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Abstract

Background and Purpose: Skull metastasis (SM) is a common secondary malignancy. We

evaluated the diagnostic performance of diffusion-weighted imaging (DWI) and dynamic

contrast-enhancedmagnetic resonance imaging (MRI) in differentiating SM fromosseous

venousmalformations and SM of various origins.

Methods: This study included 31 patients with SM (median age, 64 years; range, 41-

87 years; 29 women; 24 and 7 patients with breast and non-small cell lung cancer,

respectively) and 16 with osseous venous malformations (median age, 68 years; range,

20-81 years; 10 women) who underwent both DWI and dynamic contrast-enhancedMRI

between January 2015 and October 2021. Normalized mean apparent diffusion coeffi-

cients (ADCs) and dynamic contrast-enhancedMRI parameters were compared between

SM and osseous venous malformations, and between breast cancer and non-small cell

lung cancer.Multivariate stepwise logistic regression analyseswereperformed to identify

statistically significant parameters.

Results: Plasma volume and time-to-maximum enhancement were the most statistically

significant parameters for differentiating SM from osseous venous malformations, with

an area under the receiver operating characteristic curve of 0.962. The normalized mean

ADC and peak enhancement values were themost statistically significant parameters for

differentiating breast cancer fromnon-small cell lung cancer,with an area under the curve

of 0.924.

Conclusions: Our results highlight the efficacious diagnostic performance of DWI and

dynamic contrast-enhanced MRI in distinguishing SM from osseous venous malforma-

tions and differentiating SM of various origins.
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INTRODUCTION

Skull metastasis (SM) is a common form of secondary malignancy

observed in 22% of all cancer patients.1 The primary tumors most

frequently associated with SM are breast and lung cancers.1 SM can

lead to the deterioration of patient quality of life due to pain and

neurological deficits. Treatment options include resection, antitumor

medications (chemotherapy, hormonal therapy, and immunotherapy),

and radiation, as determined by the characteristics of metastatic

lesions (ie, size, number, symptoms, growth rate, and drug response).2

Early detection and characterization are important for the appro-

priate management of SM and improved chances of long-term

survival.

Although computed tomography was the first imaging modal-

ity used to evaluate SM at many medical centers, magnetic res-

onance imaging (MRI) is also useful for SM characterization and

detection.3,4 Nemeth et al. reported improved detection of SM in

patients with breast or lung cancers using diffusion-weighted imaging

(DWI) compared to conventional sequences (86.7%-93.3% and 60%-

80% sensitivity for breast and lung cancers, respectively). Recently,

advanced MRI sequences, including DWI (or apparent diffusion coef-

ficient [ADC]) and perfusion MRI, have been widely used as indi-

cators to predict the prognosis and determine the treatment effi-

cacy in patients with brain metastases and gliomas.5–7 However,

the characteristics of perfusion MRI findings in SM have not been

well-researched.

Dynamic contrast-enhanced (DCE)-MRI is a perfusion MRI method

used to assess lesions in the brain, head and neck, and spine.8–10

Morales et al. reported using DCE-MRI to differentiate vertebral

metastases of breast and lung cancers and their mimics, osseous

venousmalformations (OVMs).10 However, the characteristics and dif-

ferences among DCE-MRI parameters between SM and OVM and SM

of different origins are yet to be elucidated.

We hypothesized that the DCE-MRI parameters and ADC values

would differ between SM and OVM and between SM of different

origins, which would be useful for differentiation and informing opti-

mal clinical decision-making. We investigated the characteristics and

differences betweenDCE-MRI parameters andADCvalueswhen com-

paring SM andOVM, as well as SM of different origins, among patients

presenting at our medical center.

METHODS

Institutional review board approval and consent exemptions were

obtained from the ethics review board of our medical center owing

to the retrospective nature of this study. This study was conducted

in accordance with the principles and amendments of the Declaration

of Helsinki. Data were acquired in compliance with all applicable U.S.

Health Insurance Portability and Accountability Act regulations and

de-identified before data processing and analysis. Although not avail-

able in public repositories, the data used in this study are available to

other researchers upon request.

Patients

Between January 2015 and October 2021, 286 and 333 consecutive

patients with suspected SM and OVM, respectively, were identified

at our medical center. Among these patients, 52 with SM secondary

to breast or non-small-cell lung cancer (NSCLC) and 17 with OVM

underwentDCE-MRI to investigate calvarial and possible brain lesions.

Seven patients who underwent DCE-MRI after radiotherapy for SM

and 14 who underwent scanning using different protocols were

excluded from this study.

With respect to OVMs, the initial selection was based on radi-

ological appearance (iso- to hyperintense on T1-weighted imag-

ing [T1WI] and hyperintense on T2-weighted imaging [T2WI] with

enhancement)11 and proven histology (if available). Cases without

histology were included based on the following criteria: the lesion

was radiologically stable for >1 year, the case presented with nega-

tive positron emission tomography findings, and a “bunch of grapes”

appearance was observed upon evaluation.10,11 One patient with an

OVM was excluded because a different scanning protocol was used.

Finally, we included and evaluated 31 patients with SM (median age,

64 years; range, 41-87 years; 29 women) and 16 patients with OVM

(median age, 68 years; range, 20-81 years; 10women).

MRI acquisition

MRI examinationswere performed using 1.5-T (n= 37) and 3-T (n= 10)

Philips MRI systems (Ingenia, Achieva; Philips Healthcare, Amster-

dam, Netherlands). The acquired sequences included axial T1WI and

fat-suppressed T2WI, three-dimensional (3D) contrast-enhanced fat-

suppressed T1WI, and DWI using echo-planar imaging. DWI was

performedwith b-values of 0 and1000 seconds/mm2 and the following

parameters: repetition time (TR) range, 5000-9000 ms; echo time (TE)

range, 58-90 ms; number of excitations, 1; slice thickness/gap, 4-5/0-

1 mm; field of view, 240 × 240 mm; pixel size, 1.5 × 1.5 mm, and three

diffusion directions. DCE-MRI was performed using a 3D T1-weighted

(3D-T1) fast field echo and the following parameters: TR, 4.8 ms;

TE, 2 ms; flip angle, 30◦; slice thickness/gap, 5/0 mm; field of view,

200 × 200 mm2; voxel size/matrix, 1.0 × 1.0 × 5.0 mm3/240 × 240;

number of excitations, 1; number of slices per dynamic scan, 30; tem-

poral resolution, 8.4 s; and total acquisition time, 4 minutes and 23

seconds. An intravenous bolus of 20 ml gadobenate dimeglumine con-

trast (Multihance, Bracco Diagnostics, Milan, Italy) was administered

through a peripheral arm vein using a power injector at a flow rate of

5.0ml/second, followed by a 20-ml saline flush.

DCE-MRI analyses

Quantitative DCE-MRI analyses were conducted using the OleaS-

phere Permeability Module (Version 3.0; Olea Medical, La Ciotat,

France) based on the extended Toftsmodel,12 according towhich pixel-

based parameter maps were calculated from time-intensity curves.
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F IGURE 1 Imaging findings in a 67-year-old womanwith newly observed skull metastasis (SM) secondary to breast cancer occurring in the left
frontal bone. Permeability map shows a homogeneously enhancedmass (A). Themass shows low signal intensity on the apparent diffusion
coefficient (ADC)mapwith a normalizedmean ADC value of 0.85 (B). Three reference regions of interest are placed in the normal-appearing white
matter on the ADCmap (C). Extracellular extravascular volume fraction, plasma volume, and time-to-maximum enhancementmaps are shown
(D-F, respectively). The time-intensity curve indicates a high peakwith a slowwashout (G). sec= second

Permeability maps were co-registered with 3D fat-suppressed T1WI

before measurements. DCE-MRI data were processed with motion

artifact correction using rigid-body registration. The arterial input

function was calculated automatically using cluster analysis tech-

niques. Deconvolution of the arterial input function was performed

using time-insensitive block-circulant singular-value decomposition.13

A board-certified radiologist with 9 years of experience in neuro-

radiology delineated the regions of interest (ROIs) freehand on the

permeabilitymaps, including the enhancing components of the tumors,

while carefully avoiding cystic, necrotic, or hemorrhagic regions and

vessels, which was conducted under the direct supervision of another

board-certified radiologist with 13 years of experience in neuroradi-

ology (Figure 1). MRI analyses were performed on the first MRI with

DCE-MRI, following the detection of SM or OVM. The largest lesions

were observed when multiple lesions were examined. Plasma volume

(Vp) and extracellular extravascular volume fractions were automat-

ically calculated and recorded. The maximum concentration of the

contrast agent (peak enhancement) and time-to-maximum enhance-

ment (TME) were automatically calculated and recorded pixel-by-pixel

from the time-intensity curves.

ADC analysis

ADC maps were generated using OleaSphere software. ROIs were

placed on the solid components of the tumors, as described for

DCE-MRI analysis. Three reference ROIs were placed in normal-

appearing white matter. The normalized mean ADC (nADCmean) was
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F IGURE 2 Imaging findings in a 74-year-old womanwith an osseous venousmalformation in the left parietal bone (arrows). Permeability
mapping shows a heterogeneously enhancedmass (A). The plasma volume and time-to-maximum enhancement values are 0.01 and 102.8,
respectively (B, C). The time-intensity curve shows enhancement with a high plateau peak (D). sec= second

calculated by dividing themeanADCvalue of the tumor by the average

mean ADC value of the three reference ROIs (Figure 1).

Statistical analysis

We compared patient age, sex, and the longest diameter between the

SM and OVM groups using the Mann-Whitney U and Fisher’s exact

tests as appropriate. Multivariate stepwise logistic regression analysis

using forward stepwise selection was performed to identify the most

statistically significant parameters for differentiating between the SM

andOVMgroupsbasedonquantitative and semiquantitativeDCE-MRI

parameters and nADCmean values.

Multivariate analysis included variables with two-sided p-values

<.10 in the univariate analysis. The areas under the receiver operating

characteristic curves (AUCs)were evaluated for statistically significant

parameters using multivariate analysis. The optimal cutoff values for

distinguishing between the SM and OVM groups were determined as

those thatmaximized theYouden index (sensitivity+ specificity−1).14

These statistical analyses were also performed to compare DCE-MRI

parameters between SM secondary to breast cancer and NSCLC, and

to compare nADCmean between them.

Using these cutoff values, the diagnostic performance (sensitivity,

specificity, accuracy, and AUC) was calculated for each imaging modal-

ity. Two-sided p-values <.05 were considered statistically significant.

All statistical analyseswere performed using R software (version 4.1.0;

R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Themedian patient age did not differ significantly between the SMand

OVM groups (64 years [range, 41-87 years] vs. 68 years [20-81 years])

or between the breast cancer and NSCLC groups (65 years [range, 44-

87 years] vs. 63 years [41-71 years]). The SM group comprised more

women than the OVM group (29/31 vs. 10/16, p = .013), as did the

breast cancer group compared to the NSCLC group (29/29 vs. 5/7,

p = .045). No significant difference in the longest diameter was found

between the SMandOVMgroups (median, 16mm [range, 7-46mm] vs.

median, 11mm [range, 6-22mm], p= .060).

ADC values and DCE-MRI parameters for SM and
OVM

The extravascular volume fraction, Vp, peak enhancement, and TME

were significantly higher in the SM group than those in the OVM

group. In the multivariate stepwise logistic regression analysis, Vp

(odds ratio [OR], 4.26× 1027; 95% confidence interval [CI]: 1.17× 109-

1.55×1046; p= .0035) andTME (OR, 1.03; 95%CI: 1.00-1.06; p= .025)

were the most statistically significant parameters for differentiating

SM andOVM (Figure 2; Table 1).

ADC values and DCE-MRI parameters for breast
cancer and NSCLC

In the univariate analyses, peak enhancement was significantly higher

in the breast cancer group than in the NSCLC group, and the nAD-

Cmean and TME values were significantly lower (Figures 1 and 3). In

the multivariate stepwise logistic regression analysis for differentiat-

ing between the breast cancer and NSCLC groups, nADCmean (OR,

0.037; 95% CI: 0.0018-0.75; p = .032) and peak enhancement (OR,

1.02; 95% CI: 1.00-1.04; p = .047) values were the most significant

differentiating parameters (Table 2).

Diagnostic performance

TheAUCs of the parameters identified in themultivariate analyses and

their combinations were as high as .962 and .924 for differentiating

the SM and OVM groups from the breast cancer and NSCLC groups,

respectively (Figure 4). The diagnostic performance of each parameter

is summarized in Table 3.

DISCUSSION

In the present study, we evaluated the characteristics and differ-

ences between DCE-MRI parameters and ADC values between SM

and OVM of the skull, as well as SM secondary to breast can-

cer and NSCLC. Both quantitative (Vp) and semiquantitative (TME)
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TABLE 1 ADC values and DCE-MRI parameters of osseous venousmalformation and skull metastases

Venous

malformation

(16 patients)

Skull metastasis

(31 patients)

Univariate analysis (OR

[95% confidence intervals]) p-value

Multivariate analysis

(OR [95% confidence

intervals]) p-value

Normalizedmean

ADCa

1.45 (0.96-2.05) 1.17 (1.05-1.46) 0.38 [0.12-1.22] .11

Quantitative valuesa

Vp <0.005

(<0.005-0.010)

0.090

(0.050-0.14)

7.69× 1025

[2.40× 109-2.46× 1042]

.0021* 4.26× 1027 [1.17× 109-

1.55× 1046]

.0035*

Extravascular

volume fraction

0.14 (0.025-0.55) 0.42 (0.30-0.70) 16.90 [1.37-208.0] .027* Removed

Semiquantitative valuesa

Peak

enhancement

5.86

(2.02-30.02)

198.54

(142.49-269.59)

1.02 [1.01-1.03] <.001* Removed

TME 88.53

(51.11-132.27)

146.71

(105.07-181.42)

1.02 [1.00-1.03] .0087* 1.03 [1.00-1.06] .025*

Abbreviations: ADC, apparent diffusion coefficient; DCE, dynamic contrast-enhanced; OR, odds ratio; TME, time-to-maximum enhancement; Vp, plasma

volume.
aMedian (interquartile range) *p< .05.

F IGURE 3 Imaging findings in a 70-year-old womanwith a newly observed skull metastasis secondary to non-small cell lung cancer in the left
parietal bone (arrows). Permeability map shows a heterogeneously enhancedmass (A). Themass shows low signal intensity on apparent diffusion
coefficient (ADC)mapping, with a normalizedmean ADCof 1.56 (B). The extracellular extravascular volume fraction and peak enhancement values
are 0.42 and 151.06, respectively (C, D). The time-intensity curve shows an enhancement with a high and persistent peak (E). sec= second

TABLE 2 ADC values and DCE-MRI parameters of skull metastases of breast cancer andNSCLC

Breast cancer

(24 patients) NSCLC (7 patients)

Univariate analysis (OR

[95% confidence intervals]) p-value

Multivariate analysis

(OR [95% confidence

intervals]) p-value

Normalizedmean

ADCa

1.13 (1.03-1.24) 1.56 (1.19-1.81) 0.045 [0.0028-0.72] .028* 0.037 [0.0018-0.75] .032*

Quantitative valuesa

Vp 0.093 (0.058-0.16) 0.050 (0.015-0.070) 1.37× 108 [0.12-1.60× 1017] .079

Extravascular

volume fraction

0.41 (0.30-0.74) 0.42 (0.32-0.54) 2.04 [0.057-72.7] .70

Semiquantitative valuesa

Peak

enhancement

240.26

(151.94-274.44)

151.06

(75.61-162.51)

1.01 [1.00-1.03] .029* 1.02 [1.00-1.04] .047*

TME 126.07

(97.14-161.28)

184.22

(177.8-192.25)

0.97 [0.94-0.996] .029* Removed

Abbreviations: ADC, apparent diffusion coefficient; DCE, dynamic contrast-enhanced; NSCLC, non-small cell lung cancer; OR, odds ratio; TME, time-to-

maximum enhancement; Vp, plasma volume.
aMedian (interquartile range) *p< .05.
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F IGURE 4 Receiver operating characteristic curves. The areas under the curve (AUCs) for plasma volume (Vp)+ time-to-maximum
enhancement (TME) (combined, red), Vp (blue), and TME (green) for differentiating skull metastasis and osseous venous lesions were 0.962, 0.945,
and 0.734, respectively (A). The AUCs for normalizedmean apparent diffusion coefficient (ADC) (nADCmean)+ peak enhancement (combined,
red), nADCmean (blue), and peak enhancement (green) values for differentiating between the breast cancer and non-small cell lung cancer groups
were 0.924, 0.806, and 0.786, respectively (B)

TABLE 3 Diagnostic performance of nADCmean andDCE-MRI
parameters

SM vs. OVM Breast cancer vs. NSCLC

Vp TME nADCmean

Peak

enhancement

Cutoff 0.020 104.85 1.405 198.54

Sensitivity 0.871 0.774 0.875 0.667

Specificity 0.938 0.625 0.833 1

AUC 0.945 0.734 0.806 0.786

Abbreviations: AUC, area under the receiver operating characteristic curve;

DCE, dynamic contrast-enhanced; nADCmean, normalized mean ADC;

NSCLC, non-small cell lung cancer; OVM, osseous venous malformation;

SM, skull metastasis; TME, time-to-maximum enhancement; Vp, plasma

volume.

parameters differed significantly between SM and OVM, and ADC

values (nADCmean) and semiquantitative parameters (peak enhance-

ment) differed significantly between breast cancer and NSCLC. Using

these parameters, the AUCs for differentiating SM fromOVM, and dif-

ferentiating SM secondary to breast cancer from NSCLC, were .962

and .924, respectively.

The skull is one of the most frequent sites of secondary malig-

nancies, with primary breast and lung cancers accounting for approx-

imately 70% of SM cases.3 The prognostic impact of SM may vary

according to the specificmetastasis site. For example,metastasis to the

skull base indicates poor survival.15 SMmay cause severe pain and cos-

metic problems andmay sometimes lead to neurological deficits due to

intracranial tumor growth, thereby greatly deteriorating patient qual-

ity of life.16,17 The treatment strategy for SM was determined after

considering patients’ symptoms, tumor site, size, growth rate, and drug

responsiveness. Proper radiological characterization of SM is essential

for its effective diagnosis and treatment.

In contrast, OVMs are benign vascular lesions, accounting for 10%

of benign neoplasms of the skull.18 OVMs most often occur in middle-

aged women.19 Most OVMs are asymptomatic and grow slowly.

However, OVMs can display an aggressive appearance associated with

pain and neurological symptoms, resembling malignancies. Long-term

stability and typical radiological appearance are used to confirm OVM

diagnosis in clinical practice. However, in situations without reference

images or where long-term follow-up is not feasible, radiological

differentiation frommore urgent conditions (including SM) is critical.

MRI is an essential, noninvasive imaging modality used for diagno-

sis, biopsy, and surgical/radiation planning, as well as for evaluating

therapeutic effects. DWI and DCE-MRI play important roles in diag-

nosis, glioma grading, differentiation between tumor recurrence

and radiation necrosis, and prognostication in neuro-oncology.5–7,20

However, the role of perfusion MRI in SM is largely unknown, except

for a limited number of reports indicating improved detection of

arterial spin labeling and slowly progressive enhancement patterns on

dynamic susceptibility contrast perfusionMRI.18,21

In the present study,DCE-MRIwas useful in differentiating SM from

OVM. These results are consistent with those of a study by Morales

et al.,10 who reported a significantly higher Vp in vertebral metastatic

cancers with breast or lung origins than in vertebral VMs. The com-

plementary findings of their study and the present study may reflect
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the physiology of low plasma volume within the OVM. The signifi-

cantly longer TME with higher peak enhancement in SM observed in

the present study indicated slow and progressive enhancement, con-

sistent with the findings of a study evaluating dynamic susceptibility

contrast perfusionMRI.18

nADCmean and peak enhancement values differed significantly

between the breast cancer and NSCLC groups. The lower nADCmean

value in metastases secondary to breast cancer than in NSCLC is con-

sistentwith the results of a study on brainmetastases byMeyer et al.22

An important point suggested by the similarities between the present

and previous studies of secondary vertebral10 and brain22 tumors is

that the tumor characteristics observed on DWI and DCE-MRI in the

brain and vertebrae can be carried over to the skull lesions. Future

studies are needed to investigate the correlations among DCE-MRI

parameters, therapeutic response, and prognosis in SM, as these values

are already known inmetastatic brain tumors.

In addition to the strengths of this study, the study has several limi-

tations. First, it was a retrospective study conducted at a singlemedical

center, thus limiting the generalizability of our findings and the ability

to derive causal inferences from the observed results. Second, twoMRI

scanners were used for image acquisition. However, we minimized the

resulting risk of heterogeneity in theMRI parameters, which could lead

to nondifferential misclassification, by standardizing the vendor and

protocol. Third, pathologic confirmation for most OVMs was lacking;

however, according to our exclusion criteria, all lesions were stable for

>1 year, presented with negative positron emission tomography find-

ings, and presented with a typical radiological appearance. Fourth, the

differences in body weights among patients might have affected the

contrast enhancement effect and the results of the DCE parameters.

In conclusion, the results of the current study revealed differences

in the quantitative and semiquantitative analyses of Vp and TMEwhen

comparing skull metastases with OVMs. Moreover, nADCmean and

peak enhancement values were useful for differentiating the origins of

skull metastases.
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