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Abstract
Background
Accurate response parameters are important for patients with brain metastasis (BM) undergoing clinical trials using immunotherapy, considering poorly defined enhancement and variable responses. This study investigated MRI-based surrogate endpoints for patients with BM receiving immunotherapy.

Methods
Sixty-three non-small cell lung cancer patients with BM who received immune checkpoint inhibitors and underwent MRI were included. Tumor diameters were measured using a modification of the RECIST 1.1 (mRECIST), RANO-BM, and iRANO adjusted for BM (iRANO-BM). Tumor volumes were segmented on 3D contrast-enhanced T1-weighted imaging. Differences between the sum of the longest diameter (SLD) or total tumor volume at baseline and the corresponding measurement at time of the best overall response were calculated as “changes in SLDs” (for each set of criteria) and “change in volumetry,” respectively. Overall response rate (ORR), progressive disease (PD) assignment, and progression-free survival (PFS) were compared among the criteria. The prediction of overall survival (OS) was compared between diameter-based and volumetric change using Cox proportional hazards regression analysis.

Results
The mRECIST showed higher ORR (30.1% vs. both 17.5%) and PD assignment (34.9% vs. 25.4% [RANO-BM] and 19% [iRANO-BM]). The iRANO-BM had a longer median PFS (13.7 months) than RANO-BM (9.53 months) and mRECIST (7.73 months, P = 0.003). The change in volumetry was a significant predictor of OS (HR = 5.87, 95% CI: 1.46–23.64, P = 0.013). None of the changes in SLDs, as determined by RANO-BM or iRANO-BM, were significant predictors of OS, except for the mRECIST, which exhibited a weak association with OS.

Conclusion
Quantitative volume measurement may be an accurate surrogate endpoint for OS in patients with BM undergoing immunotherapy, especially considering the challenges of multiplicity and the heterogeneity of sub-centimeter size responses.

Highlights
The change in volumetric measurement was a significant predictor of overall survival compared with response assessment guidelines.
Treatment response can be objectively measured using volumetric MRI measurement of brain metastases.
Volumetric MRI measurement is particularly useful in brain metastases, challenged by sub-centimeter size and multiplicity.
Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s40644-023-00624-0.
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Introduction
Recent advances in immunotherapy, including immune checkpoint inhibitors (ICI), have improved the prognosis of patients with cancer, and patients with brain metastasis (BM) can also benefit from such treatments [1–3]. A response rate of 29.7% was reported for pembrolizumab treatment of BM in patients with programmed cell death-ligand 1 (PD-L1)-positive non-small cell lung cancer (NSCLC) [1]. However, correct interpretation of the response of BM following immunotherapy is challenging because the image findings can be variable, and differentiation of treatment response from tumor progression is often difficult [4]. The Response Assessment in Neuro-Oncology (RANO) group has published the immunotherapy RANO (iRANO) criteria [5] to provide guidelines for immunotherapy response assessment. The essence of iRANO-based assessment is that it allows a window of 3 months before the confirmation of initial imaging suspicious for progression.
Magnetic resonance imaging (MRI)-based response criteria for clinical trials are intended to provide a standardized measurement of treatment response on MRI. In BM, response criteria typically involve assessing a 2-dimensional (2D) measurement of a lesion’s largest diameter on MRI, with such criteria including the Response Evaluation Criteria in Solid Tumors 1.1 (RECIST 1.1) and the Response Assessment in Neuro-Oncology Brain Metastases (RANO-BM) [6–9]. Both RECIST 1.1 and RANO-BM require a measurable lesion to be at least 10 mm in diameter. However, in clinical practice, many BMs are less than 10 mm [7], and the tumor burden from such lesions can be important when they are numerous. A recent study on brain glioma [10] showed that volumetric measurement of tumor burden enabled objective assessment of tumor response. Volumetric measurement of BMs, regardless of their size and numbers, may provide a surrogate endpoint for a patient’s outcome, but few studies have applied such quantification or compared results with other response criteria in patients undergoing immunotherapy.
We hypothesized that volumetric analysis on MRI would provide an accurate surrogate endpoint for response assessment in patients with BM, especially in patients with NSCLC and BM treated with ICI. There is no iRANO-based assessment for BM, thus we tried to apply the iRANO criteria to BM using the sum of the longest diameters (iRANO adjusted for BM, iRANO-BM in this manuscript). Among different response criteria for BM, we first compared the central nervous system (CNS) response assessment of a modified RECIST (mRECIST) [11] and RANO-BM and iRANO-BM on central review and then evaluated the predictive value of the response criteria and volumetric measurements for patient survival. The purpose of this study was to investigate an accurate MRI-based surrogate endpoint for response assessment in patients with BM who have undergone immunotherapy.

Materials and methods
Patients
This retrospective study was approved by the institutional review board of Asan Medical Center, and the requirement for informed consent was waived (IRB No.2021 − 1300). We identified patients with NSCLC who underwent ICI monotherapy at Asan Medical Center between January 2014 and April 2021 and who had BM at the time of initiation of index ICI therapy. Between January 2014 and April 2021, 87 patients with NSCLC and brain metastasis were treated with ICI monotherapy. From these, patients were excluded because of the following: received immunotherapy before the administration of index ICI (n = 4); received only one dose of ICI because of death (n = 1), pneumonia (n = 3), or disease progression before the administration of initial ICI (n = 2); lung cancer with synchronous breast cancer (n = 1); bone metastasis (n = 1); baseline MRI was not available prior to the administration of initial ICI (n = 2); and absence of adequate follow-up MRI for response evaluation (n = 10). Finally, a total of 63 patients (median age, 63 years; range, 42–80; 12 female) were included in the study.

Imaging acquisition
Brain MRI was obtained with either 1.5 or 3 T scanners and included T2-weighted, T2-weighted FLAIR, and precontrast and postcontrast T1-weighted images. The imaging parameters are summarized in Supplementary Table 1. An MRI within 2 months of ICI initiation was considered the baseline brain imaging, and follow-up MRIs were obtained every 4–8 weeks after initiating therapy.

Study design
The study had two co-primary purposes. The first purpose was to measure and compare responses using different response criteria: mRECIST, RANO-BM, and iRANO-BM for each patient. The second purpose was to investigate whether there is an association between the initial response measured by the subtraction method of the sum of longest diameter (SLD)—indicated by the change in the diameter of target lesions between the BOR date and the baseline date—and overall survival (OS).

Response assessment using different response criteria
Image analysis was performed by two neuroradiologists acting as central readers (J.E.P. and H.S.K., with 9 and 24 years of experience in neuro-oncologic imaging, respectively), who were blinded to the outcomes of the patients. The readers measured the tumors on baseline MRI and follow-up MRI and determined the patients’ responses by comparing the baseline and follow-up images. The date of best overall response (BOR), which was defined as the single best response status across all response evaluation time points until disease progression, and date of progression were recorded by the readers.
The readers chose five target measurable lesions for mRECIST (≥ 5 mm in the smallest diameter) and RANO-BM/iRANO-BM (≥ 10 mm in one diameter) assessments. If there were more than five lesions present, the target lesions were chosen in descending order of size; iRANO adjusted for BM (iRANO-BM) was applied by measuring the longest diameter. Any discrepancies in the choice of target lesions were solved through discussion. The locations of the target lesions were recorded, and their diameters were measured on MRI. The SLDs of the five target lesions was calculated for mRECIST, RANO-BM, and iRANO-BM. Notably, RANO-BM allows the use of a 5 mm cutoff if the slice thickness is equal to or less than 1.5 mm. In this study, the slice thicknesses were 3 mm, and the 10 mm cutoff was adopted.
Supplementary Table 2 summarizes the response assessment criteria of mRECIST, RANO-BM, and iRANO-BM for complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). The overall response rate (ORR) was defined as CR plus PR rates, and the disease control rate was defined as CR plus PR plus SD rates. Figure 1 shows representative cases showing different response assessments according to each set of response assessment criteria.
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Fig. 1Baseline and Follow-up MRI Scans of a Patient with Different Response Assessments
A. Baseline scan (a, b) shows a target lesion of 13 mm. First follow-up scan at week 8 (c, d) shows that the target lesion has decreased in size from 13 mm to 5 mm, and that a new lesion of 6 mm has appeared. Since a new lesion has developed, progressive disease (PD) is defined by mRECIST. However, according to the RANO-BM and iRANO-BM criteria, the diameter of the new lesion is added to the sum of the longest diameter (SLD), which makes the SLD 11 mm for the follow-up scan. Therefore, the response assessment would be stable disease (SD) by RANO-BM and iRANO-BM. B. Baseline scan (a, b) shows two target lesions with sizes of 13 and 8 mm. On the first follow-up scan at week 20 (c, d), the size of each target lesion has increased, and the response assessment would be progressive disease (PD) by mRECIST and RANO-BM. However, this MRI was taken within 6 months of immunotherapy-treatment initiation, and follow-up imaging after 3 months is required for iRANO-BM assessment. In the follow-up MRI at week 40 (e, f), the size of the target lesions has decreased, and this patient is diagnosed with stable disease (SD) by iRANO-BM



Quantitative assessment: changes in SLDs and volumetry
For the mRECIST, RANO-BM, and iRANO-BM criteria, the “changes in SLDs” were calculated as follows: (SLD of the target lesions at the BOR date) − (SLD of the target lesions at the baseline date). A similar calculation was applied for volumetric measurement: (total tumor volume at BOR date) − (total tumor volume at baseline date). The BOR date of the volumetric assessment was taken to be the time point of the smallest sum of the lesion volumes.
There was a 3-month wash-out period between response assessment and volumetric measurement. All images were anonymized, and the readers were blind to any clinical information. For volumetric analysis, the MRI examinations were subjected to preprocessing including resampling to 1 × 1 × 1 mm and co-registration performed using AFNI software (Analysis of Functional NeuroImages) [12]. Segmentation of the enhancing tumor region was performed by a neuroradiologist (Y.H.R., with 1 year of experience in neuro-oncological imaging) using a semi-automatic procedure on the 3D contrast-enhanced T1-weighted imaging. This procedure used a segmentation threshold and a region-growing segmentation algorithm implemented using MITK software (www.​mitk.​org German Cancer Research Center, Heidelberg, Germany) [13]. For volumetric analysis, all measurable and nonmeasurable enhancing lesions were segmented and summed. All segmented images were validated by an experienced neuroradiologist (J.E.P.) after central reading.
Since patients identified with PD at the initial follow-up MRI did not continue ICI after only one course of ICI therapy, these patients were excluded (n = 6) from the OS analysis because of the short follow-up, limited effect of ICI therapy on OS, and confounding factors of other treatments initiated after ICI termination.

Outcomes
The primary endpoints were the associations between OS and the changes in SLDs, as well as change in volumetry. Overall survival was calculated from the date of baseline imaging to the date of death from any cause. The date of death was obtained from the national healthcare data linked to our hospital, and the date of the last follow-up MRI was considered the censored date.
For the secondary endpoints, we compared the median progression-free survival (PFS), ORR, and PD assignments according to the mRECIST, RANO-BM, and iRANO-BM criteria. Progression-free survival was calculated as the period from the date of the baseline imaging to the date of progression or death due to any cause, or if no progression was observed, from baseline imaging date to the censored date.

Statistical analysis
Comparisons between response criteria
To compare the level of agreement, a weighted kappa analysis was performed using Fleiss-Cohen quadratic weights. The agreement between two response criteria was categorized as follows: poor (κ = 0–0.20), mild (κ = 0.21–0.40), moderate (κ = 0.41–0.60), substantial (κ = 0.61–0.80), and almost perfect (κ > 0.80).
The proportions of the best CNS responses according to mRECIST, RANO-BM, and iRANO-BM classifications were analyzed. The McNemar test was used to compare differences in the proportions of patients defined with PD according to each set of criteria.

Comparison of clinical outcomes
The OS and PFS results are reported as medians with 95% confidence intervals (CIs). Differences in PFS between the criteria were calculated using the Wilcoxon signed-rank test, and the results were corrected for multiple comparisons using the Bonferroni adjustment (resulting in a P-value of < 0.017 being considered significant).

Statistical power for the pairwise comparisons of median PFS between criteria was estimated using paired z-tests (PASS 15.0.7. version). For example, between mRECIST and RANO-BM, with a sample size of 63, an assumed mean of paired differences of 2 months, and a calculated standard deviation of 3.39 months, a statistical power of 99% was achieved to detect this mean difference in paired differences. The statistical power calculations are summarized in Supplementary Table 3.
Survival curves for OS were drawn for each set of response criteria using the Kaplan-Meier method. A log-rank test was used to determine differences in OS between PD and non-PD patients as defined by each set of response criteria.
The correlation between OS and PFS for each criterion was evaluated using Spearman’s rank correlation coefficient.
Prediction of OS using quantitative measurements
Cox proportional hazards regression analysis was applied to the changes in SLDs and change in volumetry as a single covariable to determine the association with OS. Hazard ratios (HRs) and their corresponding 95% CIs were also calculated.

Descriptive statistics were used to analyze categorical and continuous variables of the patient demographics. For continuous variables, the normality of the distribution was assessed using the Kolmogorov-Smirnov test. Normally distributed numerical variables are presented as mean and standard deviation, and non-normally distributed numerical variables are presented as median and range.
For all statistical analyses except those that were Bonferroni corrected, two-sided P-values < 0.05 were considered statistically significant. All statistical analysis was conducted using R statistical software (version 4.1.3, Vienna, Austria) and Medcalc software (version 20.115, Ostend, Belgium).


Results
Baseline characteristics
The baseline characteristics of the study population are described in Table 1. Among the 63 included patients (median age: 63 years; age range: 42–80; 12 female), 47 patients (74.6%) were stage IV and 16 patients (25.4%) were stage I–III at the time of the initial diagnosis of NSCLC. Histology revealed adenocarcinoma to be the most common type (44 patients, 69.8%), followed by squamous cell carcinoma (14 patients, 22.2%). The remaining five patients were confirmed as giant cell carcinoma, adenosquamous cell carcinoma, sarcomatoid carcinoma, or large cell neuroendocrine carcinoma.
Table 1Baseline Clinical Characteristics of the Study Population


	Characteristics
	(n = 63)

	Age, median (range)
	63 (42–80)

	Sex (male: female)
	51:12

	Smoking history
	 
	 Never smoker
	19 (30.2%)

	 Past smoker
	22 (34.9%)

	 Current smoker
	22 (34.9%)

	Stage at initial diagnosis of NSCLC
	 
	 I–III
	16 (25.4%)

	 IV
	47 (74.6%)

	Time between diagnosis and initiation of ICI (months, mean ± standard deviation)
	20.7 ± 34.14

	Histology
	 
	 Adenocarcinoma
	44 (69.8%)

	 Squamous cell carcinoma
	14 (22.2%)

	 Others*
	5 (7.9%)

	Previous CNS treatment**
	 
	 None
	16 (25.4%)

	 Surgery
	7 (11.1%)

	 Local radiotherapy (GKRS or CKRS)
	44 (69.8%)

	 WBRT (≥ 3 months prior to immunotherapy)
	4 (6.3%)

	CNS local treatment during immunotherapy
	 
	 None
	42 (66.7%)

	 Surgery
	0 (0%)

	 Local radiotherapy (GKRS or CKRS)
	20 (31.7%)

	 WBRT
	1 (1.6%)

	Type of immunotherapy
	 
	 Pembrolizumab
	27 (42.9%)

	 Nivolumab
	18 (28.6%)

	 Atezolizumab
	18 (28.6%)


* Includes giant cell carcinoma (n = 1), adenosquamous cell carcinoma (n = 1), sarcomatoid carcinoma (n = 2), and large cell neuroendocrine carcinoma (n = 1). ** Some patients underwent more than one CNS treatment modality
NSCLC, non-small cell lung cancer; CNS, central nervous system; GKRS, gamma knife stereotactic radiosurgery; CKRS, cyberknife stereotactic radiosurgery; WBRT, whole brain radiotherapy



Local brain treatment before receiving ICI included tumor resection, local radiotherapy, and whole brain radiotherapy performed in 7 (11.1%), 44 (69.8%), and 4 (6.3%) patients, respectively. Sixteen patients (25.4%) did not receive any local CNS treatment before starting ICI.
Among the 63 patients, 27 (42.9%) received pembrolizumab, 18 (28.6%) received nivolumab, and 18 (28.6%) received atezolizumab. Additionally, 15 patients were administered steroids during ICI treatment. During the immunotherapy, 20 patients (31.7%) underwent concomitant local radiotherapy, and 1 received whole-brain radiotherapy. The remaining 42 patients (66.7%) did not receive local treatment. Patients who were treated with SRS had a follow-up period of more than 6 months, and no instances of radiation necrosis were observed during the course of ICI treatment. The time from diagnosis to initiation of immune checkpoint inhibitor therapy was 20.7 ± 34.14 (mean ± standard deviation) months.

Comparisons between mRECIST, RANO-BM, and iRANO-BM criteria
The mRECIST showed moderate to substantial agreement with RANO-BM and iRANO-BM (κ = 0.69 and 0.57, respectively), and there was almost perfect agreement between RANO-BM and iRANO-BM (κ = 0.87). Comparisons of the CNS response according to each set of criteria are shown in Table 2; Fig. 2. Confusion matrices for each pairing of response assessments are shown in Supplementary Table 4. The ORR was higher with mRECIST (30.1%) than with RANO-BM (17.5%) or iRANO-BM (17.5%), but the disease control rate was lower with mRECIST than with RANO-BM and iRANO-BM (65% vs. 74.7% vs. 81%, respectively).
Table 2Best CNS Response According to mRECIST, RANO-BM, and iRANO-BM (n = 63)


	 	mRECIST
	RANO-BM
	iRANO-BM

	Overall response rate
	30.1% (19)
	17.5% (11)
	17.5% (11)

	Disease control rate
	65% (41)
	74.7% (47)
	81% (51)

	CR
	7.9% (5)
	3.2% (2)
	3.2% (2)

	PR
	22.2% (14)
	14.3% (9)
	14.3% (9)

	SD
	34.9% (22)
	57.1% (36)
	63.5% (40)

	PD
	34.9% (22)
	25.4% (16)
	19% (12)


mRECIST, modified Response Evaluation Criteria in Solid Tumors; RANO-BM, Response Assessment in Neuro-Oncology for Brain Metastases; iRANO-BM, immunotherapy Response Assessment in Neuro-Oncology adjusted for Brain Metastases; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease



[image: ]
Fig. 2Comparison of mRECIST, RANO-BM, and iRANO-BM Criteria
mRECIST: modified Response Evaluation Criteria in Solid Tumors; RANO-BM: Response Assessment in Neuro-Oncology Brain Metastases; iRANO-BM: immunotherapy Response Assessment in Neuro-Oncology adjusted for Brain Metastases


PD was more frequently assigned using mRECIST (34.9%, 22/63) than using RANO-BM (25.4%, 16/63) or iRANO-BM (19%, 12/63). The differences between mRECIST and RANO-BM, as well as between mRECIST and iRANO-BM, were statistically significant (P = 0.031 and P = 0.002, respectively). However, there was no significant difference between RANO-BM and iRANO-BM (P = 0.125).

Comparison of clinical outcomes between the response criteria
Table 3 shows the differences in median PFS when PFS was defined according to the different response criteria. The median PFS values as determined by mRECIST, RANO-BM, and iRANO-BM were 7.73 months (95% CI, 4.52–18.05 months), 9.53 months (95% CI, 5.53–18.55 months), and 13.7 months (95% CI, 7.49–19.07 months), respectively. There was no significant difference in the determined PFS between mRECIST and RANO-BM or between RANO-BM and iRANO-BM. However, the PFS as determined by iRANO-BM was significantly longer than that determined by mRECIST (P = 0.001). A power analysis indicated sufficient statistical power for the pairwise comparisons between criteria (Supplementary Table 3).
Table 3Difference in Progression-Free Survival (PFS) according to Response Criteria


	Response Criteria
	Median PFS, Months
	95% CI
	P-value for PFS Differences

	mRECIST
	RANO-BM
	iRANO-BM

	mRECIST
	7.73
	4.52–18.05
	 	0.031
	0.001

	RANO-BM
	9.53
	5.53–18.55
	0.031
	 	0.031

	iRANO-BM
	13.7
	7.49–19.07
	0.001
	0.031
	 

Calculated P-values (Wilcoxon signed rank test) for differences in PFS between assessment criteria are corrected for multiple comparisons (Bonferroni’s adjustment), and a P-value < 0.017 is considered significant. PFS, progression-free survival; CI, confidence interval



The median OS of the study population was 23.7 months (95% CI, 14.6–28.5 months). Figure 3 shows Kaplan-Meier survival curves for the patients for each response assessment criteria; there was a significant difference in OS between PD and non-PD groups according to all three response criteria (log-rank test, largest P < 0.05).
[image: ]
Fig. 3Kaplan-Meier Curves of Patients with Progressive Disease (PD) Versus Nonprogressive Disease (non-PD) for Each of the Classification Criteria (A) mRECIST, (B), RANO-BM, and (C) iRANO-BM
mRECIST: modified Response Evaluation Criteria in Solid Tumors; RANO-BM: Response Assessment in Neuro-Oncology Brain Metastases; iRANO-BM: immunotherapy Response Assessment in Neuro-Oncology adjusted for Brain Metastases


The relationship between OS and PFS for each response criterion is illustrated in Supplementary Fig. 1. PFS exhibited a strong correlation with OS using all criteria—mRECIST (rs = 0.771, 95% CI 0.647–0.855, P < 0.001), RANO-BM (rs = 0.800, 95% CI 0.689–0.875, P < 0.001), and iRANO-BM (rs = 0.855, 95% CI 0.770–0.910, P < 0.001)—based on Spearman’s rank correlation coefficient.

Prediction of OS using quantitative measurement
Associations between OS and changes in SLDs and change in volumetry are shown in Table 4. Changes in SLDs according to RANO-BM (HR 1.07, 95% CI: 0.99–1.16, P = 0.077) or iRANO-BM criteria (HR 1.03, 95% CI: 0.99–1.07, P = 0.172) did not demonstrate a predictive value for OS, except for the mRECIST exhibited a weak association for OS (HR 1.07, 95% CI: 1.005–1.14, P = 0.035). On the other hand, the change in volumetry was a significant predictor of OS, with a quantitative total volume increase indicating shorter OS (HR 5.87, 95% CI: 1.46–23.64, P = 0.013). Figure 4 demonstrates cases for which the 3D response was useful for predicting OS.
Table 4Prediction of Overall Survival According to the Difference in Quantitative Measurements between Best Overall Response (BOR) and Baseline MRI


	Quantitative Assessment
	Overall Survival

	Changes in sum of the longest diameters (SLD) (mm)
	Hazard Ratio
	95% CI
	P-value

	mRECIST
	1.07
	1.005–1.14
	0.035

	RANO-BM
	1.07
	0.99–1.16
	0.077

	iRANO-BM
	1.03
	0.99–1.07
	0.172

	Change in volumetry (mm3)
	 	 	 
	Total volume of BM
	5.87
	1.46–23.64
	0.013


Note: Changes in sum of the longest diameters (SLDs) indicates the value of the baseline sum of the longest diameters (SLD) minus the SLD at the date of the BOR, and change in volumetry indicates the total volume at baseline minus the total volume at BOR date
Hazard ratios reported here indicate the relative change in hazard that a 1 unit (10 000 voxels) increase in each imaging parameter incurs. BM, brain metastases
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Fig. 4Representative Cases of 3D Response Utility in Predicting Overall Survival
A. Baseline scan (a, b) shows two target lesions of 5 and 9 mm. There were also other multiple lesions of less than 5 mm that are not shown in the image. On the MRI at best overall response (BOR) date (d, e), the previous target lesions show no significant change in size, and other multiple enhancing lesions measuring 1–2 mm have appeared (not shown in the image). Volumetric analysis of all segmented measurable and non-measurable enhancing lesions at baseline and the BOR date is shown in (c) and (f). On the baseline date (c), the total volume was 1459.1 mm3, and the total number of lesions was 35. On the BOR date (f), the total volume increased by 81.2% to 2643.4 mm3, and the measured number of lesions was 60. The patient died about 10 months after the baseline date B. Baseline scan (a, b) shows a target lesion in the right frontal lobe with size of 12 mm and other multiple lesions with size of less than 5 mm. In the MRI at BOR date (d, e), previous target lesion and other multiple non-measurable enhancing lesions shows unequivocal size increase. Volumetric analysis of all segmented measurable and non-measurable enhancing lesions at baseline and the BOR date is shown in (c) and (f). On the baseline date (c), the total volume was 778.5mm3 and the lesion number 16. On the BOR date (f), the total volume increased by 70.8% to 1329.4mm3, and the measured number of lesions was 21. The patient died about 14 months after the baseline date




Discussion
With improved survival of patients with BM, reliable response parameters for differentiating patients according to treatment response and tumor progression are very important for clinical trials and clinical use. In this study, we evaluated different CNS response assessment criteria and compared their clinical outcomes in patients with NSCLC who were treated for BM with ICI. Also, we measured quantitative changes in SLDs and volumetry and analyzed their significance to predict OS. The mRECIST criteria showed a higher ORR and PD assignment rate than RANO-BM or iRANO-BM. Median PFS was longest according to iRANO-BM, followed by RANO-BM and then mRECIST. For quantitative assessment, we found that change in volumetry, which refers to the total tumor volume decrease after ICI, was a significant predictor of OS, suggesting the possible role of volumetric assessment as a surrogate endpoint in patients with BM.
Although 2D measurements of the longest diameter are simple to make and are readily utilized in clinical practice, previous studies demonstrated volumetric measurements to be more reliable and accurate than 2D-based approaches [10, 14, 15]. In this study, we calculated changes in SLD (2D) and volumetry (3D), which can be considered initial tumor responses to treatment, and found that change in volumetry was a significant predictor of OS, whereas 2D-based measurement was not. This discrepancy can be attributed to two primary factors. First, volumetric measurements may offer a more accurate representation of changes in tumor burden than 2D diameter changes. Second, volumetric assessments included all lesions, whereas 2D-based measurements were restricted to target lesions. In routine clinical practice, it is often impractical to measure all lesions, especially those with sub-millimeter diameters, and consistent tracking of these small lesions in follow-up imaging presents additional challenges. Given these considerations, volumetric analysis stands out as a valuable method for the more accurate and straightforward assessment of lesions.
Previous studies report inconsistent results for associations between volumetric methods and clinical outcomes in glioma. Volumetric methods did not provide improved prediction of OS compared with the 2D-RANO criteria in the first 12 weeks of bevacizumab treatment in patients with recurrent glioblastoma [16], and volumetric methods exhibited similar PFS to modified RANO criteria in patients with recurrent glioblastoma treated with immunotherapy [17]. By contrast, a large retrospective cohort study of patients with glioma [10] showed that automated volumetric tumor measurement was superior to 2D RANO measurement for predicting OS.
The results of our study are specific to BM, which has different properties to other brain tumors. The majority of patients with BM are found to have multiple rather than single lesions on presentation, with many lesions of small diameter [18], making volumetric assessment more feasible for reflecting the total tumor burden. Furthermore, a dissociated response with the coexistence of responding and nonresponding lesions was reported for 3.3–9.2% of patients treated with ICIs [19, 20]. This may be due to genomic tumor heterogeneity and differences in the tumor microenvironment [21]. In cases of multiple BM lesions showing variable size changes on imaging, volumetric assessment may provide a useful approach allowing changes in the total tumor volume to be tracked. We adopted a subtraction-based method and not a ratio-based method ([diameters at BOR − diameters at baseline]/diameter at baseline) because in patients with BM, multiple small lesions are present at baseline and these are considered non-measurable under the RANO-BM criteria, which yields a denominator of 0. For volumetric analysis, both the subtraction-based method and the ratio (percentage)-based method are feasible.
Few studies have compared the different response assessment criteria in patients with BM who underwent immunotherapy. One major difference between the mRECIST, RANO-BM, and iRANO-BM criteria is the size limit for measurable lesions. The mRECIST criteria define the limit of a measurable lesion as 5 mm or more, while RANO-BM defines the minimum size as 10 mm. Qian et al. [11] compared mRECIST, RECIST 1.1, RANO-BM, and RANO-HGG in 36 patients with BM enrolled in an ongoing trial of pembrolizumab. In their study, 13 patients with no lesions ≥ 10 mm in diameter were excluded because the target lesion was ineligible according to RANO-BM. After excluding these patients, no difference was seen between the different criteria for categorizing PD. In our study, the sizes of the target lesions were between 5 and 10 mm in 11.1% (7/63) of patients, resulting in different response assessments between mRECIST and RANO-BM or iRANO-BM.
A second major difference between the response criteria is the definition of disease progression. While mRECIST defines new lesions as PD, RANO-BM requires measurement of such lesions and inclusion in the SLD used to determine PD in patients receiving immunotherapy. The iRANO criteria differ from those of RANO-BM in that they are developed for glioma and state that progression is differentiated from pseudoprogression via repeated imaging after 3 months if PD is suspected within 6 months of ICI initiation. In our study, more patients were assessed as PD with mRECIST (22/63) than with RANO-BM (16/63) or iRANO-BM (12/63). There were six patients assigned as having PD by mRECIST but not by RANO-BM. Of these patients, RANO-BM classified five as exhibiting SD and one as having a PR. Among these six patients, one had a PD including non-target lesions according to RANO-BM. The median PFS was significantly longer with iRANO-BM than with mRECIST (13.7 months vs. 7.73 months, P = 0.001). Of the 15 patients who showed PD according to RANO-BM and iRANO-BM in the first follow-up scan within 6 months of ICI initiation, five were later confirmed as SD by iRANO-BM at the subsequent follow-up imaging, whereas the rest of the patients had delayed confirmation of PD. In accordance with previous studies [17, 22], our results demonstrated no significant difference in the determination of PD and median PFS between RANO-BM and iRANO-BM. All three response assessment criteria examined in our study showed significant differences in OS between PD and non-PD patients, but no method was superior to the others at predicting OS.
Our study has several limitations. First, it is a retrospective study performed in a single center with the MRI scanners and acquisition parameters used differing across the patients. Second, only MRI measurement was used for response assessment, with the clinical status and steroid dosage not being considered because the main purpose of our study was to evaluate the use of imaging parameters for predicting survival outcomes. Third, the volumetric segmentation was performed semiautomatically; currently, deep learning-based algorithms enabling fully automated detection and quantification of tumor burden are being developed [10, 23], and future studies should evaluate them in terms of tumor response and clinical decision-making. Despite its limitations, our study has strength in that we compared different CNS response criteria, including volumetric analysis, in a homogeneous population of patients with NSCLC and BM who received immunotherapy.

Conclusion
In conclusion, quantitative volumetric measurement of BM may become an accurate surrogate endpoint for OS in patients with BM undergoing immunotherapy. Our findings suggest that the response of BM to treatment can be objectively measured in clinical trials of immunotherapy, accommodating the challenges of multiplicity and the heterogeneity of sub-centimeter size responses.
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Abbreviations
	ICI
	immune checkpoint inhibitors

	BM
	brain metastasis

	PD-L1
	programmed cell death-ligand 1

	NSCLC
	non-small cell lung cancer

	RANO
	Response Assessment in Neuro-Oncology

	iRANO
	Immunotherapy Response Assessment in Neuro-Oncology

	MRI
	magnetic resonance imaging

	2D
	2-dimenional

	mRECIST
	modified Response Evaluation Criteria in Solid Tumors

	RANO-BM
	Response Assessment in Neuro-Oncology Brain Metastases

	iRANO-BM
	iRANO adjusted for BM

	CR
	complete response

	PR
	partial response

	SD
	stable disease

	PD
	progressive disease

	ORR
	overall response rate

	SLD
	sum of the longest diameter

	BOR
	best overall response

	OS
	overall survival

	PFS
	progression-free survival
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