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Abstract

Background: Treatment of brain metastases can be tailored to individual lesions with treatments such as stereotactic
radiosurgery. Accurate surveillance of lesions is a prerequisite but challenging in patients with multiple lesions and
prior imaging studies, in a process that is laborious and time consuming. We aimed to longitudinally track several
lesions using a PACS-integrated lesion tracking tool (LTT) to evaluate the efficiency of a PACS-integrated lesion
tracking workflow, and characterize the prevalence of heterogenous response (HeR) to treatment after Gamma
Knife (GK).

Methods: We selected a group of brain metastases patients treated with GK at our institution. We used a PACS-
integrated LTT to track the treatment response of each lesion after first GK intervention to maximally seven diag-
nostic follow-up scans. We evaluated the efficiency of this tool by comparing the number of clicks necessary to
complete this task with and without the tool and examined the prevalence of HeR in treatment.

Results: A cohort of eighty patients was selected and 494 lesions were measured and tracked longitudinally for
a mean follow-up time of 374 days after first GK. Use of LTT significantly decreased number of necessary clicks.
81.7% of patients had HeR to treatment at the end of follow-up. The prevalence increased with increasing number
of lesions.

Conclusions: Lesions in a single patient often differ in their response to treatment, highlighting the importance of
individual lesion size assessments for further treatment planning. PACS-integrated lesion tracking enables efficient
lesion surveillance workflow and specific and objective result reports to treating clinicians.

Key points

1. Our PACS-integrated lesion tracking tool allows efficient tracking of multiple lesions over
long time periods. It also allows specific, and objective reporting of results.

2. Lesions in a single patient often respond to treatment heterogenously.
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Importance of the Study

This study introduces a workflow efficient
PACS-integrated lesion tracking tool to the
neuro-oncological community. This tool sub-
stantially facilitates the neuroradiologist’s task
of surveilling lesion growth, a process that is
particularly challenging in patients with mul-
tiple simultaneous lesions that are being
monitored over multiple follow-up studies.
Through generation of treatment response
curves and tables, the neuroradiologist is also
able to communicate changes in lesion sizes

Brain metastases comprise more than 50% of intracranial
tumors in adults. Targeted management of metastatic le-
sions in the brain has become available in recent decades
thanks to the development of stereotactic radiosurgical
techniques such as Gamma Knife (GK). However, cor-
rectly assessing which lesions should be targeted often
depends on the radiologist correctly tracking the change
in size of individual lesions over time and communicating
these results to the treating clinician in a clear and effi-
cient manner.This process is especially challenging in the
setting of brain metastases because patients frequently
present with multiple lesions over a number of prior MR
scans. This often results in long reading times and the
radiologists losing track of lesions, all of which are fac-
tors that might be contributing to the increasing burn-out
rate among neuroradiologists.? These also contribute to
the generation of unclear and nonspecific radiological
reports, which are at odds with the need of clinicians to
precisely define the behavior of individual lesions for
treatment planning purposes.® In addition, this shifts the
responsibility of tumor treatment response assessment
to neuro-oncologists, who may not have ready access
to measurement tools needed to generate treatment re-
sponse curves of tumors. Furthermore, objective and effi-
cient communication between radiologists and clinicians
is hampered by the free-text method of report writing,
the current standard for reporting treatment responses.
As pointed out by Bink and colleagues, the use of this
method is especially problematic in follow-up readings
of intracranial pathologies—such as brain metastases—
since the inter-reader variability is high and the reproduc-
ibility of diagnostic measures is hindered.* Considering
these problems, we sought to develop an easy-to-use
and efficient PACS-integrated method for longitudinal le-
sion tracking that enables radiologists to systematically
track the growth of multiple individual lesions over a long
period of time, and facilitates communication of results to
referring clinicians: both qualitatively through automatic
generation of treatment response curves, and quantita-
tively by summarizing longitudinal changes in tabular
form. We also aimed to use the lesion tracking tool (LTT)
to determine the prevalence of heterogenous response
(HeR), meaning the co-occurrence of different response
categories in lesions of the same patient treated with GK
radiosurgery.®

in a concise, objective, and specific manner to
clinicians planning individualized treatment.
Furthermore, we also utilized the efficient
workflow enabled by the tool to track close to
500 lesions over long periods of time and char-
acterize the treatment response to stereotactic
radiosurgery. We found that lesions in a single
patient often respond to treatment heterogen-
ously, a finding that underscores the necessity
for assessing treatment response at individual
lesion level.

Materials and Methods
Patient Selection

This was a retrospective (informed consent was waived),
IRB approved, HIPAA compliant single-center study. To
characterize the performance of the LTT and radiosurgery
treatment response assessment vs standard of care (ie
manual measurements, response assessment, and re-
porting), we identified a test dataset of patients with brain
metastases. The selection process workflow is summar-
ized in Figure 1. Briefly, we obtained the patient list from
Brain Metastases Tumor Board meetings at our institution
from August 2020 to June 2021, and randomly selected
a group of 100 patients with brain metastases who had
radiosurgery at the institution. Further inclusion criteria
were (i) an initial GK scan, and (ii) a minimum of two fol-
low-up diagnostic MR scans at least one month apart from
each other. Selected exclusion criteria were (i) postcontrast
T1-weighted (T1c+) images with a slice thickness >3mm,
and (ii) patients that only had resection cavities due to
pre-GK surgical excision of metastases, because it is
known that rim-enhancing resection cavities are difficult to
measure in 2D, and the cavity size reflects the extent of sur-
gery, and less the disease itself.

PACS-Integrated LTT

Studies that matched the inclusion criteria were trans-
ferred using the DICOM send function from the clinical
production PACS to a research instance of the PACS (Al
Accelerator, Visage Imaging, Inc., San Diego, CA). The im-
ages were de-identified using a nonreversible hash-based
process whereby if another study for the same patient is
sent through the pipeline later, those new objects are as-
signed to the same de-identified patient jacket on the re-
search server, facilitating lesion tracking of de-identified
data. The LTT that is included in Visage7 (Visage Imaging
Inc., San Diego, CA) was used for our study. 1D and 2D le-
sion diameters can be measured, and the results are stored
as DICOM Structured Report in PACS. Furthermore, each
lesion is tracked using a unique identifier so that all prior
measurements can be automatically loaded upon opening
a patient’s current study. The lesion measurements across
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Figure 1.

Patient selection workflow. From the randomly selected 100 patients, 80 were included in the analysis and measured longitudinally. From

this group, nine had only one lesion and homogeneity of treatment response could be assessed in seventy-one patients.

time can then be automatically quantified and visualized
using both tables and growth curves. To accelerate the
workflow, we implemented a custom hanging protocol
that can automatically co-register, chronologically align,
and present an eight-viewer layout that includes the cur-
rent and up to seven prior image series acquired using
T1c+ gradient-echo sequences.

Tracking of Lesions

Measurements and lesion tracking were performed using
the LTT on the research PACS. All intraparenchymal meta-
static lesions were first measured in the first GK interven-
tion scan and tracked for up to seven follow-up MR scans,
unless the patient died before, or the patient had not yet
been followed up seven times. Extraparenchymal lesions
were excluded because leptomeningeal disease is con-
sidered nonmeasurable by the RANO-BM proposal. The
process of PACS-integrated longitudinal lesion tracking
using the LTT is outlined graphically in Figure 2 and an il-
lustrated step-by-step instruction on its use is presented
in Supplementary Result 1. Briefly, after the first study is
opened, the user deploys the lesion tracking hanging pro-
tocol by the click of a push-button automatically loading all
the relevant studies to be measured, automatically aligning
the desired sequences chronologically, co-registering
them, and opening the LTT interface. This interface is com-
posed of a table with the study dates as column-headings,
and individual lesions as row-headings. Next, the 2D meas-
urement tool embedded in the LTT is used to measure
lesions. The size is annotated automatically in the corre-
sponding cell of the table. By consecutively measuring the

size of the same lesion on different study dates, the pro-
gression of a single lesion is annotated in its corresponding
row. In addition, the lesion can be renamed and further
characterized as a “Target Lesion,” “Non-Target Lesion,’
and “New Lesion!” Once all lesions have been measured
the user can automatically create and export the output
of the LTT as (i) a graphical growth curve of all lesions,
where the x-axis represents time and the y-axis the longest
diameter (LD) in mm; and (ii) a growth table detailing the
name of the lesion, study dates, series, and image number
where the lesion was found on a particular study, diam-
eters in mm, and the percentage diameter change in re-
lationship to the previous study. The output can then be
pasted into a reporting tool (ie PowerScribe, Nuance,
Burlington, MA), or the growth table can be exported as a.
csv file. Finally, the results can be saved on PACS in the pa-
tient jacket and retrieved at a later date to add the results of
the newest follow-up study.

We calculated the total number of patients, lesions,
number of lesions per patient, time of follow-up after
first GK scan, and number of GK interventions per pa-
tient. We summarized the results separately for patients
who died within the first seven follow-up scans after first
GK intervention, and those who remained alive. We com-
pared these characteristics between the two groups with a
two-tailed Mann-Whitney U test (o = 0.05).

Measuring Efficiency Gains of LTT

To objectively measure the efficiency of the LTT from the
viewpoint of a radiologist, we compared the number of
mouse clicks needed to measure and track lesions with and
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Figure 2. Workflow of the lesion tracking tool (LTT) for longitudinal tracking of metastases. Step 1: Loading of the images and deployment of the
hanging protocol. Step 2: Individual lesions are measured over time and the results recorded and automatically assigned to their corresponding
study date. Step 3: The output of the LTT is generated. The automatically generated treatment response curves and tables allow for qualitative
and quantitative assessment of lesion growth. In this example, two metastatic lesions are tracked for 408 days after Gamma Knife (GK) radiosurgery
over seven follow-ups post GK, revealing that both lesions remitted homogenously after treatment.

without use of the LTT, first in theory and secondly in prac-
tice. We first recorded the amount of clicks necessary for
the initial process of loading, aligning, and co-registering
the images and the measurements itself if a radiologist
were to work as efficiently as possible. To recreate a sce-
nario resembling every day clinical practice we counted
the number of clicks that two readers needed to track five
patients, each with every eight studies (including the first
GK scan) and two lesions with and without the LTT. During
tracking by a reader, the other counted the number of
clicks. These were recorded separately for the process of
loading the images (starting with the opening of the first
study and ending right before the first lesion size measure-
ment begins) and for the measurements (starting with the
selection of the measurement tool and ending when the
last lesion has been measured). Significance of difference
in number of mouse clicks with and without using the LTT
was determined using a paired t-test (o = 0.05).

Comparison of Radiological Free-Text Impression
versus Automatic LTT Output

We randomly selected 30 patients from our cohort and col-
lected the output of the LTT (growth curves and tables),
and the original radiological impression at the last date
of follow-up. A board-certified neuroradiologist (5 years
of experience) was tasked to review both sets of informa-
tion and answer the following two questions per case:

“Regarding the growth of metastatic lesions, are the radi-
ological impressions congruent with the growth curves/
tables” (Possible answers: Congruent/Partially Congruent/
Incongruent), and “For this case, how much more informa-
tion relevant to treatment planning does the growth curves/
table add to the radiological impression?” (Possible an-
swers: Scale from 1 to 5, where 1 = “no additional relevant
information for treatment planning’; and 5 = “maximal ad-
dition of relevant information for treatment planning”). In
cases where the report and LTT output were incongruent,
the measurements with the LTT were double-checked to
ensure that the discrepancy was not due to a failure in cor-
rectly measuring lesions.

Assessing Prevalence of HeR to Treatment at
Individual Patient Level

To characterize how brain metastases behave in relation
to one another after radiosurgery at an individual patient
level, we selected patients that had >1 lesion during the
measured timeframe. We aimed to characterize the re-
sponse as either homogenous (all lesions either increased,
decreased, or remained stable after treatment) or as heter-
ogenous (the treatment response of lesions differed within
a patient after radiosurgery). To objectify this, all lesions
were classified at every available follow-up scan as either
stable disease, partial response (PR), complete response,
progressive disease, or as new lesions (NL) if they appeared
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Table 1. Characteristics of patients included in this study.

All patients
Total number of patients 80

Mean age (+ SD) 63 years(x13)

F:M ratio 41:39

Total number of lesions 494

Median number of le-
sions per patient (range)

4 |esions/patient(1-45)

Mean time of follow-up
after first GK (+ SD)

Median number of GK
interventions per pa-
tient (range)

373.6 days(x176.1)

1 intervention/patient(1-4)

NSCLC =37

SCLC=4

Melanoma =17
Renal-CA=6
Breast-CA=6
Prostate-CA =2
GIT-CA=6
Oropharyngeal-CA =1
Ovarian-CA=1

Primary cancer

Alive patients

Dead patients

49 31

63.6 years 62.7 years(+13.6)
(£12.9) [P=.9, ns]

24:25 17:14

237 257

3 lesions/patient(1-26)

457.2 days(+176.1)

1 intervention/patient(1-3)

4 lesions/patient(1-45)
[P=.101, ns]

241.5 days(+145.6)
[P < .001, significant]

1 intervention/patient(1-4)

[P=.353, ns]
NSCLC =20 NSCLC =17
SCLC=2 SCLC=2
Melanoma = 14 Melanoma =3
Renal-CA=5 Renal-CA =1
Breast-CA=4 Breast-CA =2
Prostate-CA =1 Prostate-CA =1
GIT-CA=3 GIT-CA=3
Oropharyngeal-CA =1
Ovarian-CA =1

The column titled “All patients” summarizes the information among all 80 patients that were included in this study. The column “Alive patients”
includes all patients that remained alive during the entirety of the follow-up of up to seven follow-up scans after first GK intervention. The column

“Dead patients” summarizes all patients who died during follow-up.

Abbreviations: CA, carcinoma; F:M ratio, Female-to-Male ratio; GIT, gastrointestinal tract; GK, Gamma Knife; NSCLC, non-small cell lung cancer;

SCLC, small cell lung cancer.

for the first time. Analogous to the proposed RANO-BM cri-
teria, PR was defined as >30% decrease in LD from base-
line in lesions with a LD 210 mm, and an absolute decrease
of >3 mm, for lesions with LD <10 mm.® Progression was
defined as an increase >20% in LD from nadir for lesions
with an LD >10 mm, and an absolute increase >3 mm for
lesions with a LD <10 mm. When neither criterion applied,
lesions were classified as stable.*Whenever a NL appeared
we annotated it as “New Lesion,” recorded the size, and for
the following scans classified it as decreasing, increasing,
or stable analogously to all other lesions. If all lesions were
either partially or completely remitted in a single follow-up
study, the treatment response was classified as homoge-
nously decreasing (HD). If all lesions progressed or new
ones appeared, treatment response was classified as ho-
mogenously increasing (HI). If all lesions remained stable
in size, treatment response was classified as homoge-
nously stable (HS). Treatment response was classified as
HeR when a combination of decreased and/or increased
and/or stable lesions was found on the same follow-up
scan. Furthermore, we specified whether this was due to a
combination of “stable and increasing lesions,” “stable and
decreasing lesions,” “decreasing and increasing lesions,”
or “stable, increasing, and decreasing lesions” We as-
sessed the prevalence of the different treatment responses
at the last follow-up scan and related this to the number
of metastatic lesions the patient had; and at 0-90, 91-180,
181-270, 271-365, >365 days after the first GK interven-
tion. We also performed a secondary analysis in which we
excluded from the analysis all lesions with a LD <56 mm

because they are considered nonmeasurable by the pro-
posed RANO-BM criteria.®

Results
Patient Selection

A tabular summary of the patient characteristics can be
found in Table 1. From the initial group of 100 randomly
selected patients, 12 were excluded because the T1c+ im-
ages had slice thickness >3 mm, and eight patients due to
only having rim-enhancing resection cavities on the first
GK intervention. 80 patients with a total of 494 lesions
were included in our study (Mean age + standard devia-
tion = 63 = 13 years, female-to-male ratio = 41:39). For a
secondary analysis of treatment response assessment
only in lesions considered measurable by the RANO-BM
criteria we excluded 140 lesions because their LD at base-
line was <6 mm. This yielded 79 patients with 354 lesions.
All included patients had gradient-echo T1c+ follow-up
studies with slice thickness <1.5 mm. Of the 80 patients,
31 (38.75%) died before reaching their respective seventh
follow-up MR scan date.The median number of lesions/pa-
tient was 3 (Range: 1-26) in the group that remained alive
during follow-up, and 4 (Range:1-45) in the group that
died. The difference did not reach statistical significance
(P =.101). The mean * standard deviation follow-up time
was 457.2 + 176.1 days for patients that remained alive, and




Cassinelli Petersen et al. Longitudinal tracking of brain metastases growth

241.5 + 145.6 days for those who died.The mean follow-up
time among patients that had seven follow-up scans after
the first GK intervention was 474 + 116 days (Range: 268-
721). The median number of GK interventions for both
groups was 1 (Range:1-4). Among all 80 patients, nine had
only one intraparenchymal lesion, while the rest had mul-
tiple. Of the 79 patients included in our secondary analysis,
63 had more than one lesion.

Measurement of Efficiency of LTT

To objectively and reproducibly measure efficacy gained
using the LTT we compared the number of clicks needed
for the entire process with and without its use. The results
have been summarized graphically in Supplementary
Figure 1. To load the previous studies and align them, the
LTT requires a total of at least four clicks to open one study,
and one additional click per additional study (one to open
the study navigator, one to select each study, one to load
all selected studies, and one to deploy the hanging pro-
tocol). Conversely, to align the studies chronologically and
co-register them without LTT it takes at least five clicks to
open one study and three additional clicks per additional
study (one to open the study navigator, one per study to
open all available sequences in one study, one per study
to scroll through the sequences, one per study to drag and
drop the sequence into its corresponding viewer, and one
to co-register all aligned studies). To perform the 2D meas-
urements, it requires in both cases, three clicks per lesion
(one to activate the 2D ruler, and two to measure each di-
ameter). At this point and in both cases all lesions will have
been measured, but the results are ordered logically only
when using LTT. Finally, to communicate the results, LTT
users can transfer the growth table into the report, whereas
radiologists without LTT will manually dictate the results.

To test the efficiency of the LTT in practice we measured
the number of clicks needed for loading and measuring
brain metastases when two readers tracked five patients
with every eight studies (including the first GK scan) and
two lesions. The results are shown in Figure 3. The time
needed to dictate individual lesions into the radiologic re-
port was not tracked for this analysis.

Comparison of Radiological Impressions and
LTT Output

Regarding the growth of lesions, the original radiologist’s
impression was congruent or partially congruent in 26.6%
(8/30) and 33.3% (10/30) of times. 40% (12/30) of radiolog-
ical impressions were judged to be incongruent with the
LTT output. The additional information provided by the LTT
output regarding treatment planning was scored with the
maximal score of “5” in 93.3% (28/30) of cases, and “1”
and “3" in 3.3% (1/30) of cases each.

Prevalence of HeR to Treatment at Individual
Patient Level

Examples of treatment response curves showing different
homogenous and HeR can be seen in Figure 4. An example

case showing tracking of >25 metastases over multiple
follow-ups is demonstrated in Supplementary Figure 2.
Results are summarized graphically in Figure 5, and tabu-
larly in SupplementaryTables 1-3. 81.7% (n = 58) of patients
with >1 lesion (n = 71) showed a HeR at the last date of
follow-up, while 12.7% (n = 9) showed a homogenous de-
crease in lesions size, 4.2 % (n=3) a HI, and 1.4% (n=1) HS
response to treatment. 32.8% (n = 19) of patients with a HeR
had a combination of decreasing and increasing lesions;
31% (n = 18) stable, decreasing, and increasing lesions;
20.7% (n = 12) stable and decreasing lesions; 15.5% (n = 9)
stable and increasing lesions (Figure 5A, Supplementary
Table 1A). Prevalence of HeR to treatment was lowest in
patients with two lesions (47.1%, n = 8/17), and highest in
patients with >4 lesions (100%, 29/29). Patients with three
and four lesions had a prevalence of HeR in 81.8% (n=9/11)
and 85.7% of cases (n = 12/14), respectively (Figure 5B,
Supplementary Table 2A). In patients with follow-up im-
ages in the first 90 days post first GK intervention and more
than one lesion (n=58), 69% (n = 40) showed a HeR, 20.7%
(n=12) HS, and 10.3% (n = 6) HD response to treatment.The
fraction of HeR increased in follow-ups 91-180 days (80.6%,
n = 50/62), 181-270 days (82%, n = 41/50), and 271-365
(83%, n=34/41) post GK, and decreased in follow-up scans
later than 1 year (77.5%, n = 31/40) post first GK. (Figure 5C,
SupplementaryTable 3A).

In our secondary analysis which excluded lesions with
LD <56 mm at baseline, 71.4% (n = 45) of the patients with
more than one lesion (n = 63) showed a HeR at last date of
follow-up, 19% (n = 12) showed a homogenous decrease in
lesions size, 4.8% (n = 3) showed each Hl and HS response
to treatment. Among the 45 patients with HeR, 42.2%
(n = 19) had a combination of decreasing and increasing
lesions; 31.1% (n = 14) stable, decreasing, and increasing
lesions; 13.3% (n = 6) each stable and decreasing lesions;
and stable and increasing lesions. (Supplementary Table
1B). The prevalence of HeR to treatment was lowest in pa-
tients with two lesions (47.8%, n = 11/23), and highest in
patients with more than four lesions (90%, 18/20). Patients
with three and four lesions had HeR in 83.3% (n=10/12) and
75% of cases (n = 6/8), respectively (Supplementary Table
2B). In patients with follow-up images taken in the first
90 days post first GK intervention and >1 lesion (n = 49),
61.2% (n = 30) showed a HeR, 28.6% (n=14) HS, and 10.2%
(n = 5) HD response to treatment. The fraction of HeR in-
creased in follow-ups 91-180 days (72.2%, n = 39/54), and
181-270 days (75%, n = 33/44) post GK, and decreased in
follow-up scan 271-365 (71.4%, n = 25/35),and later than
1 year (63.6%, n = 21/33) post first GK (Supplementary
Table 3B).

Discussion

In this study, our group aimed to develop an easy-to-use
and efficient method for longitudinal lesion tracking that
enables radiologists to systematically track the change
in size of multiple individual lesions over a long period
of time and facilitates communication of results to refer-
ring clinicians. We also leveraged the LTT to determine the
prevalence of HeR in lesions treated with radiosurgery.
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Figure 3. Comparison of clicks necessary to measure and track lesions with and without the LTT. Mean total click count was significantly lower
with use of LTT (Reviewer 1: 48.6 vs 41.4 clicks, P < .001; Reviewer 2: 48.2 vs 41.2 clicks, P < .001). Similarly, mean click count for loading the im-
ages was significantly lower when the LTT was used (Reviewer 1 and 2: 11.4 vs 18.6 clicks, P<.001). There was no significant difference between
the number of clicks necessary for the size measurement of the lesions itself (Reviewer 1: 30 vs 30 clicks; Reviewer 2: 29.8 vs 29.6 clicks, P = .84).

*= P<.001, ns, not significant.

The LTT is fully integrated in PACS. This is necessary to
facilitate longitudinal lesion tracking since it allows its
seamless integration into the clinical workflow of radiolo-
gists. Furthermore, this integration allows the LTT to be
easily accessed by deployment of a hanging protocol that
(i) identifies the desired sequences from previously loaded
studies automatically, (ii) auto-aligns them chronologically,
(iii) co-registers them automatically, and (iv) automatically
opens the LTT interface. Importantly, while we configured
our hanging protocol to retrieveT1c+ gradient-echo images,
the protocol can be modified to retrieve other sequences
(eg, FLAIR images) and allow longitudinal tracking of dif-
ferent lesions (eg, demyelinating lesions). The efficiency
of this hanging protocol is also supported by our finding
that it significantly improved the radiologist’'s workflow
by decreasing the amount of clicks necessary to measure
lesions longitudinally. To measure the lesions, the radiolo-
gist follows the same procedure as to measure any struc-
ture without the LTT, but the measurement is automatically

recorded by the tool and annotated in the interface table.
In other words, the way the radiologist measures the le-
sions is unchanged but has the added benefit of recording
the measurement automatically. Furthermore, thanks to the
side-by-side layout of prior studies, visual comparison of
lesions is facilitated. In addition, the co-registration of im-
ages allows the tool to closely predict the image number at
which the lesion is going to be found in future follow-ups,
and guide the radiologist, saving time finding the lesion.
Importantly, this tool can not only be used retrospectively —
as in our study—but also prospectively since the measure-
ments can be saved and updated later when the patient
comes for the next follow-up appointment. Upon comple-
tion of the measurements, the provider can generate two
types of output: a graphical treatment response curve that
conveys changes in lesion size qualitatively; and treatment
response tables that quantitatively details the size varia-
tions. Both types of output can then be added to the radio-
logical report providing clinicians with an objective, specific
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Figure 4. Types of treatment response after GK therapy demonstrating growth curves with homogenous and heterogenous treatment responses
in comparison to treatment response calculated by RANO-BM. 3A and 3B demonstrate progressive disease as classified by RANO-BM criteria, but
when looking at growth curves, 3A demonstrates heterogenous response with only one lesion needing treatment. On the other hand, 3B demon-
strates homogeneously increasing growth curves, thus there is a need to treat both lesions in this patient. 3C demonstrates partial remission with
homogeneous decrease in size of all lesions over time. 3D demonstrates stable disease on both RANO-BM and growth curve assessment. These
treatment response curves show that while an overall assessment of treatment response is necessary, in some cases it is also advantageous to
look at the change in size of individual lesions: while the overall sum of diameters is increasing in Lesion 1 and slightly in Lesion 3, Lesions 2 and 4

have both remitted or are remained stable after treatment.

and consistent structured report, while also saving dictation
time. Structured reports have been previously evaluated in
the field of neuro-oncology and have been found to reduce
nonspecific descriptions of brain lesions in patients with
brain metastases to help detect all intracranial pathologies,
and reproducibly document findings.>* In our study com-
paring the free-text radiologist impressions with the struc-
tured output provided by the LTT, we found inconsistencies
regarding the growth of lesions. In one striking case with
multiple metastases, a lesion increased in size from 14 to
19 mm in LD, a change that was clearly shown in the treat-
ment response curve and even recorded by the radiologist
in the report but was left out from the impression of the ra-
diology report. Another example demonstrating relevant
incongruencies between the original radiologist’s impres-
sion and the corresponding growth curve is showcased and
discussed in Supplementary Figure 3. Furthermore, the ad-
ditional information gained from the LTT output was over-
whelmingly interpreted to be most important for treatment
planning purposes. While these results suggest that the LTT
could increase the diagnostic accuracy of brain metastases,
a controlled clinical trial will be necessary to prove this. LTT
can also be applied to other diseases like liver, lung, etc.,
lesion assessment where a streamlined longitudinal lesion
tracking workflow can help alleviate radiologist burnout,
make for more consistent measurements and effective
reporting, and adoption of ACR (LI-, Pl-, TY-, etc.) RAD
guidelines. In addition, quantitative output can be used to

develop and incorporate novel treatment response criteria
such as brain metastasis velocity in clinical workflow.”
Overall, the integration of the longitudinal brain metas-
tasis measurement tool into PACS, the development of the
hanging protocol, the easy-to-use interface and the possi-
bility to communicate the results in a clear, objective and
consistent manner should encourage neuroradiologists to
longitudinally track different lesions over multiple priors and
allow for these assessments to become standard of care. In a
study published by Hayward and colleagues in 2016, the au-
thors were able to show that taking multiple prior mammog-
raphy studies into account resulted in reduced recall rates,
an important benefit for patients.® While no study exam-
ining the benefit of considering multiple prior MR scans in
the context of brain metastases has been published to our
knowledge, it is very likely that neuro-oncologists, radiation
oncologists, and neurosurgeons will be able to tailor treat-
ment plans more accurately if the behavior of metastases
can be examined and interpreted not just in relation to the
last scan but over longer time periods. Prior studies have
shown that metastatic brain lesions vary in their responses
substantially: while the lesions commonly decrease in size,
a large proportion remains stable or increases in size.®'° In
this context, we sought to utilize our newly developed LTT
and characterize the different forms of treatment response
after radiosurgery, focusing particularly on the heterogeneity
of responses in a single patient, since it is often discussed
in the context of immunotherapy of brain metastasis, but
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Figure 5. Distribution of lesions according to their response types: (A) Prevalence of different treatment responses at last date of follow-up among
patients with >1 lesion. The lower graph dissects the group of heterogenous response (HeR), into the different components that make up HeR. S-D:
stable and decreasing, S-I: stable and increasing, D-I: decreasing and increasing, S-D-I: stable, decreasing, and increasing lesions. (B) The chart
indicates the prevalence of HeR in relation to homogenous response as a function of the total number of lesions per patient. (C) The graph shows
the proportion of different treatment responses on follow-up scans as a function of the number of days after first GK intervention.

rarely in radiosurgery."'3 By considering patients with more
than one lesion (n=71), classifying the individual lesions as
increasing, decreasing, or stable in size and finally comparing
them we found that at the end of our follow-up 81.7% of pa-
tients showed a HeR, while HD, Hl and HS were treatment re-
sponse patterns found only in a minority of patients. Among
those patients with a HeR, we also tried to understand which
combinations of treatment responses were most preva-
lent. We found that the combinations of “decreasing and
increasing,” and “decreasing, stable, and increasing” lesions
made up over half of the patients with HeR and were there-
fore the most common treatment responses in our patients
at the end of follow-up. We also found that the prevalence
of HeR was higher, the more metastatic lesions the patients
had, reaching 100% in those who had more than four lesions.
The importance of these findings lies in the way they under-
score the need of implementing longitudinal individual le-
sion tracking and ensuring clear and detailed reporting of the
changes in size of individual lesions by radiologists: while
some metastatic lesions in a patient can increase in size over
time, it is probable that not all will." In other words, not all
lesions will have to be treated, which is of especial impor-
tance for patients with a very large number of lesions. In this
group, recognizing and tailoring the treatment to the smaller
subset of lesions that are growing, might help spare patients
from whole brain radiation treatment and other treatments
such as surgical debulking of several lesions. Up until now,

treatment response is typically calculated by summation of
diameters and comparing this summary measure to that in
priors, yielding a decision on the progression, remission,
or stability of the disease as a whole.?'>We suggest and en-
courage adding the description of “homogenous” or “heter-
ogenous” response to the treatment response assessment
to (i) acknowledge the different treatment needs of different
lesions, and (ii) encourage radiologists to report disease
change on a single lesion level, matching the high spatial
resolution of nowadays treatment options. Furthermore, we
encourage translational research into the mechanisms un-
derlying HeR to SRS: As examined by other studies on other
treatment modalities, HeR is likely a result of intratumoral
geno- and phenotypic heterogeneity.>'® We believe that
understanding precisely what genetic alterations render a
metastasis more, or less resistant to SRS will help improve
treatment protocols and clinical outcomes.

The newly developed LTT and our study have sev-
eral limitations. First, the LTT works with either 1D or
2D lesion size measurements. While 2D lesion meas-
urement is the current standard for lesion size meas-
urements,®'® volumetric analysis has slowly begun to
be implemented in research and clinical practice.'-"®
Accordingly, we aim to further develop this tool to in-
corporate 3D measurements and facilitate volumetric
lesion growth tracking in the future. Furthermore, while
the hanging protocol and lesion interface can reduce
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the radiologist’'s workload substantially, the advent of
automatic segmentation algorithms opens the possi-
bility of incorporating their use into our workflow and
enable fully automated volumetric tracking of brain le-
sions. Furthermore, our primary study included the
assessment of lesions with a LD <5 mm at baseline,
which is considered nonmeasurable by RANO-BM cri-
teria. Nonetheless, acknowledging that punctate le-
sions are also treated with GK radiosurgery, we decided
to include them but also perform a secondary analysis
where these lesions were excluded. Importantly, both
the primary and secondary studies showed a high prev-
alence of HeR at the end of follow-up and a trend of
increasing proportions of HeR with a higher number of
lesions. Finally, we utilized a number of clicks as an ob-
jective measure of efficiency and as a surrogate marker
for the examiner’s time and effort. However, as dis-
cussed above, the entire process of retrieving, reading,
interpreting, and reporting the imaging results is greatly
improved using LTT through streamlining of many addi-
tional steps, many of which are not easily measurable.

Stereotactic radiosurgical techniques such as GK have en-
abled the targeted treatment of brain metastases. In contrast,
effective longitudinal assessment of single lesion size is often
difficult in patients with multiple lesions and several prior
images. Furthermore, effective communication of results is
difficult with free-text reporting, which often leads to unclear
and nonspecific reporting. We developed a PACS-integrated
longitudinal LTT that circumvents these issues by offering an
easy-to-use and efficient lesion measurement and tracking
method, and automatically creates growth curves and tables
that facilitate concise and objective result communication
to treating clinicians. By longitudinally tracking over 490 le-
sions, we also show that lesions in a single patient respond to
treatment heterogenously, particularly in cases with multiple
lesions. These findings underscore the necessity for routine
longitudinal tracking of lesions to ensure that treatment is tai-
lored to the individual patient.

Supplementary material

Supplementary material is available at Neuro-Oncology
Advances online.
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