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ABSTRACT

BACKGROUND AND PURPOSE: Development of noninvasive imaging biomarkers indicating the histology and the gene mutation status
of brain metastasis from lung cancer is important. We aimed to investigate diffusion-weighted imaging parameters as predictors of the
histology and gene mutations of brain metastasis from lung cancer.

MATERIALS AND METHODS: DWI data for 74 patients with brain metastasis from lung cancer were retrospectively reviewed. The patients
were first grouped according to the primary tumor histology (adenocarcinoma, small-cell lung cancer, squamous cell carcinoma), and those with
adenocarcinoma were further divided into epidermal growth factor receptor (EFGR) mutation–positive and wild type groups. Sex; age; number,
size, and location of brain metastasis; DWI visual scores; the minimum ADC; and the normalized ADC ratio were compared among groups using
�2 and ANOVA. Multiple logistic regression analysis was performed to determine independent predictors of the EGFR mutation.

RESULTS: The minimum ADC was lower in the small-cell lung cancer group than in the other 2 groups, though the difference was not
significant. Furthermore, minimum ADC and the normalized ADC ratio were significantly lower in the EGFR mutation–positive group than
in the wild type group (P � .021 and .014, respectively). Multivariate analysis revealed that minimum ADC and the normalized ADC ratio were
independently associated with the EGFR mutation status (P � .028 and .021, respectively).

CONCLUSIONS: Our results suggest that DWI parameters (minimum ADC and normalized ADC ratio) for the solid components of brain
metastasis from lung cancer are not correlated with their histology, whereas they can predict the EGFR mutation status in brain metastasis
from lung adenocarcinoma.

ABBREVIATIONS: ADCmin � minimum ADC; BM � brain metastasis; EGFR � epidermal growth factor receptor; nADC � normalized ADC; NSCLC � non-small-cell
lung cancer; TKI � tyrosine kinase inhibitor

Lung cancer is one of the leading causes of cancer-related deaths in

East Asia and the most frequent site of origin for brain metastasis

(BM).1-4 Despite advances in systemic therapy and improvement in

survival rates for patients with advanced lung cancer, BM remains an

important cause of morbidity and mortality.1 Recently, many studies

reported that compared with those with BM with wild type epidermal

growth factor receptor (EGFR), patients with lung cancer with BM

having EGFR mutations, particularly those with non-small-cell lung

cancer (NSCLC), had improved survival due to higher response rates

to whole-brain radiation therapy and specific chemotherapy medi-

cations such as EGFR-associated tyrosine kinase inhibitors (TKIs).5-8

Development of noninvasive imaging biomarkers indicating

the gene mutation status of BM from lung cancer is important

because they would provide clinicians with strong evidence for mak-

ing clinical decisions, aid in the early initiation of specific chemother-

apy for patients with gene mutations, and, consequently, contribute

to an improved prognosis.8

Diffusion-weighted MR imaging of the brain is based on the dif-

ferential diffusion rates or the Brownian motion of water. It is an

essential technique for diagnosing acute infarction in the brain be-

cause of its ability to detect cytotoxic edema caused by altered water

diffusion secondary to cellular damage. DWI is also widely used for

the assessment of tumor pathology in the field of neuro-oncology.9

Specifically, apparent diffusion coefficient values derived from DWI

have been shown to correlate with tumor cellularity, glioma grade,

Received June 26, 2017; accepted after revision September 7.

From the Departments of Radiology (W.S.J., C.H.P., S.H.S., S.J.A.) and Neurosurgery
(C.-K.H.), Gangnam Severance Hospital, Yonsei University, College of Medicine,
Seoul, Korea; and Department of Radiology (W.S.J.), Ajou University School of
Medicine, Suwon, Korea.

This study was supported by a faculty research grant from Yonsei University College
of Medicine (6-2016-0111) and by a National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIP) (No.2017R1C1B5014927). The funder had no
role in study design, data collection and analysis, decision to publish, or preparation of
the manuscript.

Please address correspondence to Sung Jun Ahn, MD, PhD, Department of Radiol-
ogy, Gangnam Severance Hospital, Yonsei University, College of Medicine, 211
Eonju-ro, Gangnam-gu, Seoul 135-720, Korea; e-mail: aahng77@yuhs.ac

http://dx.doi.org/10.3174/ajnr.A5516

AJNR Am J Neuroradiol 39:273–79 Feb 2018 www.ajnr.org 273

http://orcid.org/0000-0002-0727-3744
http://orcid.org/0000-0002-0004-9475
http://orcid.org/0000-0002-2761-0373
http://orcid.org/0000-0002-7098-4901
http://orcid.org/0000-0003-0075-2432


and treatment response.9-13 Moreover, recent studies have

shown that DWI parameters may differentiate the histology of

BM from lung cancer.14,15 However, the association between

DWI parameters and the gene mutation status has not been

assessed for BM from lung cancer, to our knowledge.

We hypothesized that the molecular and genetic backgrounds

of tumors affect signal intensity and ADC values of lung cancer

BM on DWI. Therefore, we aimed to investigate DWI parameters

as imaging biomarkers for prediction of the histologic type and

gene mutation status of BM from lung cancer.

MATERIALS AND METHODS
Patient Population
We retrospectively reviewed data for 100 patients diagnosed with

BM from lung cancer between January 2012 and April 2016. All

patients had received a histopathologic diagnosis of lung cancer

based on bronchoscopic, percutaneous needle-guided, or surgical

biopsies and had undergone gene mutation studies. Accordingly,

they were stratified into groups based on the histopathology of the

lung cancer. Furthermore, patients with lung adenocarcinoma

were divided according to the gene mutation status.

We excluded patients with the follow-

ing conditions: MR imaging evidence of

intratumoral hemorrhage (n � 5), lesions

that were too small for the measurement

of ADC values (n � 12), leptomeningeal

seeding metastasis (n�6), and a history of

chemotherapy or radiation therapy for

BM (n � 3). Eventually, 74 patients were

included in this study. Approval for the

use of clinical data was obtained from the

internal review board of our institution

(Gangnam Severance Hospital).

Pathology and EGFR Mutation
Analysis of Lung Cancer
One experienced pathologist (Heae

Surng Park, with 8 years of experience in

pathology) evaluated the pathology and

EGFR mutation status of the lung can-

cer. Genomic DNA was extracted from

the lung cancer specimen, and EGFR ty-

rosine kinase exons 19, 20, and 21 and

V-Ki-ras2 Kirsten rat sarcoma viral on-

cogene homolog (Kras) were amplified

by a nested polymerase chain reaction

using specific primers. Fluorescence in

situ hybridization testing with ana-

plastic lymphoma kinase (Alk) break-

apart probes was performed to detect

rearrangements. The details of the

sequencing procedure are described

elsewhere.16,17 The presence of EGFR

mutations was determined by the

presence of deletions within exons 19

and 20 and L858R point mutations in

exon 21.

MR Imaging Protocol
All patients were imaged with a 3T clinical MR imaging device (Dis-

covery MR750, GE Healthcare, Milwaukee, Wisconsin; Achieva,

Philips Healthcare, Best, the Netherlands). Our MR imaging proto-

col for BM included routine T2-weighted fast-spin-echo sequences

(TR/TE, 5414/96 ms), axial fluid-attenuated inversion recovery se-

quences (TR/TE/TI, 4000/80/2000 ms), axial diffusion-weighted

echo-planar sequences (TR/TE, 8000/65.6 ms; slice thickness/inter-

section gap, 4/1 mm; matrix size, 160 � 160; FOV, 240 � 240 mm; 3

directions; b-value � 0 and 1000 s/mm2), and contrast-enhanced 3D

T1 fast-spoiled gradient-recalled sequences (TR/TE, 8.2/3.2 ms; flip

angle, 12°; slice thickness, 1 mm; matrix size, 256 � 256; FOV, 220 �

220 mm). Intravenous gadolinium-based contrast agent was used at

a dose of 0.1 mmol/kg body weight. ADC values were automatically

calculated by the operating console of the MR imaging device and

displayed as corresponding ADC maps.

Image Evaluation
Two experienced neuroradiologists (S.H.S., with 12 years of ex-

perience in neuroimaging, and S.J.A., with 6 years of experience in

FIG 1. Representative MR images depicting visual scores based on diffusion-weighted imaging
findings for brain metastasis from lung cancer. Contrast-enhanced T1-weighted images show an
apparent enhanced tumor in the left frontal lobe (A1), left parietal lobe (B1), and right parietal lobe
(C1). T2-weighted images (A2, B2, and C2) show varying degrees of peritumoral brain edema. A3,
BM is not detectable on DWI (A3, score � 1). B3 and C3, DWI images show iso-signal intensity
(score � 2) and high signal intensity (score � 3), respectively, relative to the normal-appearing
cortical gray matter.
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neuroimaging) visually assessed the signal intensity on DWI in

areas corresponding to the enhanced portion of the lesions on

contrast-enhanced T1-weighted images; both were blinded to

the clinical and pathologic information. If there were multiple

brain lesions, the largest one, which reflected DWI findings for

most BM lesions, was selected as the target lesion to increase

the accuracy of the measurement. The lesions on DWI were

visually scored as follows: 1, negative findings on DWI; 2,

isointense relative to the normal-appearing cortical gray mat-

ter; and 3, hyperintense relative to the normal-appearing cor-

tical gray matter (Fig 1).

The study coordinator (W.S.J.) marked circular ROIs (each

area, 20 mm2) over the target lesion on the ADC map, avoiding

cystic or necrotic parts. The minimum ADC (ADCmin) value was

calculated from these ROIs. The same method was applied to a

corresponding site in the contralateral white matter judged as

normal on both contrast-enhanced T1- and T2-weighted images.

Then, to assess the objective difference between the ADC value for

the tumor and for the contralateral normal area, the normalized

ADC (nADC) ratio was calculated as the ratio of the ADCmin of

the tumor divided by the ADCmin of the corresponding contralat-

eral white matter area (Fig 2).

Statistical Analysis
All statistical analyses were performed with the statistical software

SAS, Version 9.2 (SAS Institute, Cary, North Carolina), and Med-

Calc for Windows, Version 12.7.0 (MedCalc Software, Mari-

akerke, Belgium). The �2 test and ANOVA were used to compare

DWI visual scores, ADCmin values, the nADC ratio, the number

and size of the BMs, and the presence of intratumoral necrosis or

hemorrhage among the adenocarci-

noma, squamous cell carcinoma, and

small-cell lung carcinoma groups. Sub-

group analysis according to the gene

mutation status was also performed for

the adenocarcinoma group. For multi-

variate analysis, a linear regression model

was used to identify statistically significant

variables. To investigate the interobserver

reproducibility for DWI visual scores, we

derived the intraclass correlation coeffi-

cient with a 2-way random model of abso-

lute agreement.

RESULTS
Relationship between DWI Visual
Scores and BM Histology and
Mutation Status
In total, 74 patients (mean age,

64.19 � 10.76 years; 50 men and 24

women) with BMs from lung cancer

underwent DWI. Of these, 56 (75.67%)

were diagnosed with adenocarcinoma

(group 1); 11 (14.86%), with small-

cell lung cancer (group 2); and 7

(9.45%), with squamous cell carci-

noma (group 3). Of the 56 adenocar-

cinomas, 12 were poorly differenti-

ated, 2 were well-differentiated, and 1 was moderately

differentiated adenocarcinoma. For the remaining 41 cases

of adenocarcinoma, detailed pathologic results were not

available.

The 56 patients with adenocarcinoma were subdivided ac-

cording to the status of mutations in EGFR, Alk, and Kras. In total,

55 patients had been examined for the EGFR mutation status,

with 26 having EGFR mutations and 29 having wild type EGFR.

Among the patients with EGFR mutations, 13, 4, and 9 had mu-

tations in exons 19, 20, and 21, respectively. In addition, muta-

tions were confirmed in 4 of 29 and 3 of 32 patients examined for

Alk and Kras mutations, respectively.

Interobserver reproducibility for DWI visual scores was

excellent (intraclass correlation coefficient, 0.972; 95% confi-

dence interval, 0.955– 0.982; P � .001). There was no signifi-

cant difference in DWI visual scores among the 3 histology-

based groups (Table 1) and between the 2 mutation-based

groups (Table 2).

Relationship between ADC Values and Histologic Type
ADCmin and the nADC ratio were not significantly different

among the small-cell lung cancer (531.18 � 160.54 � 10�6 mm2/s

and 0.88 � 0.2, respectively), adenocarcinoma (623.38 �

163.07 � 10�6 mm2/s and 1.04 � 0.28, respectively), and squa-

mous cell carcinoma (682.14 � 182.07 � 10�6 mm2/s and 1.11 �

0.28, respectively; P � .131 and 0.144) groups. Moreover, the

location, size, and number of BMs and the presence of intratu-

moral hemorrhage or necrosis showed no significant differences

among groups. The detailed patient characteristics are shown in

Table 1.

FIG 2. Representative images depicting the ROI within a tumor and the corresponding contralat-
eral normal-appearing white matter for the calculation of apparent diffusion coefficient values
for brain metastasis lesions stratified by the EGFR mutation status. A1 and B1, Contrast-enhanced
T1-weighted images show contrast enhancement of the metastasis. A2 and B2, Diffusion-
weighted images show mild-to-moderate high signal intensity in the contrast-enhanced areas. A3
and B3, ADC map with ROIs within the tumor and corresponding contralateral normal-appearing
white matter. A1–A3, Wild type EGFR. B1–B3, EGFR mutation–positive.
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Relationship between ADC Values and Gene Mutation
Status
ADCmin was significantly lower in the EGFR mutation–positive

group than in the wild type group (575.85 � 115.01 � 10�6

mm2/s versus 674.55 � 182.78 � 10�6 mm2/s, P � .021); similar

results were obtained for the nADC ratio (0.95 � 0.19 versus

1.13 � 0.32, P � .014). However, there were no significant differ-

ences in the location, size, and number of BMs and the presence of

necrosis or hemorrhage between groups (Table 2).

ADCmin and the nADC ratio also showed significant differ-

ences according to the following EGFR genotypes: exon 19 and/or

21 mutations (n � 22; 564.14 � 109.25 � 10�6 mm2/s and 0.93 �

0.17, respectively), exon 20 mutations (n � 4; 640.25 � 141.90 �

10�6 mm2/s and 1.05 � 0.28, respectively), and wild type EGFR

(n � 29; 674.55 � 182.78 � 10�6 mm2/s and 1.13 � 0.32, respec-

tively; P � .049 and .038). A post hoc analysis showed that

ADCmin and the nADC ratio were significantly lower in the exon

19 and/or 21 mutation group than in the wild type group (P �

.039 and 0.029, respectively; Fig 3). There was no significant dif-

ference in the 2 parameters between the Alk mutation–positive

and wild type groups and between the

Kras mutation–positive and wild type

groups (Table 2).

Multivariate logistic regression anal-

ysis revealed that ADCmin and the nADC

ratio were independently associated

with the EGFR mutation status (OR,

0.996; 95% CI, 0.992–1.000; P � .028;

and OR, 0.064; 95% CI, 0.006 – 0.666;

P � .021, respectively) after adjustment

for sex; age; size, location, and number

of BMs; presence of intratumoral necro-

sis or hemorrhage; and DWI visual

scores. Specifically, ADCmin and the

nADC ratio were significantly associated

with exon 19 and/or 21 mutations (OR,

0.995; 95% CI, 0.991– 0.999; P � .020; and OR, 0.044; 95% CI,

0.004 – 0.563; P � .016, respectively; Table 3).

DISCUSSION
In the present study, we tested the hypothesis that the signal in-

tensity of BM from lung cancer on DWI may be expressed differ-

ently according to the genetic background of the lesion. Our re-

sults indicated a significant association of ADCmin and the nADC

ratio with the EGFR mutation status and the location of the mu-

tation. However, there was no association between the ADC pa-

rameters and the histologic type of the tumor.

A few previous studies have demonstrated opposing results for

the relationship between the histologic type and DWI parameters

for BM from lung cancer. Hayashida et al14 evaluated 26 brain

metastatic lesions in patients with primary lung cancer and re-

ported that small- and large-cell neuroendocrine carcinomas

showed high signal intensity on DWI. Thus, they concluded that

signal intensity on DWI can predict the histology of metastases.

However, Duygulu et al15 evaluated 37 patients with BM from

lung cancer and reported the absence of a correlation between

Table 1: Characteristics of BM among primary lung cancer groups
Total

(n = 74)
Adenocarcinoma

(n = 56)
Small-Cell Lung
Cancer (n = 11)

Squamous Cell
Carcinoma (n = 7)

P
Value

DWI visual score 1.87 � 0.76 2.27 � 0.90 1.85 � 0.69 .298
ADCmin (�10�6mm2/s) 615.23 � 166.83 623.38 � 163.07 531.18 � 160.54 682.14 � 182.07 .131
nADC ratio 1.02 � 0.28 1.04 � 0.28 0.88 � 0.2 1.11 � 0.28 .144
Age (yr) 64.19 � 10.76 63.63 � 11.15 68.09 � 9.14 62.57 � 9.73 .420
Male sex 50 (67.57) 36 (64.29) 9 (81.82) 5 (71.43) .587
Site of BM .545

Anterior circulation—dominanta 25 (33.78) 21 (37.5) 2 (18.18) 2 (28.57)
Posterior circulation—dominantb 11 (14.86) 7 (12.5) 2 (18.18) 2 (28.57)
Even distribution 38 (51.35) 28 (50) 7 (63.64) 3 (42.86)

No. of BMs .051
1 18 (24.32) 16 (28.57) 0 (0) 2 (28.57)
1�BM�10 43 (58.11) 32 (57.14) 6 (54.55) 5 (71.43)
�10 13 (17.57) 8 (14.29) 5 (45.45) 0 (0)

Target lesion size of BM .367
�10 mm 31 (41.89) 22 (39.29) 7 (63.64) 2 (28.57)
10 mm�BM�30 mm 32 (43.24) 24 (42.86) 3 (27.27) 5 (71.43)
�30 mm 11 (14.86) 10 (17.86) 1 (9.09) 0 (0)

Intratumoral necrosis 32 (43.24) 21 (37.5) 6 (54.55) 5 (71.43) .160
Intratumoral hemorrhage 15 (20.27) 11 (19.64) 3 (27.27) 1 (14.29) .882

a BMs mainly located in the frontal, parietal, and temporal lobes.
b BMs mainly located in the occipital lobes, cerebellum, and brain stem.

Table 2: Comparison of ADCmin values and normalized ADC ratio according to gene
mutation status in adenocarcinoma group

Wild Type Mutation P Value
EGFR 29 (52.7) 26 (47.3)

DWI visual score 1.92 � 0.77 1.87 � 0.76 .179
ADCmin (�10�6mm2/s) 674.55 � 182.78 575.85 � 115.01 .021
nADC ratio 1.13 � 0.32 0.95 � 0.19 .014

Alk 25 (86.2) 4 (13.8)
DWI visual score 1.96 � 0.79 2 � 1.15 .930
ADCmin (�10�6mm2/s) 583.8 � 183.84 562 � 159.12 .825
nADC ratio 1 � 0.34 0.83 � 0.19 .328

Kras 29 (90.6) 3 (9.4)
DWI visual score 1.82 � 0.77 2.33 � 0.57 .274
ADCmin (�10�6mm2/s) 641.31 � 168.32 631.45 � 161.74 .310
nADC ratio 1.08 � 0.31 1.08 � 0.32 .926
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restricted diffusion on DWI and the primary pathology. In the

present study, we also found no correlation between DWI param-

eters and BM histology; we believe our results are more reliable

because of the large sample size compared with those in the pre-

vious studies. However, a nonsignificant trend existed for lower

ADCmin and nADC in the small-cell lung cancer group, even

compared with the adenocarcinoma EGFR mutation–positive

group. In our results, most small-cell lung cancer cases (8/11)

showed lower ADC values (�600 � 10�6 mm2/s), while the mi-

nority (3/11) showed higher ADC values

(�600 � 10�6 mm2/s). Two conflicting

ADC values of small-cell lung cancer

may explain the nonsignificant result of

a lower ADC trend for small-cell lung

cancer. We presume that there may be 2

different subtypes of small-cell lung

cancer and would recommend further

study.

EGFR is a transmembrane protein

with cytoplasmic kinase activity that

transduces important growth factor sig-

naling from the extracellular milieu to

the cell.18 For patients with advanced

NSCLC, initial therapy with a TKI can

lead to substantial therapeutic improve-

ment and may be considered as an alter-

native treatment for BM in the fu-

ture.8,17,19-21 Sensitive EGFR mutations

are found in the first 4 exons (18 –21) of

the tyrosine kinase domain of EGFR,

and the 2 major mutations are deletions

in exon 19 and a single point mutation

in exon 21 (L858R).22-24 Identification

of exon 19 or 21 mutation is also a useful

tool for the prediction of response to

treatment with TKI.25-27 Also, several

studies have demonstrated that the

characteristics of BM are dependent on

the EGFR genotype. The number of BM

lesions was significantly higher in pa-

tients with EGFR-mutated NSCLC than

in those with wild type NSCLC. More-

over, leptomeningeal metastases were

more common in patients with EGFR-

mutated NSCLC.8 Tumors with exon 19

deletions reportedly showed a higher in-

cidence of BM compared with tumors

with exon 21 mutations.28

A previous study indicated that pa-

tients with NSCLC bearing exon 19 de-

letions exhibited a peculiar pattern of

multiple, small brain metastases, sim-

ilar to miliary BM.29 Another study

showed that brain metastases with

exon 21 mutations were more com-

mon in the caudate, cerebellum, and
temporal lobe compared with those

with exon 19 deletions.30 Other characteristic molecular

changes of non-small-cell lung cancer are a Kras mutation and

Alk rearrangement.31,32 Patients who were Alk-positive and

treated with the Alk TKI crizotinib in the second-line setting

experienced improved progression-free survival compared

with standard chemotherapy.33 Patients with NSCLC with Alk

rearrangements have improved survival outcome after radia-

tion therapy for BMs.34 On the contrary, there are currently no

target therapy options for patients with the Kras mutation.

FIG 3. Boxplot for minimum apparent diffusion coefficient (A) and normalized ADC ratio (B)
values for patients with lung adenocarcinoma with wild type EGFR, mutations in exon 19 and/or
21, and mutations in exon 20. Asterisk indicates statistically significant.

AJNR Am J Neuroradiol 39:273–79 Feb 2018 www.ajnr.org 277



Gene expression analysis is based on invasive tissue sampling

and can be associated with sampling errors; therefore, the devel-

opment of imaging markers that reflect the gene mutation status

is important.35 Our findings demonstrated that low ADC values

for BM from lung adenocarcinoma are associated with a high

possibility of an EGFR mutation, particularly in exons 19 and 21.

Such patients are expected to respond well to noninvasive TKI

treatment, and clinicians can plan this treatment accordingly if

the mutation status is known. Moreover, Huang et al13 recently

reported that ADCmin has the potential to predict and monitor

the response of primary CNS lymphoma to chemotherapy.

Therefore, through further study, we can apply serial ADC values

to predict the response of BM from lung adenocarcinoma with

EGFR mutations to TKI treatment.

Our study had several limitations. First, grades of lung can-

cer pathology (well, moderately, or poorly differentiated) in

adenocarcinoma were not considered, which can affect the re-

sults of DWI parameters.14 Second, the genetic testing was

performed with samples obtained from the lungs because brain

metastases were diagnosed using brain MR imaging rather

than histologic confirmation. Further study is necessary, in

which tissues are obtained directly from the brain lesion, re-

vealing the molecular biologic characteristics of the BMs more

reliably.

CONCLUSIONS
We demonstrated that there is no correlation between ADC val-

ues (ADCmin or nADC ratio) of the solid components of the BM

from lung cancer and their histologic type. However, the EGFR

gene mutation status of BM from lung adenocarcinoma can be

predicted using ADC values. A further prospective, large-scale

cohort study is needed to demonstrate the relationship between

gene mutation status and ADC values.
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