Impax ee, Agfa Healthcare, Bonn, 
Germany) was used. In the examination on FLAIR, 
we had set repetition time; 9000 msec, echo time; 
125 msec, and inversion time; 2500 msec. First, we 
had set up the several regions of interests (ROIs) of 
about 25 mm2 in almost of the FLAIR high-signal 
region surrounding the tumor body at least 3 mm 
away from enhanced lesion in each tumor in the 
FLAIR images. We examined the ADC values of 
corresponding ROIs on FLAIR high-signal lesion 
(Fig. 2A and 2B). Then we categorized the fates of 
ROIs in three categories: recurrent, stable, and removed 
(Fig. 2C).

We determined that the recurrence had occurred 
by the appearance of the contrast-enhanced lesion 
in follow-up MRI. Additionally, patients who under-
went re-operation were considered to have recurrence 
if there were any histological evidence of recurrent 
disease (7 cases). And patients who had been 
revealed that the suspicious lesion had high uptake 
in Met-PET (13 cases) and/or progressive clinical 
course or radiological findings in follow-up obser-
vation were also considered to have recurrence.

11C-methionine-PET
The uptake on 11C-methionine PET (Met-PET) 

studies were also measured on tumor, FLAIR high-
signal lesion which has used in evaluation of ADC 
in preoperative MRI, and in some cases, evaluation 

Fig. 2 Representative analysis of ADC values on FLAIR high-signal lesion. (A) In this case, a total of 144 ROIs 
were set in the FLAIR high-signal lesion around enhanced tumor in preoperative MRI. (B) The ADC value was 
calculated at the ROIs on ADC map corresponding to that of FLAIR images. (C) The fates of ROIs were deter-
mined on follow-up MRI with recurrence. There were three categories in plotted numbers: recurrent (9–11, 13–15, 
and 16–18), stable (1–3, 5–7, and 19–23), and removed (4, 8, and 12). ADC: apparent diffusion coefficient, MRI: 
magnetic resonance imaging, ROIs: regions of interest. 
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of recurrent lesion in follow-up studies. 11C-methionine 
was intravenously administered to each patient. We 
started to perform Met-PET and brain computed 
tomography (CT) 20 minutes after intravenous injec-
tion in all cases by Biograph mCT (Siemens, Munich 
Germany). PET images were obtained with the following 
settings: image reconstruction method, ordered subsets- 
expectation maximization, point spread function, 
and time of flight (OSEM, PSF, and TOF); iteration, 
4; subset, 21; matrix size, 200; filter, Gaussian filter; 
full width at half maximum, 3 mm; acquisition 
duration, 10 min; reconstructed slice thickness, 2 mm. 
Brain CT images were obtained with the following 
settings: X-ray tube voltage, 120 kV; acquisition 
thickness and slice count, 0.6 mm × 40 slices; 
reconstructed slice thickness, 2 mm. Afterward, we 
made a fusion image of the PET and CT images.

Molecular analysis
Genomic DNA was extracted with the QIAamp 

DNA mini kit (QIAGEN, Hilden, Germany), according 
to the manufacturer’s protocol. Mutational status of 
IDH1, TERT promoter genes were analyzed using 
Sanger sequencing described previously.22) In the 
MGMT promoter methylation analysis, we performed 
quantitative methylation-specific PCR (qMSP) following 
the bisulfite modification of tumor DNA.22)

Statistical analysis
Statistical analyses were performed using SPSS 

(IBM Japan, Tokyo, Japan). The relationship between 
two variables was evaluated using the Mann–Whitney 
U test.

Results

Patient characteristics
A total of 21 cases including 12 males and 9 

females with a median of age is 66 years (range: 
44–85). Tumors infiltrated the frontal lobe in 7 
cases, the temporal lobe in 10, the parietal lobe in 
2, and the occipital lobe in 2. Gross total surgical 
resection was achieved in 21 (100%) patients. MGMT 
gene promotor methylation was detected in eight 
cases (38.1%). TERT promoter and IDH1 gene muta-
tion were found in 14 (66.7%) and one patient 
(4.8%), respectively. During follow-up period (15–60 
months, median 28 months), 18 cases had recurrence 
(85.7%) (Table 1).

ADC values in preoperative MRI
We had set up the several ROIs in the FLAIR high-

signal lesion with mean number of 88 (range: 4–230). 
In total, the ROIs of 1844 sites were determined to 
cover the FLAIR high-signal lesion around the enhanced 

tumor body in the preoperative MRI (Fig. 1). We 
determined fates of ROIs in three categories: recurrent, 
stable, and removed. Among 1844 sites, new enhanced 
lesions occurred in 186 sites (recurrent). However, 
the other 1258 sites showed no evidence of recurrence 
on follow-up MRI (stable), and the other 400 sites 
were removed in first operation (removed).

The preoperative ADC values on total ROIs were 
548.7 × 10−6 mm3 to 2579.3 × 10−6 mm3 (mean: 1492.4 
× 10−6 mm3). The preoperative ADC values of the sites 
corresponding to future recurrence were 548.7 × 
10−6 mm3 to 1822.1 × 10−6 mm3 (mean: 1148.6 × 10−6 mm3). 
The preoperative ADC values with no future recurrence 
were 686.1 × 10−6 mm3 to 2579.3 × 10−6 mm3 (mean: 
1543.2 × 10−6 mm3). The preoperative ADC value of 
the sites corresponding to recurrence was significantly 
lower than that of non-recurrent sites (mean 1148.6 
vs 1543.2, p <0.001) (Table 2, Fig. 3A).

To eliminate the effect of TMZ, we divided the 
patients into two groups according to MGMT gene 
promotor methylation status. As a result, the preop-
erative ADC value of sites corresponding to future 
recurrence was also significantly lower than that of 
non-recurrent sites in MGMT-methylated group 
(mean 1043.2 vs 1526.2, p <0.001) and MGMT- 
unmethylated group (mean 1234.7 vs 1551.6, p <0.001) 
(Table 2, Fig. 3B and 3C).

Finally, we performed ROC analysis to investigate 
the boundary between the site with recurrence and 
non-recurrence in the future. The ROC curves 

Table 1 Characteristics of patients

Total (n = 21)

Sex, female, n (%)  9 (42.9)

Age, y, median (range)   66 (44–85)

Preoperative KPS ≥80, n (%) 17 (81.0)

Gross total resection, n (%) 21 (100)

Location

 Frontal  7 (33.3)

 Temporal 10 (47.6)

 Parietal 2 (9.5)

 Occipital 2 (9.5)

Ki-67 labeling index, mean 5–70 (31.8)

MGMT promoter methylation, n (%)  8 (38.1)

TERT promoter mutation, n (%) 14 (66.7)

IDH1 mutation, n (%) 1 (4.8)

Median PFS, months (range)  8 (2–30)

Median OS, months (range)  21 (12–60)

Mean number of ROIs (range)  88 (4–230)

PFS: progression-free survival, OS: overall survival.
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generated from total ADC values in recurrent and 
non-recurrent site are shown in Fig. 3D. The area 
under the curves (AUC) was 0.830. The cutoff point 
of 1364.1 (×10−6 mm3) showed nearest point to the 
left corner of the plot, at which points the TPF 
(true-positive fraction) and FPF (false-positive frac-
tion) are 0.790 and 0.241, respectively.

Discussion

The actual importance of surgery in GBM is still 
unclear; however, currently, the goal of surgery 
for neurosurgeon seems to be maximum resection 
without severe morbidity.23,24) On the other hand, 
despite multimodal therapies including TMZ-based 

Table 2 Characteristics of ROIs on FLAIR high-signal lesion

No. mean ADC (range)

ROIs

 Total 1844 1492.4 (548.7–2579.3)

 Recurrent  186 1148.6 (548.7–1822.1) p <0.001

 Stable 1258 1543.2 (686.1–2579.3)

 Removed  400 1423.3 (748.3–2101.0)

MGMT promotor: Methylated

 Total  518 1442.3 (548.7–2579.3)

 Recurrent  90 1043.2 (548.7–1795.8) p <0.001

 Stable  428 1526.2 (686.1–2579.3)

MGMT promotor: Unmethylated

 Total  937 1515.1 (691.4–2417.7)

 Recurrent  108 1234.7 (691.4–1822.1) p <0.001

 Stable  829 1551.6 (723.7–2417.7)

ADC: apparent diffusion coefficient.

Fig. 3 Slab and bar graphs of the ADC values comparing recurrent and non-recurrent sites. The ADC value of 
ROIs with future recurrence (dark slab) revealed significantly lower than that without recurrence (pale slab) in 
preoperative MRI (A). ADC values were also significantly associated with the recurrence in both MGMT promotor 
methylated (B) and unmethylated (C) groups (*p <0.001). The ROC curve generated from total ADC values in 
recurrent and non-recurrent site are shown. The AUC was 0.830. The cutoff point of 1364.1 (×10–6 mm3) showed 
nearest point to the left corner of the plot (D). ADC: apparent diffusion coefficients, AUC: area under the curves, 
MRI: magnetic resonance imaging, ROIs: regions of interest. 
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chemo-RT, tumor-treating fields, the recurrence 
is not nearly avoided in GBM.2,10,25) To prolong 
the survival, the role of surgery should be 
re-considered.

In this manner, supra-total resection should be 
considered as the next step. The area outside the 
contrast enhancement region on a T1-weighted MR 
image is usually infiltrated by tumor cells. FLAIR 
images are thought to represent these invasive cells, 
as well as cerebral edema, demyelination.26) Recently, 
aggressive resection beyond contrast-enhanced lesion 
on MRI was proposed in some advanced institutes. 
However, since the rate of gross total resection 
which means resection of contrast-enhanced lesion 
was reported to be less than 50%, it could be more 
difficult to achieve complete removal of FLAIR high 
lesion.10,23) Therefore, we determined whether the 
area showing lower value of ADC on preoperative 
MRI would be recurrent lesion in the future.

As a result, the ADC value in preoperative MRI 
is very useful for evaluating the possibility of 
recurrence, and it is suggested that the recurrence 
may occur significantly in the portion with lower 
ADC value in the FLAIR high-signal lesion around 
the enhanced tumor. MGMT promotor methylation 
status is said to be related to some extent at the 
site of recurrence.27) Furthermore, we confirmed 
that the ADC value was useful to predict the recur-
rence site regardless to MGMT promoter methylation 
status.

On the other hand, the ADC value on postoper-
ative MRI was not predictor for future recurrence 
site. Ischemic change or damaged brain by surgery 
could affect the ADC value on postoperative MRI.

The ROC analysis suggested that the ADC value 
of 1346.1 (×10−6 mm3) is useful for identifying recur-
rent and non-recurrent sites in future. For example, 
by creating the ADC map based on this ADC value 
in preoperative MRI, it might be able to utilize in 
planning in extent of resection or radiation therapy.28)

This study had limitations, primarily because of 
its retrospective nature. Also, this study was limited 
to patients treated at a single institution. In image 
evaluation, because MRI and methionine PET have 
different resolutions, it may be impossible to 
measure SUVs that equivalent to the ROI settings 
by MRI.

Additionally, because of surgery and subsequent 
radio-chemotherapy, as well as brain atrophy and 
deformation at the time of recurrence, it is hardly 
possible to overlap the exact recurrent site in follow-up 
MRI with the equivalent site in preoperative MRI. 
However, we are convinced that predicting the areas 
with a high recurrence tendency before surgery will 
lead to improved surgical results and improved outcome.

Conclusion

We retrospectively investigated whether the ADC 
of preoperative MRI could predict the site of future 
recurrence in GBM. We suggest that a low ADC 
value is useful for predicting recurrence of the 
lesion in cases of GBM. It is considered to contribute 
to the improvement of the treatment results of GBM.
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