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Abstract
Background  The evaluation of brain metastases generally requires post-contrast MRI exam, but some patients have con-
traindication to contrast medium administration.
Purpose  To investigate the value of the MRI diffusion tensor imaging (DTI) for detection of metastatic brain tumor.
Materials and methods  We retrospectively analyzed the MRI data from 23 patients (13 males and 10 females) with brain 
metastases. The MRI protocol consisted in T1WI, T2WI, post-contrast 3DT1WI and DTI images (b = 1000) sequences. The 
brain metastatic lesions were counted in each of these sequences. We compared the advantages and limitations of different 
sequences in the brain metastases detection. The number of metastatic lesions identified on the contrast-enhanced 3DT1WI 
image is used as the reference. FA values were measured in the intratumoral, adjacent peritumoral and distant peritumoral 
edema area (PTEA) of brain metastasis, and the differences were statistically analyzed.
Results  DTI can detect more brain metastatic lesions rather than T1WI and T2WI. The number of brain metastases on 
DTI is similar to post-contrast 3D T1WI. There is no statistical difference in the FA value change between the adjacent and 
distant PTEA.
Conclusion  The DTI original image can be used as an alternative examination for patients with contraindications to contrast-
enhanced MRI. It has high sensitivity to intratumoral hemorrhage, which has advantage to detect brain metastatic lesions as 
compared with T1WI or T2WI images.

Keywords  Brain metastases · Magnetic resonance imaging (MRI) · Diffusion tensor imaging (DTI) · Post-contrast Imaging

Introduction

Metastatic brain tumor is the most common malignant tumor 
of the central nervous system in adults. Brain metastases 
usually suggest poor prognosis; hence, early detection and 
accurate identification are of great significance for tumor 
staging, clinical management and therapeutic schedule, 
which may lead to improved prognosis [1, 2]. MRI is cur-
rently the best choice for detection of metastatic brain tumors 
[3–5]. Contrast-enhanced MR imaging is commonly used in 
clinical practice to identify small lesions, especially with-
out peritumoral edema, which usually could not be detected 
with conventional non-contrast MRI images such as T1WI 
or T2WI. Some Authors have proposed to use a double dose 
of contrast medium to improve the detection rate of lesions 
[6, 7]. However, some patients cannot undergo contrast-
enhanced MRI because of the contrast agents allergy or renal 
insufficiency. Furthermore, nephrogenic systemic fibrosis 
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caused by MRI contrast medium has attracted increasing 
attention. Therefore, it is essential for us to explore the 
diagnostic value of other non-contrast magnetic resonance 
imaging sequences in detection of metastatic brain tumors 
and to find a feasible alternative for the patients with con-
traindications to contrast agent injection. Compared to DWI 
sequences, DTI sequences exert more gradient fields in many 
directions which results in growingly sensitive to the move-
ment of water molecules. Except for reflecting the diffusion 
movement of water molecules, DTI sequences can also pro-
vide further information. Previous studies have focused on 
the application of DTI tractography to quantifying the white 
matter fiber of brain tumors [8–12].

To the best of our knowledge, there is no prior report 
about using the DTI to detect the metastatic brain tumor. 
The aim of this study is to evaluate DTI for the detection of 
brain metastases in comparison with post-contrast 3D T1WI. 
This may give us an alternative MRI protocol for the patients 
who have suspicious brain metastases but contraindications 
to the MRI contrast.

Materials and methods

Subjects

This population-based cohort study of adult patients was 
retrospectively assessed based on the data from our hos-
pital. As approved by our hospital IRB Ethics Committee 
for this retrospective imaging analysis, the informed con-
sents were waived. Between July 2017 and October 2018, 
a total of 23 patients with multiple brain metastases were 
included in this study. Patients underwent brain MRI exami-
nation with morphological, post-contrast 3D T1 and DTI 
acquisitions. Patients with a solitary brain metastasis were 
excluded. Patients’ mean (SD) age was 58.20 (9.21) years. 
Among them, there were 13 males with the median age of 
59 and 10 females with the median age of 54 years. The pri-
mary tumors of these cases include 19 lung cancer (1 case 
of small cell carcinoma and 18 cases of adenocarcinoma), 
1 case of invasive cervical carcinoma, 1 case of hepatocel-
lular carcinoma, 1 case of breast cancer and 1 case of rectal 
cancer. The primary tumors of all patients involved in this 
study were confirmed for about 6 months to 5 years prior 
to the MRI brain exam. All these patients were diagnosed 
with multiple brain metastases during the treatment of the 
primary malignant tumor. The therapeutic regimen of the 
primary tumor includes chemotherapy, chemoradiotherapy, 
biotherapy and/or surgery.

Imaging protocol

Patients with suspected metastatic brain tumor under-
went brain MRI examination (3.0T MRI, General Electric 
Company, 750 W), with the standard quadrature transmit 
and receive head coil with 16-rung structure, and con-
trast medium was also administered. The MRI sequences 
included T1-weighted images (T1WI) (TR/TE: 488/15 ms) 
T2-weighted images (T2WI) (TR/TE: 3800/100 ms) and 
coronal T2-FLAIR (TR/TE:3800/100 ms; TI:2000 ms), 
contrast-enhanced 3D T1WI sequence (3D BRAVO). All 
sequences were acquired with the following parameters: 
FOV 240 × 240 mm, matrix: 320 × 256 mm; slice thick-
ness/space: 5 mm/1 mm (1 mm without gap in the 3D 
BRAVO), number of excitation: 2 to 3. The DTI was per-
formed by single-shot spin echo–echo-planar imaging; 
the parameters were: TR/TE: 8000/98.6 ms, 2 mm slice 
thickness with no gap, 15–20 directions, b value was 0 
and 1000 s, FOV: 240 × 240 mm, matrix: 112 × 111 mm. 
The imaging time was 5 min 36 s–5 min 44 s. The con-
trast agents were gadopentetate dimeglumine (Magnevist, 
Bayer, 0.2 ml/kg body weight, 1–2 ml/s) by i.v injection 
with powered pressure syringe via the vein at antecubital 
fossa (Magnevist is still used to be the routine contrast 
medium during MRI in China; there is no associated pro-
hibition about its use).

Image Analysis

All data were transferred to the radiology PACS worksta-
tion. Two neuroradiologists with 27 and 17 years of expe-
riences, respectively, reviewed the brain MR images, and 
the agreements were reached with consensus. The imaging 
features include the location of the lesion, morphology, 
signal and enhancement characteristics on each sequence. 
The number of metastases was counted on each sequence. 
In 7 patients, fractional anisotropy (FA) values of 13 brain 
metastases with obvious peritumoral edema were meas-
ured from the “no necrotic area within the tumor,” “adja-
cent peritumoral edema” (area within 1 cm of peritumoral 
edema) and “distant peritumoral edema” (area outside 
1 cm of peritumoral edema) (Fig. 1). The rate of FA value 
change within the tumorand in the adjacent and distant 
area of peritumoral edema was calculated separately. The 
rate of FA value change was defined as:

The change rate of FA value = (FA value measured in the 
contralateral healthy side − FA value of the affected side)/FA 
value measured in the contralateral hemisphere to the lesion 
side [13, 14]. The ROI of the contralateral healthy side was 
the copy of the affected side symmetrically (Fig. 1).
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The area of interest is about 0.5–1.3 cm2. To decrease 
the sampling bias, repeated measurements were taken for 
three times within a month and the mean value was calcu-
lated for analysis.

IBM SPSS Statistical Software (version 22.0, IBM 
Corp, Armonk, NY, 2013) was used for all analysis. 
Bivariate correlation analysis was performed on the num-
ber of lesions detected in 23 patients, between plain T1WI, 
T2WI, DTI and 3D post-contrast T1WI [15]. Three sets 
of correlation coefficients were calculated. The counting 
results of 3DT1WI contrast-enhanced sequence were taken 
as dependent variables, and the counting results of T1WI, 
T2WI and DTI were taken as independent variables for 
simple linear regression and to calculate the determina-
tion coefficient R-squared. Cordon R language compiled 

by Deisenhofer et al. [15] was used to compare the correla-
tion coefficients of T1WI/3DT1WI contrast enhancement, 
T2WI/3DT1WI contrast enhancement and DTI/3DT1WI 
contrast enhancement, respectively, and moreover, statis-
tically analyze the consistency of the results of DTI and 
3DT1WI contrast enhancement combining the results of 
the coefficient R-squared.

A t test of two independent samples was used to com-
pare the difference of FA value change rate between adja-
cent and distant peritumoral edema, and P < 0.05 was 
considered statistically significant. Because the FA value 
measurements of the intratumoral solid components dem-
onstrated great variation, the further statistical analysis 
was not performed.

Results

The manifestation of metastatic brain tumor 
on conventional MRI

All the patients included in the current study have multiple 
brain lesions. Most of the brain metastases show a T1 iso-/
hypo-intensity and a T2 iso- or slightly hyper-intensity. 
Punctate or patchy hemorrhage can be seen in the lesions, 
which presents as high signal on T1WI and low signal on 
T2WI. When there is tumor necrosis, high T2 signal can be 
seen on T2WI. Based on the enhancement characteristics 
of the lesion, three patterns can be distinguished:

1.	 uniform or non-uniform enhancement of the entire tumor 
(Figs. 2, 3),

2.	 rim enhancement with central or eccentric necrosis and 
nodular enhancement (Figs. 4, 5),

3.	 circular or irregular ring enhancement without necrotic 
center (Fig. 6).

Fig. 1   Example of ROI analysis measurements of brain metastases. a 
b = 0 DWI, b FA image.  1: measurement of the ROI of the distant 
peritumoral edema (area outside 1 cm from the outer edge of tumor), 
2: measurement of the ROI of the adjacent peritumoral edema (area 
within the 1 cm from the outer edge of tumor), 3: measurement of the 
ROI within the tumor. 4, 5, 6: measurement of ROIs in the contralat-
eral normal brain tissue

Fig. 2   Small pontine metastasis. a axial T1WI, b axial T2WI, c axial 
post-contrast 3D T1WI, d axial DTI. The lesion is barely visible on 
T1 and T2 wi and experts a modest CE on post-contrast T1wi. On 

DTI, the lesion is hardly recognizable as focal hypo-intensity sur-
rounded by a slight area of peripheral edema
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There is usually no enhancement of the hemorrhage 
area in the lesion.

The imaging feature of brain metastases on the DTI

Hemorrhagic lesions with high signal on T1WI and low 
signal on T2WI showed low signal intensity on the DTI 

sequence. Compare to the conventional T1WI and T2WI, 
the extent of the low signal of some lesions was much more 
remarkable on the DTI, and the number of the lesions with 
low signal intensity on the DTI was greater than those identi-
fied on the conventional T1W and T2W images.

Peritumoral edema shows slightly high signal on the DTI. 
Enhanced tumor parenchyma showed slightly high signal or 
high signal on the DTI (Figs. 3, 6).

The cystic portion of the lesion usually showed low signal 
intensity on the DTI, while some lesions showed slightly 
high signal intensity. The cystic wall showed a high signal 
on the DTI (Fig. 4), which is also expected to show contrast 
enhancement on the post-contrast T1WI images. The cen-
tral nodule and the enhancing part of the metastatic lesion 
showed a high signal on the DTI (Fig. 5).

Fig. 3   62-year-old female with lung adenocarcinoma metastasis. a 
axial T1WI, b axial T2WI, c axial post-contrast 3D T1WI, d axial 
DTI. A large round-like metastasis is observed in the right temporal 
lobe (arrow head); a smaller lesion (arrow) is also seen in the right 
temporal lobe. a, b The bigger lesion appears iso- or mild hypo-
intense on T1WI and iso-intense on T2WI. The intratumoral hem-
orrhage has high signal intensity on T1WI and low signal intensity 
on T2WI. The smaller lesion in the right temporal lobe shows faintly 
on the T1WI and T2WI, with iso- and mild hypo-intensity signal 
on both T1WI and T2WI. A rim of low signal intensity is also seen 
around the smaller lesion on the T2WI. c On post-contrast 3D T1WI 
sequence, the lesion in the left temporal lobe undergoes remarkably 
enhancement with few punctured and patchy low-signal areas with-
out enhancement, corresponding to the low-signal areas on T2WI. 
The lesion of the right temporal lobe presented spotty enhancement. 
d On DTI, the smaller lesion is clearly outlined. Both lesions were 
well defined and their extension is larger than the conventional T1WI 
and T2WI. The extent of the intratumoral hypo-intensity is also larger 
than the conventional T2WI. The peritumoral edema in the left tem-
poral lobe has a slightly high signal intensity on the DTI

Fig. 4   A 50-year-old woman with brain metastases cervical can-
cer. a Axial T1WI, b axial T2WI, c post-contrast axial 3D T1WI, 
d axial DTI. a, b The lesion shows irregular thick-walled nodules 
with necrotic cystic changes. The wall shows iso-intensity on both 
T1WI and T2WI (arrow), and extensive perilesional edema (arrow 
head) is also present. c On post-contrast 3D T1WI, the wall under-
goes intense enhancement (arrow), while the peritumoral edema is 
still hypo-intense (arrow head). d On DTI, the necrotic area within 
the tumor has low signal intensity, while the tumor wall (arrow) has a 
high signal. The signal intensity of peritumoral edema (arrow head) is 
slightly higher than the normal contralateral white matter



295La radiologia medica (2021) 126:291–298	

1 3

Comparison of lesions count on each sequence

A total of 123 lesions were found on T1WI, 130 lesions on 
T2WI, 185 lesions on 3DT1WI (range size 5–237 mm in 
diameter) and 167 lesions on DTI (range size 7–237 mm in 
diameter). DTI detection of small lesions located below the 
inner plate of the skull bone and on the brain gyri was lower 
than the 3DT1WI. Referring to the 3DT1WI as the golden 
standard, the percentages of detection of lesions on T1WI 
were 123/185 (66.5%), on T2WI was 130/185 (70.3%) and 
on DTI was 167/185 (90.3%). These results suggest that the 
lesion count on DTI is more consistent with the post-contrast 

3DT1WI compared to the T1WI or T2WI sequences. The 
number of lesions in the 3DT1WI contrast enhancement 
images was taken as the dependent variable, and the number 
of lesions in the T1WI/T2WI/DTI was taken as the inde-
pendent variable, the determination coefficients R2 obtained 
were 0.916, 0.914 and 0.975, respectively. Among the cor-
relation coefficients, the DTI shows highest consistency 
compared to the contrast enhance 3DT1WI.

Peritumoral edema

The degree of peritumoral edema varies. Some small lesions 
appeared remarkable edema, whereas some large lesions 
only present with minimal edema (Figs. 3, 4). The peritu-
moral edema was mainly located in the gray-white junction 

Fig. 5   A 77-year-old woman with rectal cancer and brain metastasis. 
a axial T1WI, b axial T2WI, c contrast-enhanced axial 3D T1WI, 
d axial DTI. a, b An irregular cystic lesion (arrow head) with low 
signal on T1WI and high signal on T2WI was observed in the left 
frontal lobe. There were multiple fine septum (curved arrow) within 
the tumor, which appeared iso-intensity on T1WI and slightly hypo-
intensity on T2WI. A wall nodule (straight arrow) with high signal 
intensity on T1WI and slightly high signal intensity on T2WI is 
appreciated on the left posterior wall of the metastatic tumor (straight 
arrow). c On post-contrast 3D T1WI, the tumor shows irregular ring 
shaped (arrow head) and wall nodule enhancement, while the internal 
septum undergoes mild enhancement. d On DTI, the enhanced tumor 
wall and wall nodule (straight arrow) show visible high signal inten-
sity

Fig. 6   A 55-year-old man with brain metastasis from lung adeno-
carcinoma. a Axial T1WI, b axial T2WI, c contrast-enhanced axial 
3D T1WI, d Axial DTI. a, b A round-like lesion (long arrow) with 
iso- or mild hypo-intensity on T1WI and iso-intensity on T2WI is 
observed in the deep left temporal lobe. The intratumoral hemorrhage 
has high signal intensity on T1WI and low signal intensity on T2WI. 
There were patchy slightly high signal intensities (short arrow) within 
the left posterior of the lesion. c On post-contrast 3D T1WI, the wall 
lesion undergoes intense CE (arrow head) and some nodules (arrow) 
can be also appreciated in the left posterior portion. d The DTI shows 
high signal intensity in the corresponding T2 hypo-intensity. The 
enhancing portion on the post-contrast 3D T1WI sequence appears as 
mild high signal intensity areas (arrow and arrow head)
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of the frontal, temporal and parietal lobe and adjacent to the 
venous sinus.

FA value measurements of the intratumoral solid com-
ponents demonstrated great variation, with some lesions 
showing high FA values and others have low values. Such 
large variation might be due to intratumoral hemorrhage. 
The intratumoral FA change rate comparison was not con-
ducted due to such high variations.

The T test results of two independent samples about the 
change rate of FA value in the adjacent and distant peri-
tumoral edema showed that the change rate of FA value 
was 0.40 ± 0.12, 0.44 ± 0.12, respectively. There was no 
statistically significant difference in the change rate of FA 
value between the adjacent and distant peritumoral edema 
by the t test of two independent samples statistic analysis 
(t = − 0.677, P = 0.505 > 0.05, homogeneity of variance test, 
F = 0.201, P = 0.658).

Discussion

When brain metastases occur in primary malignant tumors, 
the prognosis becomes poor. Early detection and accurate 
determination of the number of brain metastases are of 
great importance for tumor staging, treatment planning and 
prognosis [1, 3]. Brain metastatic tumors not only break the 
blood–brain barrier, but also have rich neoplastic neovascu-
larization, which commonly leads to bleeding, necrosis and 
cystic changes. Nodular, annular or irregular enhancement is 
the common imaging features. The contrast-enhanced MRI 
scan is considered to be the gold for the diagnosis of brain 
metastases [16, 17] for its greater sensitivity and specificity 
in the detection of small intracranial lesions as compared to 
MRI brain exam without contrast [18, 19].

Some authors have suggested a double-dose contrast 
enhancement MRI protocol for the evaluation of brain 
metastases; also new contrast agents were recently devel-
oped to improve the detection rate [20–22].

In clinical practice, the use of contrast-enhanced MRI 
sometimes is limited due to the gadolinium contrast allergy 
and its risk for nephrogenous systemic fibrosis.

With the recent high-field MRI scanner improvements, 
several studies tried to use many functional sequences to 
detect brain metastases earlier and more accurately [23, 24]. 
This study aimed to provide a supplementary or alternative 
examination scheme for patients with contraindications of 
gadolinium-based MRI contrast.

Diffusion tensor imaging (DTI) is an advanced MR 
imaging technique that makes use of diffusion-weighted 
imaging principles. A typical DTI dataset contains at least 
one base image and six or more diffusion-weighted images 
obtained along noncollinear encoding directions. Compared 
with classical DWI, DTI exerts gradient fields along each 

direction at a time and are more sensitive to the movement 
of water molecules. In fact, DTI can also provide more infor-
mation regarding the histological structure of the brain, i.e., 
the structure of the white mater fiber tract [25–27]. FA value 
is a parameter, which is based on the weighted values of the 
necessary images and the three principal axes of diffusion-
weighted imaging and diffusion tensor obtained in six or 
more directions. FA value reflects the diffusivity tendency of 
water molecules along the white matter fiber bundles. FA = 0 
represents isotropic diffusion, FA = 1 represents 100% speci-
ficity along the direction of the maximum eigenvector and 
is anisotropic diffusion. In general, the anisotropic fraction 
of tumors is lower than that of normal white matter, due to 
the destruction of standard nerve fibers and the prolifera-
tion of tumor cells leading to a reduced diffusion direction. 
Recently, Bette S. and colleagues showed that FA may be 
useful for the differentiation between brain metastases and 
CNS lymphoma [28].

Among the 23 patients included in this study, lung cancer 
accounted for 19/23. Histologically, lung cancer metastases 
tend to bleed because the tumor blood vessels are prone to 
rupture due to the intravascular hypertension which is sec-
ondary of tumor cells infiltration, increased vascular per-
meability and intravascular thrombosis [29–32]. Moreover, 
all patients were diagnosed with brain metastases during 
history of the primary malignant tumor. Treatment regime 
of the primary tumor may also result in bleeding within 
the metastatic tumor, which is consistent with the imaging 
manifestations of bleeding signals on magnetic resonance 
sequences. On DTI, the tumorous architecture containing 
bleeding components appeared low signal intensity, and the 
area of the low signal is larger than the T2WI image, sug-
gesting the blood-related susceptibility artifact. Echo-planar 
imaging (EPI) is commonly used in the diffusion-weighted 
imaging for its low sensitivity to the motion-induced phase 
errors. However, EPI is prone to susceptibility changes at 
different tissue interfaces, which might demonstrate as dif-
fuse hypo-intensity [33, 34]. The bleeding within the meta-
static tumor increases the interface of the microarchitecture. 
Furthermore, the paramagnetic blood products itself results 
in the susceptibility artifact because of the variation of the 
magnetic homogeneity.

The variation of FA values measured within the meta-
static tissue also confirms the sensitivity of DTI sequence 
to magnetic field inhomogeneity. Therefore, DTI images are 
more likely to show hemorrhage in metastatic tumors, thus 
increasing the sensitivity of detection.

The enhancing part of the tumor on post-contrast images 
showed slightly high signal on DTI, which was consistent 
with the pathological mechanism caused by the high cell 
density in the active area of tumor hyperplasia, which result 
in the focal diffusion constraint. Therefore, the presence of 
the high signal in the lesion area on the DTI could reflect 
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the tumor activity. This may provide a promising reference 
index for judging the therapeutic effect and prognosis.

There was no statistically significant difference in the 
FA value change rate between the adjacent and distant peri-
tumoral edema of metastatic brain tumors. The reason is 
explained as follows:

1.	 histologically, brain metastases are similar to the pri-
mary tumor, with no blood–brain barrier but having 
extremely high capillary permeability;

2.	 high expression of VEGF in brain metastatic tumors 
generates immature neoplastic neovascularization with 
increased vascular permeability [31, 35];

3.	 the tumor compression on adjacent veins leads to simple 
vasogenic edema (the small foci with large edema and 
the large foci with small edema seen in the study might 
explain that some edema is caused by tumor compres-
sion of the surrounding blood vessels).

Therefore, the edema surrounding the metastasis is sim-
ple vasogenic edema without tumor cell infiltration. There 
are similar histological structures in the adjacent and distant 
peritumoral edema, resulting in no statistically differences 
in the change rate of FA value.

Regarding the detection rate of lesions, the number of 
lesions detected by DTI was fewer than post-contrast images. 
Reviewing the images from both sequences, the small 
(< 7 mm in diameter) superficial metastatic brain tumors 
underneath the inner cranial plate could be documented on 
post-contrast MRI scans, but poorly on DTI. Such differ-
ence is likely due to DTI sequence’s sensitivity to the mag-
netic field inhomogeneity. Furthermore, the enhanced MRI 
sequence used in this study is 3D T1WI, which provides 
more morphological details for small lesion characteriza-
tion. Nevertheless, the consistency of the DTI and contrast-
enhanced 3D T1WI scan is good.

A limitation of this study is the small sample size. Also, 
most of the subjects were patients with lung cancer, which 
has the predilection to hemorrhage. The treatment regime 
might induce the intratumoral hemorrhage. All these factors 
increased the sensitivity of the DTI to detect the lesion, thus 
resulting the bias. So, it should be further confirmed weather 
this advantage can be found for other brain metastases and 
patients who have not done antineoplastic therapy yet. Nev-
ertheless, since in clinical practice most of the patients are 
diagnosed brain metastases in the follow-up and under long-
standing chemotherapy, the situation of this study can still be 
representative, might provide reference to clinical practice.

In conclusion, DTI can detect much more brain meta-
static tumor lesions than the conventional non-contrast 
MRI sequences, especially metastases with intratumoral 
hemorrhage. It can be an alternative and complemen-
tary scan protocol for the patient with contraindication to 

contrast-enhanced MRI examination. At the same time, 
because DTI is more sensitive to the diffusivity of the water 
molecules, which in turn may be associated with the activ-
ity of the tumor, it might be used to determine the treatment 
efficacy and prognosis.
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