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Correlation Between Apparent Diffusion Coefficient and the
Ki-67 Proliferation Index in Grading Pediatric Glioma
Rong Yao, MD,* Ailan Cheng, MD,† Zhengwei Zhang, MD,‡ Biao Jin, PhD,‡ and Hong Yu, PhD*
Objective: This study aimed to investigate the correlation between appar-
ent diffusion coefficient (ADC) and the Ki-67 proliferation index with the
pathologic grades of pediatric glioma and to compare their diagnostic perfor-
mance in differentiating grades of pediatric glioma.
Patients andMethods:Magnetic resonance imaging examinations and
histopathologies of 121 surgically treated pediatric gliomas (87 low-grade
gliomas [LGGs; grades 1 and 2] and 34 high-grade gliomas [HGGs; grades
3 and 4]) were retrospectively reviewed. The mean tumor ADC (ADCmean),
minimum tumor ADC (ADCmin), tumor/normal brain ADC ratio (ADC
ratio), and value of the Ki-67 proliferation index of LGGs and HGGs were
compared. Correlation coefficients were calculated for ADC parameters
and Ki-67 values. The receiver operating characteristic curve was used to
determine the diagnostic value of ADCmean, ADCmin, ADC ratio, and
Ki-67 proliferation index for differentiating LGGs and HGGs.
Results: The ADC values were significantly negatively correlated with gli-
oma grade, and the Ki-67 proliferation index had a significant positive corre-
lation with glioma grade. A significant negative correlation was observed be-
tween ADCmean and Ki-67 proliferation index, between ADCmin and
Ki-67 proliferation index, and between ADC ratio andKi-67 proliferation in-
dex. The receiver operating characteristic analysis demonstrated moderate to
good accuracy for ADCmean in discriminating LGGs from HGGs (area un-
der the curve [AUC], 0.875; sensitivity, 79.3%; specificity, 82.4%; accuracy,
80.2%; positive predictive value [PPV], 92.0%; and negative predictive value
[NPV], 60.9% [cutoff value, 1.187] [�10−3 mm2/s]). Minimum tumor ADC
showed very good to excellent accuracy with AUC of 0.946, sensitivity of
86.2%, specificity of 94.1%, accuracy of 88.4%, PPVof 97.4%, and NPV
of 72.7% (cutoff value, 0.970) (�10−3 mm2/s). The ADC ratio showedmod-
erate to good accuracy with AUC of 0.854, sensitivity of 72.4%, specificity
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of 88.2%, accuracy of 76.9%, PPV of 94.0%, and NPV of 55.6% (cutoff
value, 1.426). For the parameter of the Ki-67 proliferation index, in discrim-
inating LGGs from HGGs, very good to excellent diagnostic accuracy was
observed (AUC, 0.962; sensitivity, 94.1%; specificity, 89.7%; accuracy,
90.9%; PPV, 97.5%; and NPV, 78.0% [cutoff value, 7]).
Conclusions: Apparent diffusion coefficient parameters and the Ki-67
proliferation index were significantly correlated with histological grade
in pediatric gliomas. Apparent diffusion coefficient was closely correlated
with the proliferative potential of pediatric gliomas. In addition, ADCmin
showed superior performance compared with ADCmean and ADC ratio
in differentiating pediatric glioma grade, with a close diagnostic efficacy
to the Ki-67 proliferation index.

Key Words: pediatric gliomas, diffusion-weighted imaging, apparent
diffusion coefficient, histopathology, Ki-67 proliferation index

(J Comput Assist Tomogr 2023;47: 322–328)

G liomas, which are brain neoplasms arising from glial cells, are
the most common pediatric brain tumors, accounting for over

50% of all central nervous system tumors in childhood.1 According
to theWorld Health Organization (WHO) criteria, gliomas are classi-
fied into 2 broad clinical categories based on histology and biological
behavior: low-grade gliomas (LGGs; grades 1 and 2) and high-grade
gliomas (HGGs; grades 3 and 4). High-grade gliomas are more infil-
trative, are difficult to completely resect, and have a poorer prognosis
than LGGs. Pretherapeutic accurate glioma grading is significantly
important for selecting treatment strategies, and undergrading HGGs
as LGGs can result in insufficient treatment.2–5

However, conventional magnetic resonance imaging (MRI)
is always challenging for the accurate assessment of glioma grad-
ing. Diffusion-weighted imaging (DWI) is a noninvasive method
used to show diffusion information based on the random Brownian
motion of microscopic water molecules within the biological tis-
sues. Apparent diffusion coefficient (ADC) is a parameter that
quantifies the cellular-level water diffusion.6 According to the
previous literature, ADC can increase the accuracy grading of tu-
mors and reflect tumor proliferation potential.7–9 Immunohistologically,
the Ki-67 proliferation index is a significant indicator affecting
the treatment outcome and prognosis in glioma, which reflects tumor
proliferation and malignancy. The higher level of expression of the
Ki-67 proliferation index corresponds to greater malignancy.10 Our
study aimed to explore the possible correlations between various
DW-MRI parameters (ADCmean, ADCmin, and ADC ratio) and
the Ki-67proliferation index with pediatric glioma grade and whether
the expression of Ki-67 is correlated with the ADC values. Further-
more, in this study, the diagnostic accuracy was compared, which
may contribute to the later therapeutic decision making.

PATIENTS AND METHODS

Patients
Initially, 358 pediatric patients with gliomas were enrolled

between January 2012 and August 2017. The inclusion criteria
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were as follows: patients (1) with pathologically proven glioma,
available WHO grades, and histopathological evaluation with
Ki-67 proliferation index and (2) who underwent preoperative brain
MRI, including conventional MRI and DWI. The exclusion criteria
were as follows: patients (1) with other concurrent brain diseases
(n = 2), (2) with oncologic treatment before performing MRI
(n = 3), (3) with inadequate MRI caused by paramagnetic and mo-
tion artifacts (n = 29), and (4) with mixed histology grading (grades
2–3) (n = 17). A flowchart of the screening of the study population
is shown (Fig. 1). Finally, our retrospective study group comprised
121 patients, with a mean age of 5.11 ± 3.20 (range, 5–13) years.
Among these patients, 34 patients with HGGs and 87 patients with
LGGs were enrolled in this study.

Image Analysis
All examinations were performed on either a 1.5-T or 3-T MR

scanner (GE Signa) with an 8-channel phased-array head coil. The
imaging parameters were as follows: (1) axial T1-weighted imaging
was acquired with a repetition time/echo time (TR/TE) of 2200/
24 milliseconds; (2) axial T2-weighted imaging fluid-attenuated in-
version recovery imaging was acquired with a TR/TE of 8000/
150 milliseconds; (3) contrast-enhanced MRI was obtained in axial,
coronal, and sagittal planes after the intravenous administration of a
single dose of gadolinium contrast with gadopentetate dimeglumine;
and (4) diffusion-weighted sequencewas performedwith a TR/TE of
5000/70 milliseconds before the injection of contrast material, and
the b values were selected as 0 and 1000 s/mm2.

Several circular regions of interest (ROIs) were manually
drawn on the nonoverlapping areas within the solid tumor region
FIGURE 1. Flowchart shows the screening process.

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
onDWI images (Figs. 2C, 3C) and ADCmaps (Figs. 2D, 3D). Re-
gions of interest were placed to avoid cystic, necrotic, and hemor-
rhagic areas. The area of each ROI ranged from 20 to 50 mm2.
Two radiologists independently placing ROIs on 3 consecutive im-
ages were blinded to the tumor histology. The ADC values of the
tumors and of the contralateral normal-appearing brain parenchyma
were recorded, and tumor/normal brain ADC ratioswere calculated.

Pathologic Evaluation
The pathologic diagnoses and classifications for all cases were

determined by the experienced pathologists, who were blinded to
the histopathologic and clinical information, based on pathological
slices containing hematoxylin-eosin staining and Ki-67 immuno-
staining and glioma grading and classification according to the
WHOcriteria. TheKi-67 proliferation indexwas defined as the per-
centage of Ki-67–positive tumor cells in formalin-fixed paraffin-
embedded tissues.5,11,12

Statistical Analysis
Statistical analysis was performed using SPSS version 21.0

software (SPSS Institute, Chicago, Ill). The ADC values (ADCmean,
ADCmin, and ADC ratio) and the Ki-67 values were expressed as
mean ± standard deviation. Comparison of the ADC values and
Ki-67 proliferation index values were made between the LGGs and
HGGs using the independent-samples t test. Correlations between
the ADC values and glioma grade and between the Ki-67 prolifer-
ation index and glioma grade were evaluated using the Spearman
correlation test. Associations between ADC and the Ki-67 prolif-
eration index were statistically analyzed using Spearman correlation
www.jcat.org 323
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FIGURE 2. A 1-year-old girl with pilocytic astrocytoma (World Health Organization grade 1) in the right basal ganglia region (white arrow). A,
Axial T1 fluid-attenuated inversion recovery image reveals a low signal intensity. B, Axial contrast-enhanced T1-weighted image displays
prominent enhancement. C, Axial diffusion-weighted image shows a low signal intensity. D, The axial apparent diffusion coefficient (ADC)
map delineates high ADC values. E and F, Color graph showing results of pathological staining. E, Hematoxylin-eosin staining presents a
biphasic architectural pattern with dense and loose areas, consisting of multipolar cells with round to spindled nuclei and Rosenthal fibers
(�400magnification). F, The Ki-67 proliferation index is low, with approximately 5% of tumor cells staining positive (�400magnification).
Figure 2 can be viewed online in color at www.jcat.org.
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coefficient. The correlation coefficient rho (r) was classified as fol-
lows: little or no relationship (0≤ r< 0.25), fair (0.25≤ r < 0.5), mod-
erate to good (0.5 ≤ r < 0.75), and very good to excellent (0.75 ≤ r).
The receiver operating characteristic (ROC) curve analysis was used
to compare the diagnostic performance of ADC and the Ki-67 prolif-
eration index. The optimum thresholdwas appliedwith themaximum
Youden index (sensitivity + specificity − 1). The area under the curve
(AUC), threshold value, sensitivity, specificity, accuracy, positive pre-
dictive value (PPV), and negative predictive value (NPV) were calcu-
lated. The AUC was classified as follows: low if 0.5 < AUC ≤ 0.7,
moderate to good if 0.7 < AUC ≤ 0.9, and very good to excellent if
0.9 < AUC ≤ 1. If the AUCwas 0.5, the diagnostic method was con-
sidered to be of no effect.13–15 For all statistical tests, a value of P less
than 0.05 was considered statistically significant.

RESULTS

Comparison Between the ADC Values and Ki-67
Labeling Index Between LGGs and HGGs

In this study, a significant difference was observed in the
Ki-67 proliferation index between low- and high-grade pediatric
gliomas (3.701 ± 3.751 vs 20.323 ± 13.153, P < 0.001). The
ADC values of the contralateral normal-appearing brain parenchyma
and tumor regions between LGGs and HGGs are summarized
in Table 1. The mean ADC values of the contralateral
324 www.jcat.org
normal-appearing brain parenchyma according to tumor grade did
not reveal any statistically significant differences (P = 0.369).
The lesions in LGGs had significantly higher ADCmean, ADCmin,
and ADC ratio than those in HGGs (1.387 ± 0.206� 10−3 mm2/s vs
1.096 ± 0.122� 10−3 mm2/s,P < 0.001; 1.121 ± 0.130� 10−3 mm2/s
vs 0.884 ± 0.080 � 10−3 mm2/s, P < 0.001; and 1.614 ± 0.258 vs
1.280 ± 0.139, P < 0.001, respectively).
Correlations Between ADC and Histologic Grade,
Ki-67 Labeling Index and Histologic Grade, and
ADC and Ki-67 Labeling Index in Pediatric Gliomas

This study investigated whether the expression of Ki-67 in
pediatric gliomas is associated with the level of malignancy in gli-
omas. There were moderate to good negative correlations between
ADCmean and glioma grade (r = −0.583, P < 0.001), between
ADCmin and glioma grade (r = −0.694, P < 0.001), and between
ADC ratio and glioma grade (r = −0.551, P < 0.001). Moderate to
good positive correlation with glioma grade for the Ki-67 prolifer-
ation index was demonstrated (r = 0.726, P < 0.001). Meanwhile,
the ADCmean, ADCmin, and ADC ratio were moderately to neg-
atively correlated with the Ki-67 proliferation index; the correla-
tion coefficient value between ADCmean and the Ki-67 prolifer-
ation index was −0.705, the correlation coefficient value between
ADCmin and the Ki-67 proliferation index was −0.713, and the
© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 3. A 13-year-old male adolescent with glioblastoma (World Health Organization grade 4) in the left temporal and occipital region
(white arrow). A, Axial T1 fluid-attenuated inversion recovery image reveals a slightly low signal intensity. B, Axial contrast-enhanced T1-
weighted image shows a slight enhancement. C, Axial diffusion-weighted imaging image exhibits a high signal intensity. D, The axial apparent
diffusion coefficient (ADC) map demonstrates low ADC values. E and F, Color graph showing results of pathological staining. E,
Hematoxylin-eosin staining shows a highly cellular glial neoplasm with nuclear pleomorphic cells and focal microvascular proliferation (�400
magnification). F, The Ki-67 proliferation index is high, with approximately 55% of tumor cells staining positive (�400 magnification).
Figure 3 can be viewed online in color at www.jcat.org.
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correlation coefficient value between ADC ratio and the Ki-67
proliferation index was −0.682.
Analyses of the Diagnostic Performance of ADC
and Ki-67 Labeling Index for Grading Glioma

The diagnostic abilities of the ADC values (Fig. 4) and the
Ki-67 proliferation index (Fig. 5) in the preoperative evaluation
of the grading of pediatric gliomas were calculated using ROC
analysis. The sensitivity, specificity, accuracy, PPV, andNPVof a cut-
off ADCmean of greater than 1.187� 10−3 mm2/s for low-grade pe-
diatric gliomas with an AUC of 0.875 were 79.3%, 82.4%, 80.2%,
TABLE 1. Comparison of the ADC Values and Ki-67 Proliferation Ind

Low-Grade Group (n = 87)

ADCmean (�10−3 mm2/s) 1.387 ± 0.206
ADCmin (�10−3 mm2/s) 1.121 ± 0.130
ADC ratio 1.614 ± 0.258
Ki-67 3.701 ± 3.751

ADC indicates apparent diffusion coefficient; ADC ratio, tumor/normal bra
minimum apparent diffusion coefficient.

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
92.0%, and 60.9%, respectively. The sensitivity, specificity, accuracy,
PPV, andNPVof a cutoff ADCmin of greater than 0.970� 10−3 mm2/s
for low-grade pediatric gliomas with an AUC of 0.946 were
86.2%, 94.1%, 88.4%, 97.4%, and 72.7%, respectively. The sen-
sitivity, specificity, accuracy, PPV, and NPVof a cutoff ADC ratio
of greater than 1.426 for low-grade pediatric gliomas with an
AUC of 0.854 were 72.4%, 88.2%, 76.9%, 94.0%, and 55.6%, re-
spectively. The Ki-67 proliferation index generated a sensitivity of
94.1% and a specificity of 89.7% with an accuracy of 90.9%, a
PPV of 97.5%, and a NPV of 78.0%, with a cutoff value of 7
and an AUC of 0.962 in discriminating between LGGs and
HGGs. Analyses of the ROC curve of the ADC values and the
ex Between Low-Grade and High-Grade Gliomas

High-Grade Group (n = 34) P Value

1.096 ± 0.122 <0.001
0.884 ± 0.080 <0.001
1.280 ± 0.139 <0.001
20.323 ± 13.153 <0.001

in ADC ratio; ADCmean, mean apparent diffusion coefficient; ADCmin,
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FIGURE 4. A, Receiver operating characteristic (ROC) curve of themean apparent diffusion coefficient (ADCmean) values. B, ROC curve of the
minimum apparent diffusion coefficient (ADCmin) values. C, ROC curve of the apparent diffusion coefficient ratios. Figure 4 can be viewed
online in color at www.jcat.org.
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Ki-67 proliferation index in distinguishing LGGs and HGGs are
shown in Table 2.
DISCUSSION
The preoperative grading of pediatric gliomas is important

for the determination of an appropriate treatment approach, be-
cause HGGs have a poor prognosis and are usually treated with
near or gross total tumor resection and additional radiotherapy
FIGURE 5. Receiver operating characteristic (ROC) curve of the Ki-67 prolif

326 www.jcat.org
and chemotherapy, whereas most LGGs with better prognosis
are only treated with surgical treatment.16,17 However, the preop-
erative grading of gliomas on conventional MRI is always difficult
(accuracy between 55% and 83%), with sensitivity, specificity,
PPV, and NPVof 72.5%, 65.0%, 86.1%, and 44.1%, respectively,
for differentiating LGGs and HGGs.18,19

Quantitative ADC values derived from MRI-DWI may po-
tentially serve as an adjunct to histologic grading.20 Phuttharak
et al,21 in their cohort of 38 patients with glioma, suggested that
eration index. Figure 5 can be viewed online in color at www.jcat.org.

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 2. ROC Results of the ADC Values and Ki-67 Proliferation Index for Glioma Grading

Variables Cutoff Sensitivity, % Specificity, % Accuracy, % PPV, % NPV, % AUC

ADCmean 1.187 �10−3 mm2/s 79.3 82.4 80.2 92.0 60.9 0.875
ADCmin 0.970 �10−3 mm2/s 86.2 94.1 88.4 97.4 72.7 0.946
ADC ratio 1.426 72.4 88.2 76.9 94.0 55.6 0.854
Ki-67 7 94.1 89.7 90.9 97.5 78.0 0.962

ADC indicates apparent diffusion coefficient; ADC ratio, tumor/normal brain ADC ratio; ADCmean, mean apparent diffusion coefficient; ADCmin,
minimum apparent diffusion coefficient; AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value; ROC, receiver operating
characteristic.
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both visual scale andADCvalues can differentiate LGGs andHGGs.
A systematic review andmeta-analysis of 15 studies by Zhang et al22

supported the proposal that quantitative ADC values have high accu-
racy in discriminating high-grade from low-grade intracranial glio-
mas. In this meta-analysis, the summarized sensitivity and specificity
of ADCmapswere 85% and 80%, respectively. In a study conducted
by Arvinda et al,23 in their cohort of 51 patients with gliomas, they
showed that the relative cerebral blood volume, ADC, and ADC
ratios were helpful in predicting glioma grade. In this study, we
found that DWI parameters, including ADCmean, ADCmin,
and ADC ratio, have the potential to predict the pathologic grades
of pediatric gliomas noninvasively. In our study, ADCmin considered
to be associated with a higher cellularity showed a tendency for a
stronger degree of correlation (r = −0.694) with glioma grade com-
pared with ADCmean (r = −0.583) and ADC ratio (r = −0.551). In
addition, the highest accuracy was observed for ADCmin with an
AUC of 0.946 among DWI parameters in discriminating LGGs from
HGGs. To explain the negative correlation, some studies have hy-
pothesized that water diffusion is restricted in highly cellular tu-
mors.24 In contrast, a study by Lam et al25 of 20 patients found
that ADC values were not significantly different between LGGs
and HGGs. The conflicting results may be attributable to the his-
topathologic heterogeneity of gliomas, the different measuring
methods of ADC values, and the sampling bias.

Ki-67, a nonhistone protein, is a nuclear protein synthesized
throughout all active phases of the cell cycle, except for the dormancy
(G0) phase, and can be used to quantify the growth fraction of cell
proliferation. Various studies have reported that a higher Ki-67 prolif-
eration index is associated with greater malignancy and poorer prog-
nosis for tumors.26–30 Sun et al31 revealed that the expression of A
disintegrin and metalloproteinase 17, epidermal growth factor re-
ceptor, and Ki-67 was significantly positively correlated with the
malignancy stage of gliomas. Ralte et al32 observed 64 patients
with recurrent astrocytic tumors and concluded that therewas a neg-
ative association between MIB-1 (Ki-67 labeling) index and inter-
val to recurrence. Our results indicated that high Ki-67 expression
level had significantly higher histological grade compared with
low Ki-67 expression level, and there was a moderate to good pos-
itive association between the Ki-67 proliferation index and glioma
grade (r = 0.726). Furthermore, higher accuracy was observed for
KI-67 with an AUC of 0.962 compared with DWI parameters in
discriminating LGGs from HGGs. Therefore, the Ki-67 prolifera-
tion index could be a predictive biomarker for glioma grading.

Previous studies have focused on the association between
DWI parameters and the proliferation potential in gliomas. Although
some authors indicated that ADC is correlated with Ki-67, others did
not confirm this finding. Ren et al15 concluded significant correla-
tions between histologic grade and Ki-67 labeling index for ADC,
slow diffusion coefficient, distributed diffusion coefficient, and het-
erogeneity index α. Fudaba et al18 evaluated the roles of pulsed ar-
terial spin labeling, diffusion tensor imaging, andMR spectroscopy
© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
for grading gliomas in 32 patients (age range, 16–82 years). They
demonstrated that the Ki-67 index is correlated with MR imaging
parameters, such as the mean, maximum, and minimum ADC,
Cho/Cr, and lactate/Cr ratios. Consistent with the findings of previ-
ous studies, we demonstrated a significant association between var-
ious DWI parameters and the Ki-67 proliferation index in patients
with gliomas. In this study, the ADC values were moderately to
strongly negatively correlated with the Ki-67 proliferation index,
and the correlation coefficients ranged from −0.682 to −0.713. This
may be attributed to the fact that a high cell proliferation area repre-
senting densely packed tissuewith high cellularity and small extracel-
lular space is associated with restricted diffusion, resulting in a lower
ADC value.33 In summary, DWI, a noninvasive imaging modality,
can be performed quickly and used to reliably assess the proliferative
potential of pediatric gliomas without a surgical procedure.

Our study has some limitations. First, because of its retrospective
design, selection bias could not be avoided in our study. Second, our in-
tracranial DW-MRI is based on only 2 b values (0 and 1000 s/mm2)
and does not include non-Gaussian diffusion MRI (such as diffusion
tensor imaging and diffusion kurtosis imaging), whichmay provide ad-
ditional information for characterizing the biological behavior of gli-
oma. Third, the datamayhave somedifferenceswhen derived fromdif-
ferent machines (1.5-T or 3-T MR scanner). Previous reports have
shown that ADC values are a field-strength–independent parame-
ter.34,35 Furthermore,ADC ratioswere used tominimize the differences
in signal-to-noise ratio caused by different levels ofmagnetic fields.36,37

Finally, considering the heterogeneity in gliomas, the manually placed
ROIs on the ADC maps did not exactly point-to-point correspond to
the representative tissues for the pathomorphological and immunohis-
tochemical assessments. Therefore, a prospective study that includes
location-based approaches for radiopathological correlations should
be further conducted.

CONCLUSIONS
We found a statistically significant inverse correlation between

ADC and histopathologic grade of pediatric gliomas, and a positive
correlation was observed between the Ki-67 proliferation index and
glioma grade. In addition, our study also shows a statistically signif-
icant inverse correlation between theADC andKi-67 proliferation in-
dex values in pediatric gliomas. Taken together, the results indicate
that ADC values may be a reliable predictor of the grades of pediatric
gliomas and reflect the proliferative activity of gliomas in vivo.
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