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ARTICLE INFO ABSTRACT

Keywords: Purpose: To study the effect of different enhancement timings of magnetic resonance (MR) on small-volume brain
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metastases (BM) visualisation and provide a basis for the contour of tumour targets.

Maximum diameter
Small-volume
MRI

Method: We prospectively enrolled 101 patients with BM who received radiotherapy. All patients underwent
computed tomography (CT) and MR simulations. Contrast-enhanced MR scans at 1, 3, 5, 10, 18, and 20 min after
injection of contrast medium were performed. The tumour target was determined on MR images at different
enhancement times, and the differences of tumour target volume, maximum diameter, and MR signal intensity
were compared.

Results: (1) Of the 453 metastatic lesions, 24 (5.2 %) were not detected at 1 min and 8 (1.8 %) were not detected
at 3 min; however, all metastases were detected after 5 min. The volume and maximum diameter of the 28 (6.2
%) metastases were stable at any time. (2) The average volume of metastatic lesions at 1, 3, 5, 10, 18, and 20 min
was 0.09 cms, 0.10 cm3, 0.12 cm®, 0.12 cm?, 0.13 cm®, and 0.13 cm3, respectively. Compared to 1 min, BM
volume at other times increased by 13.1 %, 21.5 %, 31.6 %, 39.6 %, and 41.7 %, and the difference between the
maximum and minimum volumes was statistically significant (p < 0.05). (3) The distribution of the maximum
ratio of tumours to white matter mean signal intensity at different times were 39.6 %, 20 %, 14.6 %, 8.0 %, 10.4
%, and 10 %, respectively.

Conclusion: The visualisation of small-volume BM was significantly different at different enhancement times. Our
results suggest that multi-timing enhancement scans for small-volume BM should be implemented and that

scanning at >10 min is essential.

1. Introduction

Brain metastases (BM) are the most common intracranial tumours in
adults, accounting for up to 80 % of primary tumours in patients with
BM from lung cancer, breast cancer, and melanoma (Sacks and Rahman,
2020; Kim and Kim, 2021; Jablonska et al., 2022). Recently, the inci-
dence of BM has increased due to improvements in tumour treatment
efficacy and prolonged patient survival (Saria et al., 2015). Approxi-
mately 30 %-50 % of patients with BM die of uncontrolled and recurrent
intracranial lesions, and BM has become the main cause of death in
patients with malignant brain tumours (Achrol et al., 2019).

Presently, BM are mainly treated with comprehensive treatments
such as surgery, radiotherapy, chemotherapy and biological targeted
therapy. Specifically, radiotherapy has played an irreplaceable role
(Putora et al., 2020). Radiotherapy is one of the most effective methods
for treating BM; for small-volume BM, a single high-dose SRS has ach-
ieved promising clinical outcomes (Hessen et al., 2020; Mulford et al.,
2021). Accurate quantification of BM and accurate contour of gross
tumour targets (GTV) are critical for patient risk stratification, appro-
priate radiotherapy planning, and prognosis; however, accurate contour
of GTV to evaluate tumour targeting is a challenging task (Engh et al.,
2007; Dupic et al., 2021).
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Contrast-enhanced (CE) magnetic resonance imaging (MRI) is the
standard imaging technique for determining the number, size, and
location of BM, and studies have shown that MR using gadolinium (Gd)
contrast agents is currently the gold standard for identifying and char-
acterising BM (Essig et al., 2012). Since tumour metastasis and growth
can cause different degrees of blood-brain barrier (BBB) damage,
paramagnetic Gd contrast agents show significant visual differences
when infiltrating perivascular tissue, showing a time-dependent effect
on MR enhancement—especially on small-volume BM (Hattingen et al.,
2017). The timing of image acquisition after contrast agent injection is
also an important factor that affects the accuracy and intensity of MRI
signals (Tsao et al., 2012).

The main problems are missed diagnosis and unclear boundary of
small-volume BM, which cannot accurately define the tumour target,
resulting in off-target phenomenon and treatment failure (Kirkpatrick
et al., 2015). An accurate and repeatable display of tumour volume on
MRI is reliable for radiotherapy planning design and tumour response
assessment (Yip and Aerts, 2016). Therefore, optimising the imaging
timing between contrast agent administration and imaging sequence is a
key step in improving the diagnostic sensitivity of CE MRI for small-
volume BM and accurately determining the tumour target area.

This study investigated the influence of enhanced MR on the visu-
alisation of small-volume BM at different times, aiming to determine the
optimal timing for detection and display of small-volume BM and pro-
vide a basis for delineating the target area for radiotherapy.

2. Materials and methods
2.1. Patient information

A total of 101 patients with BM who received radiotherapy at the
Cancer Hospital Affiliated to Shandong First Medical University from
February to October 2021 were prospectively enrolled. Among them, 48
were males (age range, 42-80 years; average age, 60.8 years) and 53
were females (age range, 36-81 years; average age, 56.6 years). The
primary tumour types included 84 lung cancers, 14 breast cancers, and 3
oesophageal cancers.

3. Methods
3.1. CT simulation

All patients were fixed with thermoplastic films and scanned using a
Philips Brilliance Big Bore CT locator (Philips, Amsterdam, The
Netherlands) with 3 mm thickness and at 3-mm interval in the supine
position.

3.2. MR simulation

After the CT simulation was completed, all patients were placed in
the same body position, and fixation method was used to obtain MR
simulation images using a GE 3.0 T superconducting MR scanner (Dis-
covery 750 W, GE Healthcare, Chicago, IL, USA) equipped with a 6-
channel head coil. All patients underwent 3D T1-weighted gradient-
echo brain volume imaging (T1 BRAVO) enhanced scans at 1, 3, 5, 10,
18, and 20 min after intravenous injection of a Gd-containing contrast
agent.

The enhanced scan parameters were as follows: TR = 8.5 ms, TE =
3.2 ms, matrix = 256 x 256, FOV = 256 mm x 256 mm, and slice
thickness = 1 mm, layer number = 50-52, and T1 sequence image
acquisition time was 1 min 55 s~ min 58 s. The Gadoteric Acid
Meglumine Salt Injection was injected with an MR injection system
(MEDRAD® Spectris Solaris EP, Bayer, Leverkusen, Germany) at the rate
of 2 mL/s and dose of 0.2 mL/kg, and then flushed with 20 mL saline.
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3.3. Delineation of tumour target

The lesion was defined as a mass with low-to-medium signal in-
tensity on T1 and focal parenchymal abnormal enhancement on CE-T1
scan, with higher signal intensity than the normal brain parenchyma.
The MRIs of all patients were imported into the MIM Maestro (7.1.7,
Cleveland, OH, USA) software where the images of six timings were
fused and registered. Without considering the time sequence of delayed
enhancement and patients’ clinical conditions, three radiologists
manually delineated the tumour target area and counted the number of
lesions on MR images at different time points of enhancement together,
using T2Flair images as reference. Then, a certain volume of white
matter was delineated at the same position in the central semiovale
region of images at their corresponding time points. In case of indeter-
minate lesions, the images were reviewed by a senior radiologist. Each
determined tumour and white matter were defined as regions of interest
(ROIs) to be analysed to assess whether the ROIs of each timing corre-
sponded accurately.

3.4. Acquisition of tumour target information

First, the number of BM with a maximum diameter of <1 c¢m in all
enrolled patients were counted six times after administration. Then, the
volume, maximum diameter, and average signal intensity of each met-
astatic lesion and average signal intensity in the white matter were
calculated from the data automatically generated by the MIM software.

3.5. Statistical analysis

The volume, maximum diameter, and average signal intensity of
metastatic lesions, as well as the volume and maximum diameter of
metastatic lesions at 10-18 min and 18-20 min after contrast adminis-
tration, were assessed using IBM SPSS (version 26.0, Armonk, NY, USA)
statistical software. With P < 0.05 indicated significant difference.

4. Results
4.1. Overview of the BM

The maximum diameter of the metastases at the 1 min time point was
used as the inclusion criterion, thus metastases >1.0 cm at 1 min were
excluded. Eventually, a total of 453 metastases with a maximum
diameter <1 cm were sketched in 101 patients; 24 (5.2 %) of these were
not detected at 1 min, 8 (1.8 %) were not detected at 3 min, and all 453
metastases were detected after 5 min. The volume and maximum
diameter of 28 (6.2 %) metastases did not change at any time (Fig. 1).

4.2. Comparison of metastatic volumes at different times

The average volumes of all metastases at 1, 3, 5, 10, 18, and 20 min
were 0.09 cm3, 0.10 cm3, 0.12 cmg, 0.12 cmg, 0.13 cm3, and 0.13 crn3,
respectively. Compared to 1 min, the volumes at 3, 5, 10, 18, and 20 min
increased by 13.1 %, 21.5 %, 31.6 %, 39.6 %, and 41.7 %, respectively
(Table 1, Fig. 2).

The frequencies of the maximum volume at different times were 6
(1.4 %), 19 (4.5 %), 32 (7.5 %), 104 (24.5 %), 147 (34.6 %), and 117
(27.5 %), respectively. The total proportion of distribution in 10-20 min
was 86.6 %, with the distribution the largest at 18 min. The volume
differences between 10 and 18 min and 18 and 20 min were statistically
significant (p < 0.05). However, 28.5 % of the metastatic lesions
decreased at 18-20 min, 28.9 % increased (change rate of metastatic
lesions >10 %), and the remaining metastatic lesions showed no change
(Table 2 and Fig. 3).
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Fig. 1. A, B, and C show no obvious lesions at 1 and 3 min after injection of Gd, respectively, and significant enhancement at 5 min. Figures D, E, and F show no
obvious lesions at 1 min after injection of Gd, but with significant enhancement at 3 and 5 min.

Table 1
Mean changes of maximum diameter and volume at different times.
Category Time
1 min 3 min 5 min 10 min 18 min 20 min
Maximum 0.75 + 0.77 + 0.79 + 0.81 + 0.83 + 0.83 +
diameter 0.15 0.16 0.18 0.18 0.19 0.20
(cm)
Volume (cm®) 0.09 + 0.10 + 0.12 + 0.12 + 0.13 + 0.13 +
0.05 0.06 0.13 0.14 0.15 0.15

4.3. Comparison of the maximum diameter of metastases at different time
points

The average maximum diameters of the metastases at 1, 3, 5, 10, 18,

3min

\ /

and 20 min were 0.75 c¢m, 0.77 cm, 0.79 cm, 0.81 cm, 0.83 cm, and 0.83
cm, respectively. Compared to 1 min, the maximum diameters at 3, 5,
10, 18, and 20 min increased by 2.4 %, 2.9 %, 7.2 %, 9.6 %, and 9.8 %,
respectively (Table 1).

The frequencies of the maximum diameter at different times were 3
(0.7 %), 13 (3.1 %), 28 (6.6 %), 94 (22.1 %), 162 (38.1 %), and 125
(29.4 %) (Fig. 3). The maximum frequency at 18 min and the difference
in maximum diameter at 10 and 18 min were statistically significant (p
< 0.05), while the difference between the maximum diameter at 18 and
20 min was not statistically significant (p > 0.05). However, the
maximum diameter of metastases from 18 to 20 min in 45.7 % of pa-
tients showed an increasing trend; 37.5 %, showed a downward trend;
and 16.8 %, showed no change. The changing trends of metastasis vol-
ume and maximum diameter were similar; both increased until 18 min

Fig. 2. Changes in volume (cm®) and signal intensity of metastases in a patient at different times.
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Table 2
Comparison of maximum diameter and volume at different time points.
Category Time
1 min 3 min 5 min 10 min 18 min 20 min
Maximum 3(0.7 13 28 94(22.1 162 125
diameter %) (3.1 (6.6 %) (38.1 (29.4
(cm) %) %) %) %)
Volume (cm?) 6(1.4 19 32 104 147 117
%) 4.5 (7.5 (24.5 (34.6 (27.5
%) %) %) %) %)

and then stabilised with time delay (Fig. 4). Differences between the
maximum and minimum values were statistically significant (p < 0.05;
Table 1 and Fig. 5).
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4.4. Analysis of changes in tumour signal intensity

The average signal intensity of a tumour at 1, 3, 5, 10, 18, and 20 min
were 1417.8,1477.3, 1458.8, 1403.1, 1382.5, and 1386.6, respectively.
The signal intensity peaked at 3 min and then decreased with increasing
time delay. Compared to 3 min, the signal intensities at 1, 5, 10, 18, and
20 min decreased by 4.2 %, 1.3 %, 5.3 %, 6.9 %, and 6.5 %, respectively,
and the change was the greatest at 18 min (Table 3).

The frequencies of the maximum tumour average signal intensity at
different time points were 34.3 %, 24.7 %, 22.7 %, 4.9 %, 8.2 %, and 7.5
%, respectively. The peak value of the distribution was at 1 min and
showed a slight upward trend when it decreased to 10 min. The differ-
ence between the maximum and minimum tumour signal intensities
were statistically significant (P < 0.05, Fig. 6).
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120 30.00%
100 25.00%
80 20.00%
60 15.00%
40 10.00%
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Fig. 3. The frequency of the maximum tumour volume at different times.
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Fig. 4. Mean changes in tumour maximum diameter and volume with time.
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Fig. 5. Frequency changes of the maximum tumour diameter at different time points.

Table 3
The mean change and distribution ratio of tumour signal intensity at different
time points.

Category Time
1 min 3 min 5 min 10 min 18 min 20 min
Proportion  34.3 % 24.7 % 22.7 % 4.9 % 8.2% 7.5 %
Mean 1417.8 1477.3 1458.8 1403.1 1382.5 1386.6
+ 328.7 + 373.7 + 344.3 + 334.9 + 332.6 + 333.4

4.5. Analysis of changes in white matter signal intensity

The average signal intensity means of white matter at different time
points were 1192.6, 1196.7, 1194.0, 1163.0, 1163.4, and 1157.9,
respectively. Although the signal intensity of white matter did not
change significantly between 1 and 5 min, the highest signal intensity

was the same as that of tumours at 3 min. Compared with signal in-
tensity at 3 min, the average signal intensity decreased by 2.5 %, 2.9 %,
and 3.4 % at 10, 18, and 20 min, respectively. The change trend was
similar to that of the tumour; however, the signal intensity of the tumour
was higher than that of the white matter (Fig. 6).

The frequencies of the maximum average signal intensity of white
matter at different times were 19.4 %, 28.6 %, 46.9 %, 0, 2 %, and 3.1 %,
and the distribution of the maximum value peaked at 5 min. Although
the distribution ratio of the signal intensity between the tumour and
white matter is not consistent, >70 % of the maximum signal intensity
was concentrated within the first 1-5 min. The difference between the
maximum and minimum values of white matter signal intensity was
statistically significant (p < 0.05).
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Fig. 6. The mean change trend of tumour and white matter average signal intensity at different time points.
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4.6. Analysis of changes in the tumour to white matter signal intensity
ratio

The frequencies of the maximum tumour to white matter average
signal intensity ratio at different times were 39.6 %, 20 %, 14.6 %, 8 %,
10.4 %, and 10 %, respectively. Overall, the distribution of the tumour
to white matter signal ratios was approximately the same as the distri-
bution of the tumour signal intensity values. The peak value of the signal
intensity was mainly concentrated at 1 min, and the signal intensity first
decreased with time, and then slightly increased after 10 min. However,
the distribution peak of the maximum value of the white matter signal
intensity was observed at 5 min (Fig. 7).

5. Discussion

This study quantified the changes in small-volume BM with different
MR enhancement timings and confirmed significant differences in the
visualisation of small-volume BM with different enhancement timings
and showed the inability of traditional fixed-timing enhancement scans
to fully characterise BM on imaging. Therefore, in this study, our results
showed the combination of multi-time enhanced scanning in the
detection of small-volume BM, delineation of tumour target areas, and a
delay of >10 min as the necessary sequence.

Imaging diagnosis of BM relies mainly on BBB destruction on CE
scanning findings. While the contrast medium cannot pass through the
complete BBB, but the pathologically damaged BBB area is significantly
enhanced, resulting in the accumulation of contrast medium in the
extracellular space of the affected tissue and an increase in longitudinal
relaxation. Compared to healthy tissues, the capillary permeability of
BM is abnormally high; therefore, the signal intensity is increased in T1-
weighted images (Heye et al., 2014). Delayed imaging may be an
effective way to improve adequate tumour visualisation because it al-
lows more time for the contrast agent to penetrate the destroyed BBB
and for neovascularisation within the metastases. Some studies have
shown that the surface of small blood vessels of micrometastases may
not allow a large dose of contrast agent to penetrate using a kinetic
method simultaneously, and the contrast agent’s penetrative ability has
a certain time dependence (Liidemann et al., 2005). The difference in the
display of tumour boundaries in our results also supports this postulate.

In this study, 5.2 % of the metastases were not visualised at 1 min due
to their small volume, and the degree of BBB damage was not as obvious,
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resulting in a longer time for the contrast medium to enter the tissue. A
total of 1.7 % of the metastases were not visualised at 3 min, indicating
that conventional MR enhanced 3 min scanning was also insufficient;
however, all metastases were visualised after 5 min. Therefore, for the
detection and delineation of small-volume BM, 5 min delineation should
be used as the initial sequence. Cohen-Inbar et al. (2016) investigated
the influence of three acquisition timings—post Gd contrast agent
injection—on the detection of BM and reported that the time-delayed
T1WI sequence has significantly higher sensitivity for detecting micro-
volume BM, which is consistent with the results of our study.

Enhanced timing also had a significant effect on the ability to visu-
alise the volume of small-volume BM. In this study, compared to 10 min,
1, 3, and 5 min underestimated the volume by 31.6 %, 18.5 %, and 10.1
%, respectively. However, small-volume BM are generally treated with
SRS, which has more stringent requirements for the display boundary
and volume of BM. The loss of volume during imaging may cause some
tumour areas to not be included in the tumour target because the im-
aging is incomplete and the radiation dose is insufficient, resulting in
radiotherapy failure. Although the volume of BM in this study remained
changed after 10 min, the trend slowed. Compared to 10 min, the vol-
ume increases at 18 and 20 min were only 8 % and 10 %, respectively;
thus, an enhancement of > 10 min should be considered a necessary
sequence in the radiotherapy of small-volume BM. This was confirmed
in Kang et al.’s results (Kang et al., 2018). Qiu et al. (2016) elucidated
the best time to delineate the border of glioma in mice, based on MR
delayed enhancement, and confirmed that the timing of enhancement
has a significant effect on tumour delineation; these results were also
shown in the present study.

Simultaneously, we analysed the signal intensity of the tumours and
white matter and found that tumour signal intensity and ratio of tumour
to white matter signal intensity showed a decreasing trend with each
time delay. However, the signal intensity of white matter showed an
increase in trend first until 5 min, followed by a decrease with further
delay, indicating that contrast medium penetration changed dynami-
cally with the delay of enhancement time; this is consistent with
Jeonet al.’s findings (Jeon et al., 2014). This result may also be due to
angiogenesis as a key factor in tumour growth and metastasis, and even
contrast media that normally cannot penetrate normal blood vessels can
pass through tumour vessels more quickly, resulting in increased dif-
ferences leading to rapid entry and dissipation of the contrast medium
(Lee et al., 2022). Although signal intensity was greatest at 1 min, it is

tumor white matter
——= =
I0MIN 18MIN 20MIN

Fig. 7. Change of maximum distribution ratio of the tumour, white matter, and tumour to white matter signal intensity ratio.
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not recommended as a reference sequence to determine small-volume
BM targets because some tumours are still not fully visualised. Howev-
er, this changed at 10 min, suggesting that the tumours may have
entered the dynamic equilibrium state of contrast medium infiltration
and elimination, consistent with the maximum diameter and volume of
the tumour. Therefore, we recommend that a sequence with a delay
exceeding 10 min should be considered.

This study has limitations. None of the patients in this study received
radiotherapy; therefore, we were unable to compare dosimetry and
elucidate the efficacy of radiotherapy. Notably, delayed enhancement
beyond 20 min has not been studied; however, based on our results, we
speculate that a delay beyond 20 min has little effect on the diagnosis
and target delineation of BM.

In conclusion, our study found that a delayed scan post-contrast
enhancement of MR visualised a more accurate radiotherapy target for
patients with BM who were to receive radiotherapy, confirming that
delaying the time of contrast enhancement of MR could improve the
diagnostic sensitivity for small-volume BM. In order to reduce the
omission of metastases and the accurate delineation of the tumour
target, this study suggested that multi-time enhanced scanning should
be performed in BM patients receiving radiotherapy with a delay of >10
min as a necessary sequence.
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