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Abstract

Background and Purpose:Differentiation of meningiomas, paragangliomas, and schwan-

nomas in the cerebellopontine angle and jugular foramen remains challenging when con-

ventional MRI findings are inconclusive. This study aimed to assess the clinical utility

of diffusion-weighted imaging (DWI) and dynamic contrast-enhanced MRI (DCE-MRI)

findings for tumor type differentiation and to identify the most significant diagnostic

parameters.

Methods: This retrospective study included 57 patients with pathologically con-

firmed meningiomas, paragangliomas, and schwannomas, diagnosed between January

2018 and August 2021. DWI and DCE-MRI were obtained before surgery. The apparent

diffusion coefficient (ADC) andDCE-MRIparameterswere calculated. TheKruskal-Wallis

H test and post hoc test with Bonferroni correction and receiver operating characteristic

curve were used for statistical analysis.

Results: There were 20 meningiomas (6 men; 62.3 ± 17.8 years), 23 paragangliomas (3

men; 51.6 ± 17.0 years), and 14 schwannomas (7 men; 37.7 ± 20.0 years). Vp showed a

significant difference in each comparison (p < .001, <.001, and <.001, respectively), Ve

showed significant differences both in meningiomas and paragangliomas, and paragan-

gliomas and schwannomas (p< .001 and .017, respectively), and Ktrans showed significant

differences both in meningiomas and paragangliomas, and meningiomas and schwanno-

mas (p = .0018 and <.001, respectively), though there was no significant difference in

ADC.Vp diagnostic performance values for each pair of tumorswere area under the curve

of 0.89-1.00, with cutoff values of 0.14-0.27.

Conclusion: DCE-MRI can provide promising parameters to differentiate meningiomas,

paragangliomas, and schwannomas in the cerebellopontine angle and jugular foramen.
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INTRODUCTION

The cerebellopontine angle cistern and jugular foramen are two

regions commonly involved in tumors, such as meningiomas, schwan-

nomas, and paragangliomas.1,2 These tumors can demonstrate typical

findings on conventional imaging. On CT and MRI scans, meningiomas

can present as homogeneously enhancing tumors with an associated

dural tail, calcification, or skull base hyperostosis.3,4 Schwannomas can

present as heterogeneously enhancing tumors with cystic changes,5,6

and paragangliomas can present as heterogeneously enhancing tumors

with prominent flow voids, necrotic or cystic changes, and a “salt and

pepper” signal pattern.7,8 These typical findings can help to differen-

tiate among these tumor types; however, such differentiation is chal-

lenging when these imaging characteristics are not present or overlap.

Accurate diagnosis is required for effective surveillance and treatment

strategies. Definite diagnosis is usually obtained by histological inves-

tigation. However, biopsy is invasive and carries risks associated with

the proximity ofmultiple nerves and vascular structures, specifically, in

the jugular foramen. Therefore, imaging findings play an important role

in differential diagnosis.

Diffusion-weighted imaging (DWI) and dynamic contrast-enhanced

MRI (DCE-MRI) can help to differentiate tumors based on their unique

microstructure, vascularity, and permeability patterns. The apparent

diffusion coefficient (ADC) map is calculated from DWI findings with

different b-values, which are usually b = 0 and 1000 s/mm2; the calcu-

lated ADC values have been shown to assist in both differentiation of

head and neck tumors, and evaluation of treatment effects in the head

and neck.9–11 The quantitative parameters of DCE-MRI are based on

the extended Tofts model, which allows pixel-based parameter maps

to be calculated from time intensity curves. The calculated parameters

include fractional plasma volume (Vp), fractional volume of extracellu-

lar space per unit volume of tissue (Ve), and forward volume transfer

constant (Ktrans).Vp is thought to reflect tumor vascularity,whileVe and

Ktrans represent permeability.12,13 Meningiomas, schwannomas, and

paragangliomas have different internal histoarchitecture, blood flow,

and vascular permeability, which suggests that DWI and DCE-MRI can

help to differentiate among them. Previous studies have explored the

differentiation of head and neck schwannomas and paragangliomas

using DWI and DCE-MRI scans; one study has shown that Vp may be

themost significant parameter in differentiating these lesions.14 How-

ever, the utility ofDWI andDCE-MRI scans for differentiating intracra-

nialmeningiomas fromschwannomasandparagangliomashasnotbeen

fully investigated.

In this study, we aimed to examine the role of DWI and DCE-MRI

findings in differentiating the most common tumors in the cerebello-

pontine angle and jugular foramen, including meningiomas, paragan-

gliomas, and schwannomas.

METHODS

Our institutional review board approved this retrospective single-

center study and waived the requirement for informed consent. Data

were acquired in compliance with all applicable Health Insurance

Portability and Accountability Act regulations.

Study population

We retrospectively reviewed 843 patients suspected of tumors in the

cerebellopontine angle or jugular foramen at our institution between

January 2018 andAugust 2021. Among 843 patients, 85 had patholog-

ically confirmed tumors in the cerebellopontine angle and jugular fora-

men, including 35 meningiomas, 30 paragangliomas, and 20 schwan-

nomas. We excluded patients who did not have pretreatment DWI

or DCE-MRI data, or had been treated with surgery, radiotherapy, or

embolization prior toDWI andDCE-MRI sequence acquisition. In total,

57 patients (16 men; mean age, 51.2 ± 17.8 years) with 20 menin-

giomas, 23 paragangliomas, and 14 schwannomaswere included in this

study.

Image acquisition

All MRI examinations were performed using 1.5 T and 3 T scanners

(Philips, Ingenia, Eindhoven) and using a 16-channel neurovascular

coil. Acquired sequences included axial T2-weighted image (T2WI),

T1-weighted image (T1WI), axial and coronal pre and postcontrast-

enhanced fat-sat T1WI, andDWI scans using echo-planar imagingwith

the following parameters: repetition time (TR) range: 5000-10,000mil-

liseconds; echo time (TE) range: 58-106milliseconds; number of excita-

tion (NEX): 1-2; slice thickness/gap: 4/0-1 mm; field of view: 240mm ×

240mm; pixel size: 1.5 × 1.5 mm; and three diffusion directions. Sensi-

tizing diffusion gradients were applied sequentially with b-values of 0

and 1000 s/mm.2

DCE-MRI scanning was performed using a 3-dimensional T1-

weighted fast field echo (FFE). The parameters of 3D-T1 FFE were as

follows: TR = 4.6 milliseconds; TE = 1.86milliseconds; flip angles =

5◦, 10◦, 15◦, 20◦, and 30◦; slice thickness=2.5mm; field of view = 240

× 240 mm2; voxel size = 1.0×1.0×5.0 mm3; NEX= 1; number of slices

per dynamic scan = 48; temporal resolution = 8.4 seconds; and total

acquisition time of 4 minutes and 13 seconds. An intravenous bolus of

20ml gadobenate dimeglumine contrast (Multihance, BraccoDiagnos-

tics, Singen, Germany) was administered using a power injector with a

flow rate of 5.0 ml/s through a peripheral arm vein, followed by a 20ml

saline flush.

Conventional imaging, ADC, and DCE-MRI analysis

Two board-certified radiologists with 7 (Y.O.) and 13 (A.B.) years of

experience independently evaluated conventional imaging findings and

performed ADC and DCE-MRI analysis. The histopathological results

were blinded to the two readers.

The following conventional imaging features were evaluated:
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1. Cystic changes, defined as nonenhancing, predominantly T2 hyper-

intense areas.

2. Necrotic changes, defined as nonenhancing, predominantly T1

hypointense, and heterogeneously T2 hyperintense areas.

The maximum axial diameter was measured using postcontrast-

enhanced fat-sat T1WI imaging by a radiologist with 7 years of expe-

rience (Y.O.).

ADC maps were constructed with a monoexponential fitting model

using commercially available software (OleaSphere, Version 3.0; Olea

Medical, La Ciotat, France). The same two board-certified neuroradiol-

ogists independently contoured the freehand region of interest (ROI)

on the ADC map in reference to axial postcontrast-enhanced T1WI

findings. A single ROI was placed on each tumor. Both neuroradiolo-

gists adhered to the following procedure:

1. ROIs were placed where the tumors predominantly showed solid-

enhancing portions without cystic or necrotic areas.

2. Peripheral 2-mm margins of the lesions were spared to avoid vol-

ume averaging.

3. ROI location and sizewere adjustedwhen geometric distortionwas

observed on the ADCmap.

As an internal standard, an ROIwas placedwithin the cervical spinal

cord at the level of theC1-C2disc space,whichwas included in the field

of view of every study. A normalized ADC ratio (nADCmean) was calcu-

lated by dividing each lesionADCvalue by the spinal cordADCvalue to

adjust for the variation of ADC values across MRI scanners, magnetic

field strengths, andmatrix sizes.

All quantitative analyses of DCE-MRI data were performed using

the OleaSphere 3.0 software permeability module, which is based on

the extended Tofts model, by which pixel-based parameter maps were

calculated from time intensity curves. The two radiologists indepen-

dently placed a freehand ROI on the permeability maps and included

the enhancing components of the tumors without cystic or necrotic

areas, while sparing the peripheral 2 mm of lesions. The calculated

quantitative parameters were Vp, Ve, Ktrans, and Kep. The arterial input

function was automatically computed, and the corresponding curves

with a rapid increase in signal enhancement and sharp peakswere cho-

sen for DCE analysis.

Statistical analysisroc

The nADCmean, calculated from ADC analysis, and Vp, Ve, and Ktrans,

calculated from DCE-MRI analysis, were compared between the three

tumor types using the Kruskal-Wallis H test and post hoc test with

Bonferroni correction. For comparison of each of the two tumor types

(meningiomas vs. paragangliomas, meningiomas vs. schwannomas, and

paragangliomas vs. schwannomas), nADCmean, Vp, Ve, and Ktrans were

compared by Mann-Whitney U test with Bonferroni correction. Sta-

tistically significant diagnostic differentiators in Mann-Whitney U test

were used forreceiver operating characteristic (ROC) curve analysis.

The optimal cutoff values in the ROC curve analysis were determined

tomaximize the Youden index (sensitivity+ specificity – 1).

Inter-reader agreement for conventional imaging features was

assessed using the kappa coefficient, and for quantitative parameters

of the mean ADC, normalized mean ADC, Ve, and Vp values, it was

assessed using the intraclass correlation coefficient. All statistical cal-

culationswere conductedusingRsoftware (version4.1.1;RCoreTeam,

Vienna, Austria). Variables with p-values of< .05 were considered sta-

tistically significant.

RESULTS

This study included 20 cases of meningiomas (6 men; mean age, 62.3

± 17.8 years), including 16 and 4 World Health Organization (WHO)

grade I and II meningiomas, respectively; 23 cases of paragangliomas

(3 men; mean age, 51.6± 17.0 years); and 14 cases of schwannomas (7

men;meanage, 37.7±20.0 years). Patient demographic characteristics

and conventional imaging findings are summarized in Table 1.

DWI and DCE variables

The Kruskal-Wallis H test and post hoc test with Bonferroni correc-

tion showed that there were statistically significant differences in

all quantitative DCE-parameters among meningioma, paraganglioma,

and schwannoma (p <.001), while there was no significant difference

in nADCmean. The comparisons of ADC and quantitative DCE-MRI

parameters among the three tumors are summarized in Table 2 and

Figure 1.

In Mann-Whitney U test with Bonferroni correction for ADC anal-

ysis, there was no significant difference in nADCmean between menin-

giomas versus paragangliomas (median 1.36 [1.23-1.52] vs. 1.38 [1.33-

1.55]; p > .99), meningiomas versus schwannomas (median 1.36 [1.23-

1.52] vs. 1.41 [1.38-1.54]; p > .99), or paragangliomas versus schwan-

nomas (median 1.38 [1.33-1.55] vs. 1.41 [1.38-1.54]; p> .99).

In Mann-Whitney U test with Bonferroni correction for DCE-MRI

analysis, Ve, Vp, and Ktrans were significantly different between menin-

giomas versus paragangliomas (Ve: median 0.50 [0.33-0.64] vs. 0.17

[0.078-0.27]; p= .002,Vp: median 0.20 [0.18-0.22] vs. 0.47 [0.39-0.59];

p< .001, andKtrans (minute−1):median0.72 [0.45-1.04] vs. 0.08 [0.025-

0.23]; p = .007, respectively). Between meningioma versus schwan-

nomas, Vp and Ktrans values were significantly different (Vp: median

0.200 [0.18-0.22] vs. 0.065 [0.043-0.095]; p = .002, Ktrans (minute−1):

median 0.72 [0.45-1.04] vs. 0.17 [0.11-0.27]; p = .002, respectively),

while there was no difference in Ve between meningiomas versus

schwannomas (Ve: median 0.50 [0.33-0.64] vs. 0.44 [0.33-0.53]; p >

.99). Between paragangliomas versus schwannomas, Vp was signifi-

cantly different (Vp: median 0.47 [0.39-0.59] vs. 0.065 [0.043-0.095];

p< .001, respectively), while Ve and Ktrans were not significantly differ-

ent (Ve: median 0.17 [0.078-0.27] vs. 0.44 [0.33-0.53]; p = .07, Ktrans
[minute−1]: median 0.08 [0.025-0.23] vs. 0.17 [0.11-0.27]; p > .99,

respectively).
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TABLE 1 Patient demographic and conventional imaging characteristics

Meningioma Paraganglioma Schwannoma

Numbers of the patients 20 23 14

Sex (male/female) 6/14 3/20 7/7

Age (years) 62.3± 17.8 51.6± 17.0 37.7± 20.0

Maximum axial diameter (mm) 19.5 (11-34) 28.7 (15-60) 30.9 (14-40)

Main location (CPA/jugular foramen) 12/8 0/23 6/8

Presence of cystic/necrotic change 2/20 14/23 8/14

Note: Values presented as themean± standard deviation ormedian (range).

Abbreviation: CPA, cerebellopontine angle.

TABLE 2 DWI andDCE-MRI parameters of meningiomas, paragangliomas, and schwannomas and Kruskal-Wallis H test and post hoc test with
Bonferroni correction

pValueb

Meningiomas Paragangliomas Schwannomas pValuea

Meningiomas

versus

paragangliomas

Meningiomas

versus

schwannomas

Paragangliomas

versus

schwannomas

nADCmean 1.36 [1.23-1.52] 1.38 [1.33-1.55] 1.41 [1.38-1.54] .48 p= 1.0 p= .88 p= 1.0

Vp 0.20 [0.18-0.22] 0.47 [0.39-0.59] 0.065 [0.043-0.095] <.001 p< .001 p< .001 p< .001

Ve 0.50 [0.33-0.64] 0.17 [0.078-0.27] 0.44 [0.33-0.53] <.001 p< .001 p= 1.0 p= .017

Ktrans (minute−1) 0.72 [0.45-1.04] 0.08 [0.025-0.23] 0.17 [0.11-0.27] <.001 p= .0018 p< .001 p= .42

Note: Data presented asmedian with interquartile ranges in parentheses.

Abbreviations: ADCmean, normalized mean apparent diffusion coefficient; Ktrans, forward volume transfer constant; Ve, extravascular extracellular space; Vp ,

fractional plasma volume.
apValue is fromKruskal-Wallis H test.
bpValue is adjusted for pairwise comparison by Bonferroni correction.

Table 3 and Figure 2 demonstrate the diagnostic performance of

DCE-MRI parameters, which showed significant differences between

meningiomas versus paragangliomas, meningiomas versus schwanno-

mas, and paragangliomas versus schwannomas. Representative cases

of meningiomas, paragangliomas, and schwannomas with ADC and

DCE-MRI analysis are shown in Figures 3-5.

Inter-reader agreement for conventional imaging features and

quantitative parameters was excellent (Table 4).

DISCUSSION

This study aimed to assess the clinical utility ofDWIandDCE-MRI find-

ings for differentiating meningiomas, paragangliomas, and schwanno-

mas in the cerebellopontine angle and jugular foramen. Vp helped to

distinguish all three tumor types, whereas Ve was useful in distinguish-

ing paragangliomas from meningiomas and schwannomas, and Ktrans
in distinguishingmeningiomas fromparagangliomas and schwannomas

by Kruskal-Wallis H test. ROC analysis revealed that the diagnostic

performance of Vp was 0.89-1.00 AUCs with the cutoffs of 0.14-0.27

in the three tumors; meanwhile, the diagnostic performance ofKtrans in

meningiomas versus paragangliomas andmeningiomas versus schwan-

nomas was 0.81-0.89 AUCs with the cutoffs of 0.26-0.36, and the per-

formance of Ve in meningiomas versus paragangliomas was 0.85 AUC

with the cutoff of 0.22. Normalizedmean ADC values did not show any

difference between the tumor types.

There were 16 and 4 WHO grade I and II meningiomas, respec-

tively; however, previous studies have shown similarities inADCvalues

between grade I and II meningiomas.15–17 These findings suggest that

combining grade I and II meningiomas may not impact the mean ADC

values when evaluatingmeningiomas as a cohort.

A previous study in paragangliomas has shown that a succinate

dehydrogenase gene mutation can lower ADC values due to dif-

ferences in flow voids, cellularity, or other internal structures.18

Consistent with the present findings, a separate previous study failed

to show any significant difference in ADC values between paragan-

gliomas and schwannomas in the head and neck regions.14 This finding

may reflect the internal structures of the two tumor types, which may

overlap due to heterogeneous succinate dehydrogenase mutation sta-

tus of paragangliomas and/or differences in the internal structures of

schwannomas,which showabiphasic patternof high cellularity (Antoni

A) and fewer cells with cystic or xanthomatous changes (Antoni B).

ADC values of schwannomas can vary, as reported in prior stud-

ies, which may be because schwannomas show different histological
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F IGURE 1 Box-and-whisker plots showDWI andDCE-MRI parameters for all cases with Kruskal-Wallis H test and post hoc test with
Bonferroni correction. Boundaries of boxes indicate 25th and 75th percentiles, and lines in boxes indicatemedians

TABLE 3 Diagnostic performance of DCE-MRI parameters

Meningioma versus paraganglioma

Meningioma versus

schwannoma

Paraganglioma

versus schwannoma

Parameters Vp Ve

Ktrans

(minute−1) Vp

Ktrans

(minute−1) Vp

Cutoff 0.27 0.22 0.26 0.14 0.36 0.14

Sensitivity 0.91 1.00 0.90 0.93 0.93 0.93

Specificity 0.90 0.68 0.77 0.80 0.80 1.00

PPV 0.91 0.74 0.78 0.77 0.77 1.00

NPV 0.90 1.00 0.90 0.94 0.94 0.96

Accuracy 0.91 0.83 0.83 0.85 0.85 0.97

AUC 0.94 0.85 0.81 0.89 0.89 1.00

Abbreviations: AUC, area under the curve; Ktrans, forward volume transfer constant; NPV, negative predictive value; PPV, positive predictive value; Ve,

extravascular extracellular space; Vp , fractional plasma volume.

compositions, such as Antoni A and Antoni B tissue patterns, which are

not evident on conventional MRI sequences. Some studies have shown

that schwannomas have higher ADC values than meningiomas.5,17,19

However, other studies have shown that larger schwannomas aremore

likely to undergo cystic changes,20 which might result in high ADC val-

ues. The similarities in ADC values between schwannomas and para-

gangliomas might be due to the exclusion of cystic/necrotic changes

from ROIs and the size of schwannomas, which were relatively small

in the studied anatomical locations.

DCE-MRI can help to assess tumor microvasculature and perme-

ability. This technique has been used for both characterization and

differentiation of tumors and prediction of treatment effect in the
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F IGURE 2 Receiver operating characteristic curves of (A) meningioma versus paraganglioma, (B) meningioma versus schwannoma, and (C)
paraganglioma versus schwannoma. Abbreviation: AUC, area under the curve

head and neck.12,21–23 ROIs were placed within the enhancing compo-

nent of the tumors, avoiding the portions that mainly showed cystic/

necrotic components, which could have lower the values of DCE-MRI

parameters.

Vp values represent tumor microvasculature, and Ve and Ktrans val-

ues reflect tumor permeability.13,14,23,24 In the present study,Ktrans,Ve,

and Vp values were statistically different between meningiomas and

paragangliomas, and Ktrans and Vp were statistically different between

paragangliomas and schwannomas; meanwhile, only Vp helped differ-

entiate between meningiomas and schwannomas by Mann-Whitney

U test with Bonferroni correction. Higher Ktrans and Ve and lower

Vp values in meningiomas may reflect higher permeability and lower

microvasculature density in this tumor type than those observed in

paragangliomas. In addition, Vp and Ktrans values were higher in menin-

giomas than in schwannomas, and could represent higher microvascu-

lature density and permeability in the former than in the latter tumor

type. Higher Vp values in paragangliomas may reflect higher vascular-

ity in this tumor type than that observed in schwannomas, as previ-

ously reported in a study of nonbiopsy-confirmed paragangliomas and

schwannomas.25

Among the DCE-MRI parameters in our study, Vp was significantly

different in the three tumors, both by the Kruskal-Wallis H test and

Mann-Whitney U test, and with promising diagnostic performances

in ROC analysis, suggesting that the difference in microvasculature
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F IGURE 3 Images of a 57-year-old womanwithmeningioma in the right jugular foramen. (A) Axial contrast-enhanced T1-weightedwith fat
saturation image shows a heterogeneously enhancingmass in the right jugular foramen. (B) A freehand region of interest (dotted line) was placed
on the apparent diffusion coefficient (ADC)map, and themean and normalized ADC values were 1.12×10−3 mm2/s and 1.4, respectively. (C) A
freehand region of interest was placed on the permeability map, and DCE-MRI parameters were calculated. (D) Vp reveals 0.19

F IGURE 4 Images of a 76-year-old womanwith paraganglioma in the right jugular foramen. (A) Axial contrast-enhanced T1-weighted image
with fat saturation shows a heterogeneously enhancingmass in the right jugular foramen. (B) A freehand region of interest was placed on the
apparent diffusion coefficient (ADC)map, and themean and normalized ADC values were 1.07×10−3 mm2/s and 1.43, respectively. (C) A freehand
region of interest was placed on the permeability map, and DCE-MRI parameters were calculated. (D) Vp reveals 0.39
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F IGURE 5 Images of a 36-year-old manwith schwannoma in the right jugular foramen. (A) Axial contrast-enhanced T1-weighted imagewith
fat saturation shows a heterogeneously enhancingmass with cystic changes in the right jugular foramen. (B) A freehand region of interest was
placed on the apparent diffusion coefficient (ADC)map, avoiding the cystic component, which was defined as nonenhanced, predominantly in the
T2 hyperintense area. Themean and normalized ADC values were 0.90×10−3 mm2/s and 1.2, respectively. (C) A freehand region of interest was
placed on the permeability map, and DCE-MRI parameters were calculated. (D) Vp reveals 0.06

TABLE 4 Inter-reader agreement for conventional imaging
features and quantitative parameters

Metrics

Reader 1 versus

reader 2

Cystic/necrotic change 0.950

Normalizedmean ADC 0.900

Ve 0.878

Vp 0.858

Ktrans (minute−1) 0.885

Note: Agreementwas assessed for conventional imaging findingsbyCohen’s

kappa and for quantitative parameters by intraclass correlation coefficient.

Abbreviations: ADC, apparent diffusion coefficient; Ktrans, forward vol-

ume transfer constant; Ve, extravascular extracellular space; Vp , fractional

plasma volume.

among the three tumor types may help improve diagnostic accuracy.

The present findings suggest the benefits of using DCE-MRI scanning

in head and neck MRI protocols, specifically, when conventional imag-

ing does not reveal typical imaging features, or the imaging features

overlap.

This study had several limitations. First, this was a retrospective,

single-center study with a small sample size. However, we were able

to identify a single most significant tumor type differentiator based

on DCE-MRI parameters. Second, we used 1.5 T and 3 T scanners for

this study.26 DCE-MRI parameters can vary based on vendors, scan-

ners, and magnetic field strengths.26 The difference in magnetic field

strengths may add heterogeneity to the calculated parameters. For

ADC analysis, the cervical cord at the C1-C2 level was selected to nor-

malize the ADC values. The cervical cord is less commonly affected

by chronic microvascular disease or direct tumor invasion, and this

level is usually included in head and neck imaging protocols. Finally,

even though the scan readers were blinded to the histological findings,

any pre-existing knowledge of tumor morphologic features may have

affected the placing of ROIs for ADC andDCE-MRI analyses.

In conclusion, DCE-MRI parameters can help in the differentiation

of meningiomas, paragangliomas, and schwannomas, which are the

most common primary masses in the cerebellopontine angle and

jugular space. In contrast, DWI is unlikely to support the differen-

tiation of these lesions. When differential diagnosis is challenging,

adding DCE-MRI scanning to the head and neck protocol may be

warranted.
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