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ABSTRACT

BACKGROUND AND PURPOSE: Early and accurate identification of tumor progression in patients with low-grade gliomas is challenging.
We aimed to assess the role of quantitative ADC analysis in the sequential follow-up of patients with low-grade gliomas as a potential
imaging marker of tumor stability or progression.

MATERIALS AND METHODS: In this retrospective study, patients with a diagnosis of low-grade glioma with at least 12 months of imaging
follow-up were retrospectively reviewed. Two neuroradiologists independently reviewed sequential MR imaging in each patient to
determine tumor progression using the Response Assessment in Neuro-Oncology criteria. Normalized mean ADC (ADCmean) and 10th
percentile ADC (ADC10) values from FLAIR hyperintense tumor volume were calculated for each MR image and compared between
patients with stable disease versus tumor progression using univariate analysis. The interval change of ADC values between sequential
scans was used to differentiate stable disease from progression using the Fisher exact test.

RESULTS: Twenty-eight of 69 patients who were evaluated met our inclusion criteria. Fifteen patients were classified as stable versus 13
patients as having progression based on consensus reads of MRIs and the Response Assessment in Neuro-Oncology criteria. The interval
change of ADC values showed greater concordance with ultimate lesion disposition than quantitative ADC values at a single time point.
The interval change in ADC10 matched the expected pattern in 12/13 patients with tumor progression (overall diagnostic accuracy of 86%,
P �.001). On average, the ADC10 interval change predicted progression 8 months before conventional MR imaging.

CONCLUSIONS: The interval change of ADC10 values can be used to identify progression versus stability of low-grade gliomas with a
diagnostic accuracy of 86% and before apparent radiologic progression on conventional MR imaging.

ABBREVIATIONS: LGG � low-grade glioma; ROC � receiver operating characteristic

Diffuse gliomas are the most common type of low-grade glio-

mas (LGGs), defined by the World Health Organization as

grade II diffuse astrocytomas or oligodendrogliomas, most of

which have now been found to carry a gain-of-function mutation

in the isocitrate dehydrogenase gene. Isocitrate dehydrogenase–mu-

tant diffuse astrocytomas and oligodendrogliomas are relatively

slow-growing tumors but inevitably undergo anaplastic transfor-

mation into high-grade tumors.1 This transformation can mani-

fest differently in the amount of time to progression for each

patient.2 Distinguishing LGGs from high-grade gliomas is impor-

tant for prognosis and guiding treatment.3

The Response Assessment in Neuro-Oncology criteria have

been established for assessment of progression in patients with

LGGs using both clinical (ie, neurologic) and radiologic terms.4

In clinically stable patients, progression is likely to be determined

radiologically. Imaging surveillance of patients with LGGs is rou-

tinely conducted by sequential MR imaging. LGGs are most com-

monly (�90%) nonenhancing tumors that are therefore best de-

picted on FLAIR imaging. Radiologic progression of LGGs is

often inferred from an increase in tumor size on FLAIR images

or development of enhancement on T1-weighted postcontrast

MR imaging.5-8 In the absence of new or progressive enhance-

ment, determination of radiologic progression in LGGs might

be challenging because slow progression is manifested by

small, incremental, and asymptomatic increases in size on

FLAIR hyperintense lesion.7 Therefore, despite using stan-

dardized criteria such as the Response Assessment in Neuro-
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Oncology, final tumor assignments as stable versus progression

may vary greatly among neuroradiologists, associated with in-

traobserver variability and potential missed diagnoses.9

ADC derived from DWI has been shown to reflect tumor cel-

lularity10,11 and can have clinical implications for characterizing

gliomas. While ADC has been extensively studied to evaluate tu-

mor grade12-15 or response to treatment,16,17 the literature on the

role of ADC in the assessment of tumor progression in patients

with LGGs remains sparse, with mixed results.18

More research is necessary to further evaluate the contribution

of ADC in predicting tumor progression in LGGs so that any

change in treatment and management may be determined earlier

than is possible with conventional sequences. The purpose of this

study was to assess the role of quantitative ADC analysis in the

sequential follow-up of patients with LGGs as a potential imaging

marker of tumor stability or progression.

MATERIALS AND METHODS
Patients
This retrospective study was performed under institutional re-

view board approval with a waiver of informed consent. Digital

charts of patients with histologically proved LGGs between 2010

and 2015 were retrospectively reviewed. Inclusion criteria were as

follows: 1) a histopathologic diagnosis of grade II diffuse astrocy-

toma, grade II oligodendroglioma, or grade II glioma with mixed

oligodendroglial and astrocytic morphology; 2) no prior inter-

ventions except for biopsy or anticonvulsant medications; 3) at

least 12 months of clinical and imaging follow-up from the date of

the operation or biopsy; and 4) availability of diagnostic MR im-

aging with inclusion of DWI. Study end points were clinical and

imaging evidence of progression using the Response Assessment

in Neuro-Oncology criteria4 or a second surgical resection.

Demographic data including age, sex, initial tumor size, tumor

type, extent of the initial surgical resection, duration of follow-up,

and number of MRIs were noted for each patient.

Image Acquisition
MR imaging was performed using 8 MR imaging scanners: 2 Skyra

3T (Siemens, Erlangen, Germany), 2 Aera 1.5T (Siemens), and 4

Signa 1.5T (GE Healthcare, Milwaukee, Wisconsin) within our radi-

ology department. The imaging protocol included transverse T1-

weighted imaging (TR/TE/flip angle, 600–1800/9–19 ms/180°),

T2WI (TR/TE/flip angle, 3100–7000/86–

105 ms/180°), FLAIR (TR/TE/TI, 8000–

12,000/98–130/2400–2700 ms), DWI,

and postcontrast T1-weighted imaging.

DWI was acquired using a single-

shot spin-echo EPI sequence (TR/TE,

4900/98 ms [1.5T] or 4100/95 ms [3T];

FOV, 220 � 220 mm; matrix, 128 � 128

mm; slices, 30 � 5 mm). Diffusion gra-

dients were applied along 3 orthogonal di-

rections with b�0 and 1000 s/mm2. A to-

tal volume of 0.1 mmol/kg of gadobenate

dimeglumine was injected intravenously

for postcontrast T1-weighted imaging.

Qualitative Image Analysis
Image analysis was performed in separate reading sessions, in-

dependently, by 2 board-certified neuroradiologists who were

blinded to the patient outcome. MR imaging studies of each

patient were interpreted sequentially by each reader and des-

ignated as stable or progressed in comparison with prior MR

imaging using the Response Assessment in Neuro-Oncology

criteria.4 Progression was defined as development of new le-

sions, increase in enhancement, or increase in the size of a

FLAIR hyperintense region by 25%. Discrepancies were re-

solved by a consensus read. Clinically, progression was defined

by definite clinical deterioration related to the tumor or failure

to return for follow-up because of death or a deteriorating

condition as assessed by the treating neuro-oncologist. Each

patient was assigned a final assessment score of “stable”

(score � 0) for patients who remained stable throughout the

entire follow-up time and “progressed” (score � 1) for pa-

tients who showed progression.

Quantitative ADC Analysis
Quantitative ADC analysis was performed using a Food and

Drug Administration–approved commercial software package

(Olea Sphere; Olea Medical, La Ciotat, France). ADC and

FLAIR were coregistered on each examination using a 6-df

transformation and a mutual information cost function. Sub-

sequently, a VOI was generated using a voxel-based signal in-

tensity threshold method subsuming the entire region of

FLAIR hyperintensity (Fig 1). From each VOI, a histogram was

generated on the basis of voxel-based ADC values. These values

were normalized to an ROI placed in the normal-appearing

white matter in the contralateral centrum semiovale. Normal-

ized mean ADC (ADCmean) and 10th percentile ADC (ADC10)

values and normalized ratios were exported for statistical anal-

ysis. In addition, ADCmean and ADC10 ratios were compared

between sequential scans in each patient and scored to assess

the fit with the expected pattern. An interval decrease of ADC

values of �20% was an unfavorable pattern, suggestive of pro-

gression. Any other pattern, including an increase or a decrease

by �20%, was considered a favorable pattern and suggestive of

relative stability.

FIG 1. A VOI was generated using a voxel-based signal intensity threshold method subsuming the
entire region of FLAIR hyperintensity. Using coregistered images, we transferred the VOI to ADC
for quantitative ADC analysis.
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Surgical Resection
All patients had initial surgical resection to confirm the diagnosis

of LGG. The extent of the initial surgical resection was assessed in

comparison with the preoperative MR image using the FLAIR

volume and dichotomized as follows: 1) core biopsy or limited

(�50% resection of initial tumor volume), or 2) �50% resection

of the initial tumor volume. In addition, 13 of 28 patients had a

subsequent resection, which was considered an end point in our

study. The results of that second surgical pathology were com-

pared with our neuroimaging variables.

Statistical Analysis
Statistical analysis was performed using MedCalc for Windows

(Version 12.2.1; MedCalc Software, Mariakerke, Belgium). Clin-

ical characteristics and neuroimaging variables were compared

between subjects with progression and stable disease using uni-

variate analysis with the Fisher exact test for categoric variables

and the unpaired 2-tailed Student t test for continuous variables.

Interobserver agreement was tested using a linear weighted � test.

Receiver operating characteristic (ROC)

analysis was performed to determine the

optimal parameters in distinguishing

progression from stable disease. Optimal

thresholds were calculated for each ROC

curve to maximize both sensitivity and

specificity using the Youden J statistic.

All lesions were scored into their re-

spective groups without any indetermi-

nate classifications. The patterns of in-

terval changes of ADCmean and ADC10

were assessed for diagnostic correlation

using the Fisher exact test among pa-

tients with progression and stable dis-

ease. An interval change of ADC ratios of

�20% between 2 consecutive studies

was considered significant. For each

subject, a regression line was generated

across multiple MRIs, and a final score

of stable versus progression was assigned

on the basis of the slope of this line. This

was calculated using the average value of

1 SD of the ADC values, which was ap-

proximately 0.2. Accuracy statistics in-

cluding sensitivity, specificity, and over-

all diagnostic accuracy were reported.

P � .05 was used to indicate statistical

significance.

RESULTS
Of 69 patients who were evaluated, 41

patients were excluded due to lack of

DWI (n � 17) or inadequate clinical or

imaging follow-up (n � 24) (Fig 2). As

a result, 28 patients (14 men and 14

women; mean age, 50.4 � 16.6 years)

were included in our analysis. Nineteen

patients had oligodendrogliomas (grade

II, currently diagnosed as isocitrate dehy-

drogenase-mutant and 1p/19q-codeleted), and 9 patients had dif-

fuse astrocytomas (grade II, currently diagnosed as isocitrate de-

hydrogenase-mutant). Fourteen tumors were in the frontal lobe, 6

were in the parietal lobe, 5 were in the temporal lobe, and 3 were

in both the frontal and temporal lobes.

A total of 247 MR imaging scans at different time points were

evaluated (mean, 8.8 � 4.3 scans per patient). The mean fol-

low-up time was 40.9 months (range, 12–109) months. The final

designation obtained from the consensus read of the 2 neurora-

diologists showed tumor progression in 13 patients and stable

disease in 15 patients.

The patients’ age, sex, initial tumor size, tumor type, extent of

initial tumor resection, duration of follow-up, and number of

MRIs are summarized in Table 1.

Lesion Analysis
For subjective assessment of disease progression when evaluating

conventional imaging (FLAIR and T1-postcontrast), observers 1

FIG 2. Study flow diagram.

Table 1: Baseline and clinical data in patients with and without progression— univariate
analysis

Patient Characteristics
Total

(n = 28)
Progressed

(n = 13)
Stable
(n = 15)

P
Value

Age (mean) (SD) (yr) 50.4 (16.6) 49.1 (19.0) 51.6 (14.8) .70
Sex, male/female 14:14 7:6 7:8 .56
Initial tumor size (mean) (SD) (mL) 30.7 (33.8) 32.3 (26.3) 29.4 (40.1) .82
Tumor type, oligo/astro 19/9 9/4 10/5 .80
Follow-up time (mean) (range) (mo) 40.9 (12–109) 42.8 (12–89) 39.3 (12–109) .75
No. of MRIs/patient (mean) (SD) 8.8 (4.3) 9.8 (5.0) 7.9 (3.6) .26
Extent of initial tumor resection (No.)

(�50% of initial volume)
15 (53.5%) 8 (61.5%) 7 (46.6%) .68

Note:— oligo indicates oligodendroglioma; astro, astrocytoma.
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and 2 correctly identified 8/13 (sensitivity, 61.5%) and 7/13 (sen-

sitivity, 53.8%), respectively, as tumor progression compared

with final assignment. Stable disease was identified in 216/228

(94.7%) and 222/228 (97.4%) scans by observers 1 and 2, respec-

tively. The interobserver agreement was � � 0.61 (95% CI,

0.4 – 0.77).

Quantitative Assessment
The overall ADCmean values were lower

in patients who were ultimately shown

to have tumor progression compared

with patients with stable tumors (1.68 �

0.23 versus 2.04 � 0.78), though the dif-

ference was not statistically significant

(P � .13). The average of ADC10 values

FIG 3. A 34-year-old woman diagnosed with grade II oligodendroglioma. A, Axial FLAIR/ADC images from 4 sequential MR images are shown
(upper row: FLAIR; lower row: ADC; from left to right: first scan after initial diagnosis and at 5, 9, and 14 months). Review of FLAIR images shows
stable extent of tumor during the entire follow-up. B, Plotting the normalized ADC10 values demonstrates no significant decrease in ADC10
values, concordant with stability of the tumor.

Table 2: Diagnostic accuracy of ADC interval change—Fisher exact test

ADC Interval Change

Stable
Tumors
(n = 15)

Progressed
(n = 13)

P
Value

Overall
Diagnostic
Accuracy

Mean Decrease 7/15 6/13 .8 50%
Plateau/increase 8/15 7/13

10th percentile Decrease 3/15 12/13 �.001 86%
Plateau/increase 12/15 1/13
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was significantly (P � .03) lower in patients with ultimate tumor

progression compared with patients with stable tumors (1.21 �

0.24 versus 1.49 � 0.37, P � .03). ROC analysis showed sensitiv-

ity/specificity and overall diagnostic accuracy of 84.6%/40%/

62.3% (95% CI, 0.42– 0.80) for ADCmean at a threshold of 1.8 and

46.2%/93.3%/69.7% (95% CI, 0.55– 0.89) for ADC10 at a thresh-

old of 1.1.

If one applied the Fisher exact test for analysis of disease pro-

gression using the sequential ADC interval change score, the in-

terval change in ADCmean matched the expected pattern in 6/13

patients with tumor progression and 8/15 patients with stable

disease (sensitivity, 53.3%; specificity, 46.2%; overall diagnostic

accuracy, 49.7%). The interval change in the ADC10 score

matched the expected pattern in 12/13 patients with tumor pro-

gression and 12/15 patients with stable disease (sensitivity, 92.3%;

specificity, 80%; overall diagnostic accuracy, 86.2%). The ORs for

identifying tumor progression were 1 (P � .90) for ADCmean and

48 (P � .001) for ADC10, respectively. Table 2 summarizes the

FIG 4. A 73-year-old woman diagnosed with a grade II oligodendroglioma. A, Axial FLAIR/ADC images from 4 sequential scans are shown (upper
row: FLAIR; lower row: ADC; from left to right: first scan after initial diagnosis and at 4, 8, and 28 months). Disease progression was diagnosed at
28 months on conventional imaging and confirmed by surgical pathology. B, Both normalized ADC10 and ADCmean ratios are plotted, demon-
strating an interval decrease of ADC10 as early as 4 months following baseline examination, indicating eventual tumor progression. C, Histograms
of quantitative normalized ratios of ADC10 and ADCmean for each MR imaging examination.
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results and diagnostic accuracy of the ADC interval change in

identifying progression-versus-stable tumor.

Figure 3 shows an example of a stable pattern of ADC10

interval change in a patient who remained stable through the

follow-up.

In 12/13 patients with radiologic progression, the ADC10 in-

terval change correctly predicted progression, on average, 8

months (range, 4.1–15.1 months) before the lesions progressed

on conventional imaging on consensus interpretation. In 3 pa-

tients who were determined to have stable disease, an interval

change in ADC10 incorrectly pointed to progression approxi-

mately 4.8 months (range, 3– 6 months) earlier than conventional

sequences. Figure 4 shows an example of how the interval decrease

in ADC10 can identify tumor progres-

sion earlier than conventional imaging.

All our patients who demonstrated

radiologic progression (n � 13) under-

went a second surgical resection and/or

biopsy. Higher grade transformation

(grades III and IV) was found in 8 pa-

tients, while 5 patients maintained their

initial grade despite a progressive in-

crease in size and extent of the tumor.

The overall ADCmean values were

1.70 � 0.22 and 1.63 � 0.25 in patients

with stable grades compared with pa-

tients with higher grade transformation,

respectively (P � .64). ROC analysis was

not significant (P � .62) in differentiat-

ing stable-versus-higher grade transfor-

mation (area under the curve, 0.62; sen-

sitivity, 50%; specificity, 83.3%; 95% CI,

0.33– 0.86). The average of ADC10 val-

ues was 1.36 � 0.18 and 1.16 � 0.22 in

patients with stable grades compared

with patients with higher grade transfor-

mation, respectively (P � .09). ROC

analysis did not reach statistical signifi-

cance (P � .07) in differentiating stable-

versus-higher grade transformations

(area under the curve, 0.75; sensitivity,

87.5%; specificity, 66.7%; 95% CI,

0.46 – 0.94).

DISCUSSION
ADC values of glioma tumors inver-

sely correlate with tumor cellular den-

sity.10,11 This correlation has been stud-

ied as a possible means of identifying

and grading LGGs,12-15 as well as moni-

toring the response to treatment.16,17 In

this study, we demonstrated that a pro-

gressive downward trend of ADC10 in-

terval change can predict tumor pro-

gression in patients with LGGs and

before apparent radiologic progression
on conventional MR imaging.

Our results show that the interval change of ADC10 is supe-
rior in the early detection of LGG progression in comparison
with single-time-point quantitative ADC values. We demon-

strated that the interval change in the ADC10 score matched the ex-

pected pattern in 12/13 patients with tumor progression and 12/15

patients with stable disease, yielding an overall diagnostic accuracy of

86%. Using ADC10 interval change, we detected progression, on av-

erage, approximately 8 months before it was apparent on conven-

tional imaging. Using single-time-point ADC values and traditional

threshold methodology resulted in only a modest diagnostic perfor-

mance, with an overall diagnostic accuracy of 62.3% at a threshold of

1.8 for ADCmean and 69.7% at a threshold of 1.1 for ADC10.

The superiority of evaluating interval ADC changes instead of

FIG 4. Continued.
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set threshold ADC values may be explained, in part, by the heter-

ogeneous nature of LGG tumors. Specifically, tumor heterogene-

ity with existing variable and mixed tissue patterns due to the

spatial variation in their cellular density, microenvironmental

factors, and water content may result in varying quantitative ADC

values across these tumors. By evaluating the interval change in

ADC values in a particular lesion, the heterogeneity inherent in

the individual tumor type can be internally controlled, resulting

in an “individualized correction” that helps minimize confound-

ing pathophysiologic factors.

Another reason for the modest performance of threshold

methodology is the heterogeneity of scanners used in our study,

which is an inherent limitation for any clinical research per-

formed in a large institution using multiple MR imaging scanners.

Despite the use of standardized imaging protocol and parameters,

variability related to different MR imaging gradient systems and

calibrations, software packages, and image scaling remains a ma-

jor source of errors in quantitative image analysis such as ours.19

We also showed that ADC10 was predictive of LGG progres-

sion, whereas ADCmean was not. In contrast to mean values that

can be diluted by tissue and microenviromental heterogeneity,

the lowest 10th percentile value was chosen to represent regions of

tumor with the highest cellular density and proliferation. This is

consistent with prior reports showing that the lowest representa-

tion of ADC using fifth percentile20 or 10th percentile ADC val-

ues21,22 has a higher correlation with tumor grade and cellular

density in comparison with ADCmean values.

One limitation of this study was the small sample size, and a

larger cohort would be needed to further validate our results. For

example, in our patients with higher grade transformation, we

found lower values of ADC10 in comparison with patients with

stable tumor; however, this difference did not reach statistical

significance (P � .09), despite prior promising results.12,13 Failure

to demonstrate a significant difference may be a consequence of

our sample size. The retrospective nature of our study could also

introduce unknown errors including, but not limited to, selection

and recall bias. Like many other studies, for quantitative analysis,

we relied on the segmentation of tumor, which can introduce

errors due to varying expertise and subjectivity of the observer.

ADC values derived from regional ROIs can underestimate the

heterogeneity of tumoral density23 and are prone to operator-

dependent sampling bias.24 To minimize this variability, we used

a semiautomated segmentation to create VOIs based on FLAIR

hyperintense tumor. This VOI methodology has been shown to be

more reproducible compared with other segmentation methods

such as ROI-based analysis.25 Quantitative analysis of ADC values

may vary among different institutions depending on the variety of

imaging parameters, type of scanner hardware and software, and

image postprocessing. Therefore, the results should be inter-

preted within this context. We tried to minimize these errors us-

ing a standardized imaging protocol and parameters and also nor-

malizing the ADC values to the contralateral side for the MR

imaging study. We also performed a weekly calibration of our

scanners using a diffusion phantom. Nevertheless, these con-

founding factors are inevitable for longitudinal clinical studies

such as ours in which several MR imaging scanners were used.

CONCLUSIONS
The interval change of ADC10 values can be used to identify pro-

gression of LGGs with a diagnostic accuracy of 86% and before

apparent radiologic progression on conventional MR imaging.

Further investigation with larger patient populations is required

to confirm these findings. If its value is established in a larger

prospective clinical study, ADC10 has the potential to be used for

prediction of LGG progression earlier in the disease course when

radiologic progression is not apparent on FLAIR or T1 postcon-

trast imaging.
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