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Original article

Volumetric voxelwise apparent diffusion
coefficient histogram analysis for differentiation
of the fourth ventricular tumors

Seyedmehdi Payabvash1,2 , Tarik Tihan3 and Soonmee Cha1

Abstract
Purpose: We applied voxelwise apparent diffusion coefficient (ADC) histogram analysis in addition to structural magnetic

resonance imaging (MRI) findings and patients’ age for differentiation of intraaxial posterior fossa tumors involving the

fourth ventricle.

Participants and methods: Pretreatment MRIs of 74 patients with intraaxial brain neoplasm involving the fourth ventricle,

from January 1, 2004 to December 31, 2015, were reviewed. The tumor solid components were segmented and voxelwise

ADC histogram variables were determined. Histogram-driven variables, structural MRI findings, and patient age were

combined to devise a differential diagnosis algorithm.

Results: The most common neoplasms were ependymomas (n¼ 21), medulloblastoma (n¼ 17), and pilocytic astrocytomas

(n¼ 13). Medulloblastomas followed by atypical teratoid/rhabdoid tumors had the lowest ADC histogram percentile values;

whereas pilocytic astrocytomas and choroid plexus papillomas had the highest ADC histogram percentile values. In a

multivariable multinominal regression analysis, the ADC 10th percentile value from voxelwise histogram was the only

independent predictor of tumor type (p< 0.001). In separate binary logistic regression analyses, the 10th percentile

ADC value, tumor morphology, enhancement pattern, extension into Luschka/Magendie foramina, and patient age were

predictors of different tumor types. Combining these variables, we devised a stepwise diagnostic model yielding 71% to 82%

sensitivity, 91% to 95% specificity, 75% to 78% positive predictive value, and 89% to 95% negative predictive value for

differentiation of ependymoma, medulloblastoma, and pilocytic astrocytoma.

Conclusion: We have shown how the addition of quantitative voxelwise ADC histogram analysis of the tumor solid compo-

nent to structural findings and patient age can help with accurate differentiation of intraaxial posterior fossa neoplasms

involving the fourth ventricle based on pretreatment MRI.
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Introduction

Currently, the presurgical neuroimaging of brain
tumors is mainly aimed at establishing the differential
diagnosis, determining the anatomical location and
boundaries of the lesion(s), and identification of pos-
sible remote metastases throughout the neuroaxis.
Although the histopathologic exam remains the gold
standard for the diagnosis of brain tumors, surgical
biopsies carry potential morbidity and mortality risks,
and intraoperative microscopic diagnosis may have 3%
to 8% error rates.1 An accurate pretreatment neuroi-
maging diagnosis can help with treatment decisions
such as the need for stereotactic biopsy vs complete
resection, surgical planning as to whether the resection
of a cystic component is necessary, or guiding potential
neoadjuvant therapy prior to surgery.2,3 Pretreatment

neuroimaging can potentially reduce the number of
patients requiring biopsy and tissue-based diagnosis
by replacing histopathologic exam.

Radiological differentiation of posterior cranial
fossa tumors can be challenging, particularly those
localized to the fourth ventricle. Conventional magnetic
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resonance imaging (MRI) findings such as the tumor
morphology, enhancement pattern, or extension
through the foramina of Luschka or Magendie tend
to be helpful for the identification of tumor type, but
can also be misleading.4 For example, extension
through the foramina of Luschka or Magendie is not
exclusive to ependymomas, and can also be seen in
patients with medulloblastomas. Also, pilocytic astro-
cytomas lacking typical cystic morphology with mural
nodule can impose a diagnostic challenge.

Prior reports suggest that apparent diffusion coefficient
(ADC) and diffusion-weighted imaging (DWI), can pre-
operatively predict the grade and type of brain tumors.5

The ADC values of solid cerebellar tumors are related to
tumor cellularity, and can help with differentiating and
classifying posterior cranial fossa tumors.2,3,6–8 However,
prior studies have applied various methods for quantifi-
cation of ADC properties of brain tumors with variable
accuracy in their results.2,3,6–8

The purpose of our study was to analyze the volu-
metric voxelwise ADC histogram of solid components
in intraaxial posterior fossa tumors involving the fourth
ventricle, and apply the quantitative variables derived
from ADC histogram analysis with other conventional
imaging characteristics for differentiation of tumors
based on pretreatment MRI.9

Methods

Patients

Using the surgical pathology database, we performed a
retrospective review to identify all patients with a diag-
nosis of posterior fossa brain tumor involving the
fourth ventricle from January 1, 2004 to December
31, 2015 at the University of California, San
Francisco (UCSF). Patients were included if (1) the
tumor was midline protruding or localized to the
fourth ventricle based on presurgical MRI scan; (2)
they had surgical pathology confirmation of a neo-
plasm, and (3) had presurgical MRI deemed adequate
for image analysis. The MRI study was considered ade-
quate if the ADC/DWI, T2, fluid-attenuated inversion
recovery (FLAIR), and postcontrast T1 sequences were
available and without substantial artifact. A total of 74
(18.1%) patients, with an average age of 25.4� 20.1
years, met the inclusion criteria for our study. The
study protocol was reviewed for human participant
protection and confidentiality and was approved by
the UCSF institutional review board. Informed consent
requirement was waived because of the retrospective
nature of this study.

DWI technique

The MRI studies were performed on 1.5 or 3.0 Tesla
MRI scanners. The most commonly used protocol/
scanners were as follows: On GE Discovery MR750
3T scanner (Waukesha, WI), the acquisition protocol

for the DWI series included an axial spin-echo echo-
planar technique with a repetition time of 3600ms,
echo time of 107ms, slice thickness of 2mm, field of
view of 240� 240mm, and acquisition matrix size of
128� 128, with b values of 0 and 1000 seconds/mm2;
on the 1.5 Tesla GE Signa HD scanner (Waukesha,
WI), the acquisition protocol for the DWI series
included an axial spin-echo echo-planar technique
with a repetition time of 9500ms, echo time of 90ms,
section thickness of 2mm, field of view of
250� 250mm, and matrix size of 128� 128 with b
values of 0 and 1000 seconds/mm2.

MRI scan review and ADC histogram analysis

The MRI scans were reviewed on an AGFA IMPAX
6.5 (AGFA HealthCare, Mortsel, Belgium) by a neu-
roradiologist (S.P.) with six years of experience and
blinded to the histological diagnosis of the lesions.
The MRI findings were corroborated and confirmed
according to the official clinical report. In case of
discrepancy, the senior author (S.C.) with more than
25 years of experience reviewed the images to reach
consensus.

The lesion morphology was categorized as predom-
inantly solid (i.e. >80% of lesion), mixed solid and
cystic, cystic (>80%) with smooth mural nodule, or
cystic/necrotic (>80%) with irregular rim of enhance-
ment based on visual assessment. The solid component
enhancement was categorized as homogenous, hetero-
geneous, or none. The tumor locations were also cate-
gorized based on the presumable anatomical origin
from the roof (superior aspect) vs the floor (inferior
aspect) of the fourth ventricle. The presence of prom-
inent vascular signal flow voids was determined on
T2-weighted images and confirmed based on postcon-
trast T1 images. The maximum radial thickness of
the surrounding T2 FLAIR hyperintensity on axial
FLAIR sequences was determined. The solid compo-
nent was categorized as T2 hyperintense when the
signal intensity was higher than the gray matter, as
described previously.10

For histogram analysis, the ADC maps were trans-
ferred to a GE Advantage Workstation (GE
Healthcare, Milwaukee, WI). The solid component of
the tumor was manually segmented based on ADC
maps, with attention to postcontrast T1-weighted and
T2-weighted images, by S.P. The voxelwise ADC histo-
gram of the solid component volume was calculated
and the ADC value percentiles with five percentile
gaps were determined (e.g. minimum, 5th, 10th, 15th
percentiles). We also calculated the ADC value mean,
skewness, and kurtosis for the solid component. For
each patient, the ADC values were normalized against
the average ADC of cerebrospinal fluid in the body of
lateral ventricles, which was set to 3400� 10�6mm2/s.11

Also, tumor volumes (including both cystic and solid
components) were calculated on postcontrast T1 series
based on manual segmentation.
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Statistical analysis

The data are presented as average� standard deviation,
and proportion (percentage). The Kolmogorov-
Smirnov test confirmed normal distribution of continu-
ous variables (i.e. patient age, tumor volume, and ADC
histogram variables); thus, we used analysis of variance
(ANOVA) with Tukey b post-hoc analysis to compare
continuous variables among different tumor types.
For the nominal variables, chi-squared test was used.
Stepwise multivariable multinominal regression ana-
lysis was used to identify the independent predictor(s)
for differentiation of tumor types among ADC metrics
and structural findings. To develop the differential
diagnosis algorithm, separate stepwise binary logistic
regressions were applied for classification of each
tumor type. For stepwise regression analysis, the
forward likelihood ratio selection method was
applied—the likelihood ratio probability p value for
variables entry was set to 0.05, and for variable removal
to 0.10. Dichotomization of continuous variables was
based on the operating point values determined via
receiver operating characteristic (ROC) analysis.
In addition, area under the curve (AUC) of ROC was
determined as a measure of test accuracy. All statistical
analyses were performed using SPSS 22.0 (SPSS, IBM,
Somers, NY). A p value< 0.05 was considered statistic-
ally significant.

Results

Tumor pathological characteristics

The final pathological diagnoses for the patients are
listed in Table 1. Among 74 patients, 11 different
types of tumors were identified. Ependymomas, medul-
loblastomas, and pilocytic astrocytomas were the three
most common fourth-ventricular tumors.

Imaging characteristics of the fourth-ventricular
tumors

There was a significant difference in average age of
patients among different tumor types (Table 2). In the
post hoc analysis, patients with subependymoma had
significantly higher average age compared to those with
pilocytic astrocytoma (p¼ 0.006), medulloblastoma
(p< 0.001), ependymoma (p¼ 0.005), and atypical ter-
atoid/rhabdoid tumors (ATRT, p< 0.001). Also,
patients with metastasis were older (61.5� 5.2 years)
compared to those with pilocytic astrocytoma
(p¼ 0.003), medulloblastoma (p< 0.001), ependymoma
(p¼ 0.003), and ATRT (p< 0.001). In addition,
patients with ATRT were significantly younger than
those with hemangioblastoma (p¼ 0.014) and choroid
plexus papilloma (p¼ 0.046).

There was significant difference in tumor morph-
ology among different histopathology types (Table 2):
All subependymomas, metastases, and choroid plexus
papillomas presented with a predominantly (>80%)
solid component, whereas only a few pilocytic astrocy-
tomas (15%) and hemangioblastomas (33%) had pre-
dominantly solid morphology (p¼ 0.005).

With regards to extension of the tumors through the
foramina of Luschka/Magendie, the majority of epen-
dymomas (81%), choroid plexus papillomas (75%),
pilocytic astrocytomas (69%), and subependymomas
(67%) showed extension through the fourth-ventricular
outflow tracks (p¼ 0.024). Notably, 35% of medullo-
blastomas also extended into the foramina of Luschka/
Magendie.

When analyzing the enhancement pattern, the major-
ity of choroid plexus papillomas (75%) and hemangio-
blastomas (67%) had homogenous enhancement, while
the rest of the tumors predominantly had heterogeneous
or no enhancement (p¼ 0.001, Table 2). There were also
significant differences in the presence of prominent vas-
cular flow void, T2 hyperintense solid component, and
hydrocephalus among various tumor types (Table 2).

ADC histogram analysis

There was significant difference in ADC percentile
values (p< 0.001), skewness (p¼ 0.006), and average
(p< 0.001) between different tumor types on ANOVA
analysis. Figure 1(a) demonstrates the schematic repre-
sentation of the averaged ADC percentile values
among the fourth-ventricular tumors with n> 3. The
average of median ADC values (�10�6mm2/s) were
721.1� 175.6 for medulloblastomas, 1243.7� 335.4
for ependymomas, 1253.8� 303.4 for subependymo-
mas, and 1896.8� 369.6 for pilocytic astrocytomas
(Figure 1(b)). The solid component of medulloblasto-
mas followed by ATRT showed the lowest ADC per-
centile values; on the other end of spectrum, pilocytic
astrocytomas and then choroid plexus papillomas had
the highest ADC percentile values (Figure 1).
Ependymomas and subependymomas demonstrate

Table 1. Pathological diagnoses of fourth-ventricular tumors.

Diagnosis

Patients

Number

(proportion)

Ependymoma 21 (28.4%)

Medulloblastoma 17 (23%)

Pilocytic astrocytoma 13 (17.6%)

Subependymoma 6 (8.1%)

Choroid plexus papilloma 4 (5.4%)

Atypical teratoid/rhabdoid tumor 4 (5.4%)

Hemangioblastoma 3 (4.1%)

Metastasis 3 (4.1%)

Lymphoma 1 (1.4%)

Rosette-forming glioneuronal tumor 1 (1.4%)

Neurocytoma 1 (1.4%)

Total 74 (100%)
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similar ADC histogram values with ADC percentile
distribution in the midspectrum among the fourth-ven-
tricular tumors (Figure 1).

Differentiation of fourth-ventricular tumors

Among all ADC histogram as well as imaging variables
listed in Table 2, the 10th percentile ADC value was the

only independent predictor of tumor type among
medulloblastomas, pilocytic astrocytomas, and ependy-
momas in a multivariable multinominal regression ana-
lysis (Table 3, p< 0.001).

In separate binary logistic regression analyses, the
independent predictors for different fourth-ventricular
tumors were identified (Tables 4–8). The regression
model could not resolve statistically significant

Table 2. Imaging and clinical characteristics of fourth-ventricular tumors.

EP

(n¼ 21)

MB

(n¼ 17)

PA

(n¼ 13)

SEP

(n¼ 6)

CPP

(n¼ 4)

ATRT

(n¼ 4)

Mets

(n¼ 3)

HB

(n¼ 3) p value

Age 22.4� 19.6 14.9� 13.2 21.1� 11.7 50.2� 13.3 36.1� 11.2 1.8� 0.9 61.5� 5.3 43.9� 25.5 <0.001

Gender (male) 10 (48%) 9 (53%) 6 (46%) 3 (50%) 0 (0%) 2 (50%) 1 (33%) 1 (33%) 0.756

Lesion morphology

Predominantly solid 11 (52%) 11 (65%) 2 (15%) 6 (100%) 4 (100%) 2 (50%) 3 (100%) 1 (33%) 0.005

Mixed solid and cystic 10 (48%) 6 (35%) 7 (54%) 0 (0%) 0 (0%) 2 (50%) 0 (0%) 1 (33%) 0.157

Cystic with mural nodule 0 (0%) 0 (0%) 2 (15%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (33%) 0.080

Cystic with irregular wall 0 (0%) 0 (0%) 2 (15%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0.240

Foraminal extensiona 17 (81%) 6 (35%) 9 (69%) 4 (67%) 4 (75%) 1 (25%) 0 (0%) 1 (33%) 0.024

Homogenous enhancement 0 (0%) 4 (24%) 1 (8%) 1 (17%) 3 (75%) 0 (0%) 0 (0%) 2 (67%) 0.001

Origin from ventricle floor 19 (91%) 9 (53%) 10 (77%) 5 (83%) 4 (100%) 2 (50%) 1 (33%) 3 (100%) 0.058

Prominent vessel flow void 3 (14%) 6 (35%) 0 (0%) 0 (0%) 0 (0%) 1 (33%) 0 (0%) 2 (67%) 0.036

Leptomeningeal metastasis 0 (0%) 1 (6%) 1 (8%) 0 (0%) 0 (0%) 0 (0%) 1 (33%) 0 (0%) 0.294

Volume (solidþ cystic, ml) 23.4� 18.7 30.4� 23.2 24.2� 22.4 11.9� 15.7 13.9� 11.2 41.4� 37.4 7.7� 6.7 4.5� 4.4 0.079

Hydrocephalus 16 (76%) 14 (82%) 10 (77%) 0 (0%) 2 (50%) 4 (100%) 1 (33%) 3 (100%) 0.003

T2-hyperintense tumorb 9 (43%) 4 (24%) 10 (77%) 0 (0%) 2 (50%) 0 (0%) 2 (67%) 1 (33%) 0.016

ATRT: atypical teratoid/rhabdoid tumors; CPP: choroid plexus papilloma; EP: ependymoma; HB: hemangioblastoma; MB: medulloblastoma; Mets: metas-

tasis; PA: pilocytic astrocytoma; SEP: subependymoma.
aLesion extension through the foramina of Luschka and/or Magendie.
bSolid component T2-signal higher than gray matter.10

Figure 1. (a) Schematic representation of the averaged ADC histogram value distribution among fourth-ventricular tumors (with n> 3).

On the Y axis, the histogram representations were modified so the median values would have the same heights across different tumor

types. (b) The average (95% confidence interval) distribution of voxelwise median ADC values of the solid component among different

fourth-ventricular tumors. ADC: apparent diffusion coefficient; ATRT: atypical teratoid/rhabdoid tumors.
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predictors for the rest of the tumors. Based on these
results, a stepwise differentiation algorithm was devel-
oped (Figure 2).

The 10th percentile ADC value was the only inde-
pendent predictor of medulloblastoma (Table 4,
p< 0.001). In the first step of the proposed differenti-
ation algorithm, the 10th percentile ADC value had an

ROC AUC of 0.877 (95% CI: 0.763–0.99, p< 0.001) for
differentiation of medulloblastoma from other fourth-
ventricular tumors, with a 10th percentile ADC
value< 580� 10�6mm2/s as an operating point yielding
82% sensitivity and 93% specificity (Figure 2).

For pilocytic astrocytoma, the 10th percentile ADC
value (p¼ 0.001) and nonsolid morphology (>20%

Table 3. Multivariable multinominal regression analysis for identification of independent predictor(s) differentiating fourth-ventricular

medulloblastoma, pilocytic astrocytoma, and ependymoma.

Pathology Predictor B coefficient

Odds ratio

(95% confidence interval) p value

Pilocytic astrocytoma ADC 10th percentile 0.013 1.013 (1.002–1.025) 0.022

Intercept �15.887 0.021

Medulloblastoma ADC 10th percentile �0.014 0.986 (0.977–0.996) 0.004

Intercept 9.269 0.003

The reference category is ependymoma.

ADC: apparent diffusion coefficient.

In stepwise multivariable multinominal regression analysis for differentiation of fourth-ventricular medulloblastoma, pilocytic astrocytoma, and ependy-

moma (n¼ 51), ADC 10th percentile value was the only independent predictor (p< 0.001 for whole regression model).

Table 5. Multivariable binary logistic regression analysis for identification of independent predictor(s) of fourth-ventricular pilocytic

astrocytoma.

Predictor B coefficient

Odds ratio

(95% confidence interval) p value

ADC 10th percentile 0.005 1.005 (1.002–1.008) 0.001

Presence of cystic component (>20%) 2.252 9.509 (1.371–65.966) 0.023

Intercept �8.662 <0.001

ADC: apparent diffusion coefficient.

In stepwise multivariable binary logistic regression analysis for differentiation of fourth-ventricular pilocytic astrocytoma, ADC 10th percentile value and

presence of cystic component were the only independent predictors (p< 0.001 for whole regression model).

Table 6. Multivariable binary logistic regression analysis for identification of independent predictor(s) of fourth-ventricular

ependymoma.

Predictor B coefficient

Odds ratio

(95% confidence interval) p value

Heterogeneous enhancement pattern 20.773 1.512 (1.265–1.807) 0.001

Extension through Luschka/Magendie 0.64 1.896 (1.194–3.011) 0.002

Intercept �22.366 <0.001

In stepwise multivariable binary logistic regression analysis for differentiation of fourth-ventricular ependymoma, heterogeneous enhancement pattern

and extension through the Luschka/Magendie foramina were the only independent predictors (p< 0.001 for whole regression model).

Table 4. Multivariable binary logistic regression analysis for identification of independent predictor(s) of fourth-ventricular

medulloblastoma.

Predictor B coefficient

Odds ratio

(95% confidence interval) p value

ADC 10th percentile �0.009 0.991 (0.986–0.996) <0.001

Intercept 5.385 0.001

ADC: apparent diffusion coefficient.

In stepwise multivariable binary logistic regression analysis for differentiation of fourth-ventricular medulloblastoma, ADC 10th percentile value was the

only independent predictor (p< 0.001 for whole regression model).
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cystic component, p¼ 0.023) were independent pre-
dictors in binary logistic regression (Table 5,
p< 0.001). In the second step of the proposed differen-
tiation algorithm, a 10th percentile ADC value
� 1100� 10�6mm2/s (operating point) and presence
of cystic component yielded an ROC AUC of 0.85
(95% CI: 0.706–0.993, p< 0.001) for differentiation of
pilocytic astrocytoma from fourth-ventricular tumors
not fulfilling step 1 (Figure 2).

For ependymomas, the heterogeneous enhancement
pattern (p¼ 0.001) and extension through the Luschka/
Magendie foramina (p¼ 0.002) were independent pre-
dictors in binary logistic regression (Table 6, p< 0.001).
In the third step of the proposed differentiation algo-
rithm, the presence of heterogeneous enhancement and
extension through the foramina of Luschka/Magendie
yielded an ROC AUC of 0.817 (95% CI: 0.681–0.953,
p< 0.001) for differentiation of ependymomas from
fourth-ventricular tumors in remaining participants
(Figure 2).

In binary logistic regression, patient age and homo-
genous enhancement pattern were also independent
predictors for subependymomas and hemangioblasto-
mas, respectively (Tables 7 and 8). However, the total
number of participants was too small to draw a firm
conclusion (Figure 2). Notably, patient age yielded an
ROC AUC of 0.868 (95% CI: 0.767–0.968, p¼ 0.003)
for differentiation of subependymoma with age> 45
years (operating point) having 83% sensitivity and
84% specificity.

Discussion

Our results demonstrate how voxelwise ADC histo-
gram analysis of solid components can help with differ-
entiation of intraaxial cerebellar tumors involving the
fourth ventricle. Overall, medulloblastomas followed

by ATRT had the lowest ADC histogram percentile
values reflecting the compact cellularity of these
tumors.3 On the other hand, pilocytic astrocytomas
demonstrate the highest level of diffusibility, presum-
ably related to abundant myxoid stroma.7 Among
ADC histogram and imaging variables, the 10th per-
centile ADC histogram value of tumor solid component
was the only independent predictor of tumor type in
multivariate multinominal regression analysis. We
also devised a stepwise diagnostic algorithm combining
voxelwise ADC histogram analysis and structural MRI
findings for pretreatment differentiation of fourth-ven-
tricular tumors, with an ROC AUC of 0.817 to 0.877
for identification of the three most common tumor
types: ependymoma, medulloblastoma, and pilocytic
astrocytoma.

Specifically, our findings suggest that the first step in
formulating the differential diagnosis for fourth-ventri-
cular tumors should be attention to the diffusion char-
acteristics of the solid component on DWI/ADC
sequence (Figures 2 and 3). Also, voxelwise ADC histo-
gram analysis of the solid component can provide an
objective and quantitative measure for differentiation
of these tumors. Figure 3 provides examples of
fourth-ventricular tumors, which can be challenging
to diagnose based on conventional imaging findings,
given that these three tumors extended into the foramen
of Luschka. However, the solid component appearance
on DWI/ADC and the 10th percentile ADC values can
help with accurate differentiation on presurgical MRI.
These examples demonstrate how conventional MRI
findings can be misleading, particularly in our cohort:
35% of medulloblastomas and 69% of pilocytic astro-
cytomas showed extension through the foramina of
Luschka/Magendie, which is classically described for
ependymomas. Accordingly, we have shown that atten-
tion to ADC values can rule out or rule in the diagnosis

Table 7. Multivariable binary logistic regression analysis for identification of independent predictor(s) of fourth-ventricular

subependymoma.

Predictor B coefficient

Odds ratio

(95% confidence interval) p value

Patients’ age 0.072 1.075 (1.019–1.134) 0.008

Intercept �5.108 <0.001

In stepwise multivariable binary logistic regression analysis for differentiation of fourth-ventricular subependymoma, patient age was the only independent

predictor (p¼ 0.002 for whole regression model).

Table 8. Multivariable binary logistic regression analysis for identification of independent predictor(s) of fourth-ventricular

hemangioblastoma.

Predictor B coefficient

Odds ratio

(95% confidence interval) p value

Homogenous enhancement pattern 2.501 12.2 (1.01–147.42) 0.049

Intercept �4.111 <0.001

In stepwise multivariable binary logistic regression analysis for differentiation of fourth-ventricular hemangioblastoma, homogenous enhancement pattern

was the only independent predictor (p¼ 0.044 for whole regression model).
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Figure 2. (a) Stepwise algorithm for differentiation of fourth-ventricular tumors. The test characteristics reported in the right-side

column were determined among remaining patients at each step. For example, in the second step, a 10th percentile ADC value

� 1100� 10�6 mm2/s and presence of cystic component could identify 10 pilocytic astrocytomas among 56 remaining patients from those

in the first step, who did not fulfill the criteria for a 10th percentile ADC value< 580� 10�6 mm2/s. (b) From top to bottom, the ROC

analysis for differentiation of medulloblastoma, pilocytic astrocytoma, and ependymoma in steps 1 to 3 of the proposed differentiation

algorithm (a).

95% CI: 95% confidence interval; ADC: apparent diffusion coefficient; ATRT: atypical teratoid/rhabdoid tumors; NPV: negative predictive

value; PPV: positive predictive value; ROC: receiver operating characteristics.
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of medulloblastoma and pilocytic astrocytoma at the
first two steps of the differentiation algorithm, with pri-
ority over the presence of transforaminal extension
(Figure 2).

The stepwise differential diagnosis algorithm pro-
posed for fourth-ventricular tumors combines the
ADC histogram analysis with patient age and other
imaging findings such as tumor morphology, extension

Figure 2. Continued.
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Figure 3. Application of DWI and ADC histogram analysis for differentiation of fourth-ventricular tumors. Examples of three different

fourth-ventricular tumors extending into the foramen of Luschka (arrows). The left column depicts a medulloblastoma with a 10th

percentile ADC value of 568� 10�6 mm2/s, the central column displays an ependymoma with a 10th percentile ADC value of

874� 10�6 mm2/s, and the right column shows a pilocytic astrocytoma with a 10th percentile ADC value of 1487� 10�6 mm2/s. The rows

from top to bottom demonstrate postcontrast T1, T2, DWI, and ADC sequences. ADC: apparent diffusion coefficient; DWI: diffusion-

weighted imaging.
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into foramina of Luschka/Magendie, and enhancement
pattern (Figure 2). While many of these features have
previously been suggested for distinguishing specific
types of posterior cranial fossa tumors,4,12 we have
combined these imaging characteristics with quantita-
tive ADC histogram analysis to formulate a diagnostic
approach. At the first step, a fourth-ventricular tumor
with reduced diffusion, specifically with a voxelwise
10th percentile ADC value< 580� 10�6mm2/s, most
likely represents a medulloblastoma. On the other
hand, if the solid component demonstrates very high
diffusivity instead of very low diffusivity, the tumor
might be a pilocytic astrocytoma. In the second step
of the diagnostic algorithm, tumors with a 10th per-
centile ADC value� 1100� 10�6mm2/s and >20%
cystic component on visual assessment were most
likely pilocytic astrocytomas. After excluding very low
and very high ADC values in the solid component of
tumor (corresponding to medulloblastoma and pilocy-
tic astrocytoma, respectively), one can consider ependy-
moma in differential diagnosis. In the third step, among
those tumors not fulfilling the ADC histogram criteria
for medulloblastoma or pilocytic astrocytoma, the
presence of foramina extension and heterogeneous
enhancement pattern are suggestive of ependymoma.
Differentiation of less common tumors remains challen-
ging. Nevertheless, in those cases not fulfilling the
aforementioned criteria, older age (>45 years old)
raises the possibility of subependgymoma and metas-
tases, whereas homogenous enhancement may suggest
hemangioblastomas and choroid plexus papillomas.

Quantitative assessment of ADC maps has shown
potential for presurgical differentiation of posterior cra-
nial fossa tumors.7,8,12,13 Prior studies have applied
various methods to measure water diffusivity in
tumors based on ADC maps, and were promising for
differentiation of brain tumors; however, some of these
studies have produced conflicting results.3,6–8,12–15

Some studies have limited their analysis to minimum,
average, quartile, median ADC values, or the normal-
ized ADC values within the tumor.3,6–8,12–15 Also, some
studies have limited ADC assessment to one (or mul-
tiple) region(s) of interests or the enhancing component
instead of the whole tumor volume.3,6–8,12–15 In the cur-
rent study, we determined the voxelwise ADC histo-
gram metrics in the entire solid volume of each
fourth-ventricular tumor. Such analysis provides a
more comprehensive assessment of the entire tumor cel-
lularity and allows for the comparison of
different ADC histogram derivatives for tumor type
differentiation. In addition, we did not restrict the
inclusion criteria to a certain tumor type, which may
provide a more realistic assessment for the statistical
test characteristics of the proposed differentiation
algorithm.

Recently, there has been an increasing interest in the
application of machine learning analysis to combine
multiple imaging features for differentiation of brain
tumors, distinguishing tumor progression from

posttreatment changes, and prediction of patient sur-
vival.12 Rodriguez Gutierrez et al. have combined met-
rics derived from tumor shape, morphology, and ADC
histogram to train support vector machines for classifi-
cation of the major pediatric posterior cranial fossa
tumors.12 Their study included 40 children with medul-
loblastomas, pilocytic astrocytomas, and ependymo-
mas; and an average of 91.4% correct classification
was achieved for these three tumor types, combining
the 25th percentile, 75th percentile, and skewness in
ADC histogram.12 While machine-learning classifica-
tion methods appear to be the de facto next step in
development of multivariable differential diagnosis
models, they demand a large number of patients to
achieve enough statistical power for producing mean-
ingful classifiers.

Similar to many other neuroimaging studies of brain
tumors, our study is a retrospective analysis of imaging
and pathological correlation. The small number of
patients with less-common tumor types and uneven
samples size were among limitations of our study.
Another potential limitation is MRI acquisition in
two different field strengths and on various scanners,
though this should not substantially affect ADC values
obtained with repetition time >3000ms and b value of
1000 sec/mm2.16 Manual segmentation of the solid seg-
ments of tumor and visual assessment of the tumor
morphology can limit the generalization of the results.
In addition, the ADC maps were not coregistered and
resliced before segmentation. There was also no assess-
ment for interobserver agreement given that the study
design was primarily based on image review and lesion
segmentation by one neuroradiologist. Unfortunately,
no measure of histological cellularity was available in
our study; however, it would have been desirable to
correlate ADC values of tumors with their cellularity
as obtained from histopathology.

Conclusion

Our study demonstrates the diagnostic value of voxel-
wise volumetric ADC histogram analysis in differentiat-
ing various posterior fossa tumors involving the fourth
ventricle. Quantitative metrics derived from the ADC
histogram analysis can help with accurate classification
of the three most common fourth-ventricular tumors,
especially in the pediatric population. Combination of
the ADC histogram analysis and conventional imaging
features can be applied to devise a diagnostic algorithm
for pretreatment differentiation of tumors and guide
treatment decisions and surgical planning. Future
work with larger samples and prospective studies can
potentially produce more statistically powerful classifi-
cation models.
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