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Abstract

Purpose The Response Assessment in Neuro-Oncology Brain Metastases (RANO-BM) working group proposed a guide
for treatment responses for BMs by utilizing the longest diameter; however, despite recognizing that many patients with
BMs have sub-centimeter lesions, the group referred to these lesions as unmeasurable due to issues with repeatability and
interpretation. In light of RANO—BM recommendations, we aimed to correlate linear and volumetric measurements in
sub-centimeter BMs on contrast-enhanced MRI using intelligent automation software.

Methods In this retrospective study, patients with BMs scanned with MRI between January 1, 2018, and December 31,
2021, were screened. Inclusion criteria were: (1) at least one sub-centimeter BM with an integer millimeter-longest diam-
eter was noted in the MRI report; (2) patients were a minimum of 18 years of age; (3) patients with available pre-treatment
three-dimensional T1-weighted spoiled gradient-echo MRI scan. The screening was terminated when there were 20 lesions
in each group. Lesion volumes were measured with the help of intelligent automation software Jazz (Al Medical, Zollikon,
Switzerland) by two readers. The Kruskal-Wallis test was used to compare volumetric differences.

Results Our study included 180 patients. The agreement for volumetric measurements was excellent between the two read-
ers. The volumes of the following groups were not significantly different: 1-2 mm, 1-3 mm, 1-4 mm, 2-3 mm, 2-4 mm,
3—4 mm, 3-5 mm, 4-5 mm, 5-6 mm, 5-7 mm, 67 mm, 6—8 mm, 6-9 mm, 7-8 mm, 7-9 mm, 8—9 mm.

Conclusion Our findings indicate that the largest diameter of a lesion may not accurately represent its volume. Additional
research is required to determine which method is superior for measuring radiologic response to therapy and which parameter
correlates best with clinical improvement or deterioration.
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Abbreviations Introduction

mm  Millimeter

Q1  Lower quartile Brain metastases (BMs) are the most common type of intrac-
IQR Interquartile range ranial neoplasm in adults and are observed in nearly 20-30%
Q3  Upper quartile of adult cancer patients [1-3]. Although BMs are a preva-
SD  Standard deviation lent and crucial concern, relatively little research has been

undertaken on this topic during the last decade [3]. They
are underrepresented in therapeutic trials, and fundamental
scientific concerns remain unresolved [4].
Contrast-enhanced magnetic resonance imaging (MRI)
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Response Assessment in Neuro-Oncology Brain Metastases
(RANO-BM) working group proposed a guide for treatment
responses for BMs based on response evaluation criteria for
solid tumors (RECIST 1.1), based on one-dimensional meas-
urement of the longest diameter of lesions with a minimum
size of 10 mm, which is visible on two or more axial slices
that are preferably 5 mm or less apart with 0 mm skip [6,
7]. Additionally, the diameter perpendicular to the longest
diameter in the plane of measurement should be at least
5 mm for the lesion to be considered measurable [6]. While
the group acknowledged that many patients with BMs have
sub-centimeter lesions, the group referred to these lesions as
unmeasurable due to issues with repeatability and interpreta-
tion, and they did suggest the exclusion of these lesions in
trials where therapy response is the primary endpoint [6].
MRI scanners with a slice thickness of 1.5 mm (mm) or
less are recommended by the group for researchers who opt
to reduce the minimum size limit of a measurable disease
to 5 mm. In addition, the group proposed that lesions with
the longest diameter of less than 10 mm should be consid-
ered unchanged from baseline unless there is a minimum
3-mm shift in the observed longest diameter. Furthermore,
the RANO-BM group believes that current data are insuf-
ficient to warrant the widespread application of volumetric
response criteria in clinical studies involving patients with
BMs of any size [6]. However, in addition to the unidimen-
sional RANO-BM criteria, the group also believed that
evaluating volumetric response as a secondary endpoint in
clinical trials will contribute to the currently deficient body
of knowledge.

Since tumors can grow asymmetrically and in three
dimensions, the limitations of the method mentioned above
are obvious. While in 2006, Shah et al. concluded that linear
methods are comparable to volumetric methods in assessing
tumor response in adult high-grade gliomas, this cannot hold
for assessing tumor progression in the individual patient [8].
Further, the presence of cystic and necrotic regions within
the tumor might make it challenging to define the length
of the longest diameter. An obvious alternative without
those limitations would be to measure the tumor volume
as the whole, and was shown to yield reproducible volume
measurements with a lower variability compared with linear
measurements [9]. Volumetric measurement was considered
more challenging to implement for routine clinical use and
for designing clinical trials [9], but this might be due to a
lack of adequate tools. The emergence of intelligent auto-
mation software that permits the collection of volumetric
measurements with minimal effort by automating low-level
tasks might change this view. Furthermore, The American
Society for Radiation Oncology guideline suggests single-
fraction stereotactical radiosurgery for treating BMs smaller
than 2 cm [10]. In addition, Minniti et al. demonstrated that
tumor volume was an independent predictor of radionecrosis
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following stereotactic radiosurgery, indicating that treatment
of BMs when they are smaller may be advantageous for
reducing morbidity [11]. According to these reports, treating
smaller lesions, including sub-centimeter lesions, is crucial,
and their accurate follow-up is of the utmost importance.
To the best of our knowledge, no study correlating lin-
ear and volumetric measurements exists for sub-centimetric
BMs. Moreover, the need for research regarding sub-cen-
timeter BMs is even more significant since the literature is
lacking on them [6]. In the present study, we aimed to cor-
relate linear and volumetric measurements in sub-centimeter
BMs on contrast-enhanced MRI with the help of intelligent
automation software in light of RANO - BM suggestions.

Methods
Ethical considerations

This study complied with the Health Insurance Portabil-
ity and Accountability Act and was approved by the Insti-
tutional Review Board at The University of Texas MD
Anderson Cancer Center. The requirement to obtain written
informed consent was waived.

Patient selection and data extraction

In this retrospective cohort study conducted at a comprehen-
sive cancer center, patients with suspected or known BMs
scanned with MRI between January 1, 2018, and December
31, 2021, at The University of Texas MD Anderson Cancer
Center were evaluated for eligibility. Pre-treatment contrast
material-enhanced three-dimensional T1-weighted spoiled
gradient-echo MRI sequence reports recorded by neurora-
diologists were evaluated for each patient being screened.
Patients with at least one sub-centimeter BM were selected
for further screening. Patients who met the following inclu-
sion criteria were included in the study: (1) at least one sub-
centimeter BM with an integer millimeter-longest diameter
was noted in the MRI report; (2) patients were a minimum
of 18 years of age; (3) patients with available pre-treatment
three-dimensional T1-weighted spoiled gradient-echo MRI
scan with a slice thickness of less than 1.5 mm. Since neu-
roradiologists report the longest diameter for each lesion,
ranging from 1 to 9 mm, we designed nine groups based
on the longest diameter reported. We search for 20 BMs for
each group, ensuring that each BM comes from a different
patient, thus, a different radiology report. Thus, only one
lesion was included per patient. Patient and lesion screening
was terminated when there were 20 lesions in each group.
A supervising board-certified neuroradiologist (M.M.C., 7
years of experience in neuroradiology) examined and vali-
dated the imaging reports and measurements. If there was
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a discrepancy between the reported longest diameter in the
radiology report and the reviewing neuroradiologist’s meas-
urement, that lesion was excluded, and a new lesion with the
same longest diameter from a different patient was added.
From electronic medical records, demographic information
was extracted retrospectively. The following variables were
obtained: age at the time of the MRI scan, ethnicity, race,
and sex.

Imaging protocols

After contrast material administration (MultiHance; Bracco
Diagnostics, Princeton, NJ), each patient underwent imag-
ing with a three-dimensional T1-weighted spoiled gradient-
echo MRI sequence. Standard imaging parameters were
as follows: repetition time msec/echo time msec, 6.9/2.5;
the number of signal averages, 1.7; flip angle, 12°; matrix
size, 256 X 256; field of view, 24 X 24 cm; and voxel size,
0.94%0.94 x 1.00 mm. Either a 1.5-Tesla (T) scanner (Signa
HDxt; GE Healthcare, Waukesha, Wis) or a 3.0-T scanner
(Discovery MR750w, GE Healthcare) was used. The post-
contrast imaging protocols are compatible with the RANO
group’s proposed BM protocol. A summary of the imaging
protocols can be found in Online Resource 1.

Volumetric assessment

The volumes of all included lesions were measured inde-
pendently by a board—certified neuroradiologist (M.M.C.,
7 years experience in neuroradiology) and a neuroradiology
fellow (F.E.U., 6 years experience in radiology) with the
help of intelligent automation software Jazz (Al Medical,
Zollikon, Switzerland) [12]. Jazz is a software that auto-
mates low-level tasks, such as current and previous date
ordering, image contrast recognition, and lesion annotation.
While Jazz offers a deep learning-based lesion segmentation
algorithm, all volumetric measurements for this paper were

drawn manually with the help of the thresholding function.
A thresholding function was used to preselect voxels with
a signal intensity in a given range. This thresholding range
was set manually to optimal value and was adapted if neces-
sary for the different lesions. The lesion segmentations were
then drawn using the selected voxels (Fig. 1). Any problems
were resolved with the help of a board—certified neurora-
diologist (M.W., 25 years of experience in neuroradiology).

Statistical analysis

All statistical analyses were performed using R version
4.2.2 [13]. Continuous variables in normal distribution
were recorded as mean values (standard deviation [SD]).
The descriptive analyses for non-normally distributed con-
tinuous variables were presented as medians (interquartile
ranges [IQR]). Intraclass correlation coefficient (ICC) esti-
mate and their 95% confidence interval (CIs) for volumet-
ric measurements were calculated using SPSS version 26
(SPSS Inc, Chicago, IL) based on a mean-rating, absolute-
agreement, 2-way mixed-effects model. ICC values were
interpreted according to Koo et al. [14]. The nonparametric
Kruskal-Wallis test was used to compare volumetric differ-
ences among the nine groups. Significance values have been
adjusted by the Bonferroni correction for multiple compari-
sons. Box and whisker plots of volumetric measurements
classified by the reported longest diameter were created with
Plotly [15]. The longest diameters based on the lesion vol-
umes were depicted in a scatter plot.

Results

Our study included 180 patients, 20 in each of the nine
groups with available pre-treatment contrast-enhanced
T1-weighted spoiled gradient-echo MRI sequence. The
mean age of the 180 patients included in our study was

Fig. 1 A representative case for the intelligent automation software Jazz. a T1 contrast-enhanced scan, b signal thresholding, ¢ lesion annota-

tion, d segmented lesion
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64.52 (12.44) years. There were 90 men and 90 women.
The most common primary cancer types were lung cancer
(98, 54.44%), malignant melanoma (30, 16.67%), renal cell
carcinoma (20, 11.11%), and breast cancer (17, 9.44%). One
patient had angiosarcoma, one had choriocarcinoma, one
had colon cancer, three had esophageal cancers, one had
ileal cancer, two had leiomyosarcoma, one had pharyngeal
cancer, two had prostate cancer, and one had salivary gland
cancer. The characteristics of the patient population, both by
group and in total, are presented in Table 1.

The agreement for volumetric measurements was “excel-
lent” between reader one and reader two, with an ICC of
0.978 (95% CI, 0.970-0.983). All included lesions ranged
in volume from 0.010 to 0.735 mL, with a median value of
0.085 (0.185). Table 2 displays a summary of volume meas-
urements of the lesions, in groups by their largest diameter
and in total. Volume measurements in 1 mm, 2 mm, 3 mm,
4 mm, and 6 mm groups, and in total, were non-normally
distributed. Figure 2 depicts a box-and-whisker chart, with
outliers appearing as two types of points: suspected outliers
(blank) and outliers (not blank). Figure 3 is a scatter plot
depicting the distribution of the reported largest diameters
based on the lesion volume.

The Kruskal-Wallis test indicated that there is a signifi-
cant difference in the lesion volumes between the different
groups (x2(8)=158.62, p<.001), with a mean rank score
of 22.10 for the 1 mm group, 24.50 for the 2 mm group,
53.70 for the 3 mm group, 67.30 for the 4 mm group, 90.22
for the 5 mm group, 120.70 for the 6 mm group, 127.33 for
the 7 mm, 147.03 for the 8§ mm group, 161.63 for the 9 mm
group. The post-hoc Dunn’s test with a Bonferroni correc-
tion indicated that the mean ranks of the following groups
are not significantly different: 1-2 mm, 1-3 mm, 1-4 mm,
2-3 mm, 2-4 mm, 3-4 mm, 3-5 mm, 4-5 mm, 5—-6 mm,
5-7 mm, 6-7 mm, 6—8 mm, 6—9 mm, 7-8 mm, 7-9 mm,
8-9 mm. The corrected o using the Bonferroni correction
method was 0.0014.

Discussion

To the best of our knowledge, the present study is the first
to analyze linear and volumetric measurements in sub-cen-
timetric BMs. Our analyses revealed that volumetric meas-
urements in some groups stratified according to the largest
diameter were not normally distributed. In other words, in
some groups, the volumes of lesions with the same largest
diameter differed greatly. In addition, our statistical analysis
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revealed that among 36 pair comparisons of volumetric
measurements, 16 lacked statistically significant differences.
In other words, lesions with different longest diameters did
not have significantly different volumes, and their volumes
overlapped in many groups. This study contributes to the
currently insufficient body of knowledge regarding the linear
and volumetric measurements of BMs.

Due to the intrinsic ambiguity of measurements of small
BMs, the RANO-BM team suggested that the measurement
of modest alterations, such as the minimum 20% increase
in longest diameter to determine progressing disease or the
minimum 30% decrease to determine partial response, may
not be reliable or reproducible for sub-centimetric BMs.
Furthermore, the RANO-BM group proposed that sub-
centimetric BMs should be considered unchanged from
baseline unless the observed longest diameter has shifted
by at least 3 mm [6]. Our findings support the suggestion
of the RANO-BM group regarding not using measurement
of modest alterations, such as the minimum 20% increase
in longest diameter to determine progressing disease or the
minimum 30% decrease to determine partial response, since
there were no statistically significant volumetric measure-
ments between consecutive groups and groups with a 2 mm
(except 4—6 mm) difference in our study. Furthermore, our
study showed partially supporting findings to their further
proposal, using a 3 mm shift. Most comparisons comparing
groups with a 3 mm diameter difference exhibited statisti-
cally significant differences in volumetric measurements,
while some did not (1-4 mm, 6-9 mm). All pair compari-
sons comparing groups with a 4 mm diameter difference
exhibited statistically significant differences in volumetric
measurements. We did not consider the response to therapy
assessments in our study, and we cannot make any recom-
mendations; however, our findings indicate the need for
additional investigation.

The RANO-BM group considers current data insufficient
to justify the widespread application of volumetric response
criteria in clinical studies involving patients with BMs since
real-time volumetric analyses increase expense and labor
[6]. In addition, not all centers have access to or can afford
volumetric measurements. While we agree with their assess-
ment, our findings indicate that volumetric measurements
of sub-centimetric lesions with the same reported diameter
can vary considerably. The in-group volumetric measure-
ments by largest diameter were not normally distributed.
Moreover, there was an overlap in volumetric measurements
between groups, and at least a 3 or 4 mm difference in the
longest diameter was required for volumetric differences to
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Table 2 Volumetric measurements of the lesions
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1 mm 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm 8 mm 9 mm All

Groups

20 20 20 20 20 20 20 20 180
0.170

20

Sample size

0.010

0.125
0.200
0.295

0.020 0.025 0.040 0.090 0.095
0.065 0.130

0.010

0.010

Minimum
Q1

0.035

0.305
0.390

0.545

0.130

0.015 0.035 0.040

0.015
Median (IQR) 0.015 (0.005) 0.015 (0.010) 0.035 (0.015) 0.050 (0.030) 0.085

0.085 (0.185)

0.220

0.155 (0.065) 0.190

0.195
0.485

0.390
0.595

0.025 0.050 0.070 0.110 0.255
0.180

0.020

Q3

0.735 0.735

0.2023 (0.088) 0.3195 (0.147) 0.4243 (0.149) 0.1502

0.400

0.050 0.070 0.150

0.050

Maximum

0.0915 (0.036) 0.1768

0.0205 0.0410 0.0568
None 0.150 0.180

0.0195

Mean (SD)

Outliers

0.505, 0.545, 0.545, 0.555, 0.565,

None None None

0.485

0.045,0.050  0.050

0.565, 0.595, 0.605, 0.635,

0.735

be significant. Furthermore, Bauknecht et al. showed that
semiautomated segmentation of BMs produced repeatable
volume measurements with a lower variability compared
with linear measurements [9]. Therefore, additional research
is required for the follow-up of BMs using linear and volu-
metric measurements to determine which method is more
consistent, reliable, and reproducible for measuring radio-
logic response to therapy and which parameter correlates
best with clinical improvement or deterioration.

BMs are observed in nearly 20% of adult cancer
patients, and patients with a history of BM should
undergo imaging follow-up every three months or as clini-
cally indicated [16, 17]. Consequently, there is a tremen-
dous demand for neuroradiologists to detect and follow
up on these lesions, and it is practically impossible to
assess their volumetric characteristics, especially when
considering the massive workload. Therefore, intelligent
automation software employing artificial intelligence
to automate these processes would make the clinical
workflow more efficient and feasible. There is a body of
evidence in the literature showing that models based on
artificial intelligence can accurately detect and segment
BMs [18-25]. Consequently, if it can be shown that volu-
metric measurements are superior to linear measurements
for monitoring BMs, intelligent automation software with
volumetric measurement features could be implemented
in clinical trials and possibly in clinical practice in the
future.

Today, radiotherapy plays a more prominent role, and
stereotactic radiosurgery has now become the standard of
care in many clinical situations while the development of
novel systemic agents continues [10]. Since it has been dem-
onstrated that tumor volume is an independent predictor in
patients undergoing stereotactic radiosurgery, the value of
volumetric measurements is growing [26, 27]. However, for
patients treated with stereotactic radiosurgery or immuno-
therapy, it has been acknowledged that radiographic evi-
dence of growth may not necessarily indicate tumor progres-
sion and can be due to treatment effect [6, 28]. Therefore,
robust methods to distinguish between treatment effect and
tumor progression and monitoring for lesions treated with
stereotactic radiosurgery or immunotherapy, with robust and
reproducible measurements, are also needed.

Our study is not without limitations. First, our study has
limitations inherent to retrospective studies. Second, it was
a single-center study. Furthermore, we only analyzed pre-
treatment MRI, longitudinal follow-up of BMs with the
implementation of both volume and the longest diameter
would be needed.
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Fig.3 Scatter plot depicting the distribution of the reported largest diameters based on the lesion volume

Conclusion

In 36 pair comparisons of volumetric measurements based
on the longest diameters, our statistical analysis revealed
that 16 lacked statistically significant differences. Our results
indicate that the lesions’ longest diameter might not accu-
rately represent the lesions’ volumes. Future incorporation

of volumetric measurements into the clinical workflow
would be facilitated by the use of intelligent automation
software, which would also reduce the workload. Our
study serves as a crucial preliminary study, and to deter-
mine which method is superior for measuring radiologic
response to therapy and which parameter correlates best with
clinical improvement or deterioration, additional research is

@ Springer



Journal of Neuro-Oncology

required for the follow-up of BMs using linear and volumet-
ric measurements.
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