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Highlights  38 

• D98 was the most consistent dosimetric parameter associated with response and progression 39 

outcomes after single-fraction HDR brachytherapy for breast cancer liver metastases. 40 

• A near-minimum target coverage threshold of approximately 18 Gy was associated with 41 

improved objective response rates (ORR) and radiographic progression-free survival (rPFS). 42 

• D90 was associated with response but did not correlate with time-to-event outcomes, 43 

suggesting limited utility as a primary planning metric. 44 

• Lesion-level analysis (single metastasis per patient) enabled a direct and unbiased 45 

assessment of dose–response relationships. 46 
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• Near-minimum coverage metrics may represent a clinically actionable target for 47 

standardizing HDR brachytherapy planning. 48 
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 73 

Abstract 74 

Background 75 

 76 

  The optimal dosimetric parameter predicting clinical outcomes after single-fraction CT-77 

guided high-dose-rate brachytherapy (HDR-BT) for breast cancer liver metastases (BCLM) 78 

remains undefined, limiting standardization of treatment planning. 79 

 80 

Methods 81 

  This multicenter retrospective study included 65 patients with BCLM treated with single-82 

fraction CT-guided HDR-BT. To enable a direct evaluation of dose–response relationships, 83 

only patients with a single treated liver metastasis were included. This approach minimizes 84 

inter-lesion dosimetric heterogeneity and allows a clearer attribution of clinical outcomes to 85 

specific dose–volume parameters. Dose–volume histogram parameters (D100, D98, D95, 86 

D90, Dmean) were analyzed in relation to 12-month objective response (ORR), radiographic 87 

progression-free survival (rPFS), and liver-restricted progression-free survival (rLRPFS). 88 

Thresholds were explored using ROC analysis and Youden’s index. 89 

 90 

Results 91 

Among evaluated parameters, D98 emerged as the most consistent predictor of outcome. A 92 

threshold of approximately 18.3–18.4 Gy was associated with improved ORR (p=0.04) and 93 

rPFS (p=0.03). While D90 was associated with ORR at higher thresholds, it did not translate 94 

mailto:tomasz.surowiak@affidea.com
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into time-to-event benefit. For rLRPFS, D100 showed a borderline association. No grade ≥2 95 

hepatic toxicity or radiation-induced liver disease (RILD) was observed. 96 

 97 

Conclusions 98 

  D98 appears to be a clinically relevant and reproducible dosimetric parameter associated 99 

with treatment outcomes after single-fraction HDR-BT for BCLM. A threshold around 18 Gy 100 

may represent a clinically actionable planning benchmark for target coverage in single-101 

fraction HDR-BT, supporting the standardization of treatment delivery and warranting 102 

prospective validation. 103 

 104 

 105 

Introduction 106 

  Breast cancer liver metastases (BCLM) constitute a clinically relevant subset of metastatic 107 

breast cancer and are being encountered with increasing frequency in the era of effective 108 

systemic therapy. Prolonged survival and improved control of extrahepatic disease have 109 

generated a growing cohort of patients with liver-dominant or oligometastatic progression, in 110 

whom metastasis-directed therapy (MDT) has become an integral component of 111 

contemporary management. MDT aims to prolong progression-free survival, defer systemic 112 

treatment escalation, and, in selected patients, improve long-term outcomes (1-3). For liver 113 

metastases, established local treatment approaches include surgical resection, thermal 114 

ablation, and stereotactic body radiotherapy (SBRT) (1-3). However, a substantial proportion 115 

of patients are ineligible for these modalities because of lesion size, multifocal involvement, 116 

proximity to major vascular or biliary structures, or unfavorable anatomical conditions (1). In 117 

this setting, computed tomography (CT)-guided interstitial high-dose-rate brachytherapy 118 
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(HDR-BT) has emerged as a minimally invasive, highly conformal alternative, capable of 119 

delivering ablative doses with steep dose gradients while sparing uninvolved liver 120 

parenchyma (4-6). Clinical series have reported high local control rates and acceptable 121 

toxicity profiles, supporting CT-guided HDR-BT as an effective option for selected patients 122 

with liver metastases, including BCLM (4-6). The multicentre BRALIBREST study 123 

represents the largest real-world cohort of patients with breast cancer liver oligometastases 124 

treated with CT-guided HDR-BT and provides important clinical benchmarks in this setting 125 

(7). In that analysis, survival outcomes were favorable and dosimetric parameters emerged as 126 

key determinants of prognosis: a gross tumor volume (GTV) D90 ≥25 Gy was associated with 127 

improved survival, whereas higher tumor burden – including multiple metastases and larger 128 

lesion volumes (>10 cm³) – adversely influenced outcome (7). These findings underscored the 129 

importance of adequate target coverage and established a dose–outcome association for HDR-130 

BT in BCLM at the patient level. However, because these observations were derived from 131 

patient-level analyses, they do not clarify which dosimetric descriptor best reflects lesion-132 

level dose adequacy. From a dosimetric standpoint, HDR-BT differs fundamentally from 133 

external-beam radiotherapy. In SBRT, dose is typically prescribed to a defined isodose 134 

surface, and coverage metrics such as D95 or V100 are widely used surrogates of adequate 135 

target irradiation (8). By contrast, interstitial HDR-BT is characterized by steep intra-lesional 136 

dose gradients and pronounced intratumoural heterogeneity, with high central doses and 137 

relatively lower peripheral coverage (4-6). Under these conditions, small regions of 138 

underdosage – particularly at the tumor margin – may be clinically relevant, as even limited 139 

“cold spots” can permit tumor persistence (9). In SBRT for liver metastases, near-minimum 140 

dose metrics have been associated with local control, and parameters such as D98 are 141 

increasingly used to characterize target coverage. (9,10). In brachytherapy, however, absolute 142 

minimum dose metrics such as D100 are highly sensitive to geometric uncertainties and 143 
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sampling effects, whereas near-minimum volumetric parameters such as D98 may provide a 144 

more robust and clinically meaningful representation of peripheral target coverage (11). 145 

Despite this rationale, near-minimum coverage metrics have not been systematically 146 

evaluated in a homogeneous BCLM cohort treated with single-fraction HDR-BT. 147 

Accordingly, a critical knowledge gap remains: although D90 has demonstrated prognostic 148 

value at the patient level (7), it is unclear which dosimetric parameter most consistently 149 

reflects lesion-level dose adequacy and correlates with radiographic response and liver-150 

focused progression outcomes. 151 

  Against this background, we conducted a multicentre retrospective analysis of patients with 152 

BCLM treated with single-fraction CT-guided HDR-BT, restricting the cohort to single-lesion 153 

treatments to allow a direct and unbiased assessment of dose–response relationships. The aim 154 

of this study was to identify a clinically relevant and reproducible target coverage metric 155 

associated with radiographic outcomes and to explore a threshold that might support 156 

standardization of HDR-BT treatment planning for BCLM. 157 

 158 

Materials and Methods 159 

Study Design and Patient Cohort  160 

  This retrospective multicentre analysis included 65 consecutive female patients with BCLM 161 

treated with HDR-BT. To ensure a robust assessment of the relationship between dosimetric 162 

parameters and clinical outcomes, the present analysis was restricted to patients with a single 163 

treated liver metastasis. This approach was intentionally adopted to minimize confounding 164 

related to inter-lesion dosimetric heterogeneity. In patients with multiple metastases, each 165 

lesion exhibits distinct dose–volume parameters, making it difficult to attribute clinical 166 

outcomes to a specific dosimetric profile. By limiting the cohort to single-lesion treatments, 167 

we aimed to establish a direct and interpretable association between target coverage and 168 
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oncologic endpoints. This approach also reduces potential bias related to competing lesion 169 

behavior and avoids dilution of dose–response signals inherent to patient-level analyses in 170 

multi-lesion cohorts. Prescription doses ranged from 15 to 25 Gy (median, 20 Gy) in a single 171 

fraction and were individualized based on lesion characteristics, prior therapies, and organ-at-172 

risk constraints. The study adhered to STROBE principles and was approved by the relevant 173 

institutional review boards. Procedural details and treatment workflow have been reported 174 

previously [7]. 175 

 176 

Clinical endpoints 177 

The primary endpoint was the objective radiographic response rate (ORR) of the GTV1 lesion 178 

at 12 months, assessed on contrast-enhanced computed tomography or magnetic resonance 179 

imaging according to RECIST 1.1 criteria [12]. ORR comprised complete and partial 180 

responses. Secondary endpoints included radiographic progression-free survival (rPFS) and 181 

liver-restricted radiographic progression-free survival (rLRPFS). rPFS was defined as the 182 

interval from HDR-BT to first liver progression (local GTV1 failure or new liver metastases) 183 

or death, as applicable. Isolated extrahepatic progression was censored to preserve the liver-184 

focused nature of this endpoint. rLRPFS was analyzed within a competing-risk framework. 185 

The event of interest was any radiographic liver progression. Competing events included 186 

isolated extrahepatic progression, death without liver progression, and initiation of new 187 

systemic therapy for non-hepatic reasons. All endpoints were defined at the lesion level 188 

(GTV1) to ensure consistency with the dosimetric analysis framework. Hepatic safety was 189 

assessed using cumulative liver biochemistry toxicity for alanine aminotransferase, aspartate 190 

aminotransferase, and bilirubin, graded according to CTCAE. Acute (≤3 months) and late (>3 191 

months) toxicities were recorded. 192 
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Dosimetric analysis and plan-quality indices 193 

Cumulative dose-volume histograms for each GTV were exported for quantitative analysis. 194 

We prioritized absolute physical dose metrics representing minimum and near-minimum 195 

coverage (D100, D98, D95, and D90), as well as mean dose (Dmean). In addition, volumetric 196 

coverage parameters- V100 was recorded descriptively. 197 

To characterize the steep dose gradients inherent to single-fraction interstitial HDR-BT, a 198 

homogeneity index (HI) was calculated for each GTV1 according to the formula 199 

𝐻𝐼 = 1 −  ௠௔௫ 200ܦ௠௜௡ܦ

The applied HI therefore corresponds to a transformed variant of the radical dose 201 

homogeneity index described in the radiotherapy plan-evaluation literature [13]. In the present 202 

analysis, Dmin was represented by GTV1 D100 as a practical surrogate for the minimum dose 203 

within the target. Higher HI values indicated greater dose heterogeneity. V100 was retained as 204 

a descriptive surrogate of target coverage. For the radiobiological context, selected metrics 205 

were converted to biologically effective dose and equivalent dose in 2 Gy fractions using the 206 

linear-quadratic model. Given the debate regarding the validity of the linear-quadratic 207 

formalism at high single-fraction doses, these values were treated as comparative indices 208 

rather than exact measures of biological effect [14,15]. 209 

Statistical analysis 210 

 Analyses focused on the GTV1 subset (n = 65). A two-step procedure was used to evaluate 211 

associations between dose-volume histogram metrics and clinical endpoints. First, receiver 212 

operating characteristic analyses using Youden’s index were performed to determine optimal 213 

dose thresholds for each metric (D100, D98, D95, D90, and Dmean) in relation to binary 12-214 

month outcomes. Area under the receiver operating characteristic curve values were 215 

calculated with 95% confidence intervals [16]. Second, patients were dichotomized according 216 
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to the identified receiver operating characteristic thresholds, and associations with binary 12-217 

month outcomes were assessed using Fisher’s exact test. Time-to-event outcomes were 218 

analyzed from the date of HDR-BT. rPFS was estimated using the Kaplan-Meier method and 219 

compared using the log-rank test. rLRPFS was estimated using the Aalen-Johansen estimator 220 

and compared using Gray’s test within a competing-risk framework to account for competing 221 

non-hepatic progression and death events [17]. Competing events included isolated 222 

extrahepatic progression, death without liver progression, and initiation of new systemic 223 

therapy for non-hepatic reasons. All statistical tests were two-sided, and nominal p values < 224 

0.05 were considered noteworthy in this exploratory analysis. Statistical analyses were 225 

performed in R (version 4.5.0). Given the exploratory nature of the analysis and multiple 226 

comparisons across correlated dosimetric parameters, p-values were interpreted descriptively 227 

without formal adjustment for multiplicity. Artificial intelligence language tools (DeepL 228 

Write and Grammarly) were used solely to improve the grammar and readability of the 229 

manuscript. The authors reviewed and approved all edits, and these tools were not used for 230 

data analysis, interpretation, or generation of scientific conclusions. 231 

Results 232 

Patient characteristics and dosimetric overview 233 

 A total of 65 patients with 65 liver metastases were included in the analysis. Baseline lesion 234 

and dosimetric characteristics are summarised in Table 1. Among all evaluated dose–volume 235 

histogram parameters, near-minimum target coverage metrics demonstrated the most 236 

consistent association with clinical outcomes. In this single-lesion-per-patient subset, the 237 

median baseline GTV1 volume was 18.8 cm³ (interquartile range [IQR] 8.8–67.8 cm³; range 238 

0.84–226.2 cm³) and, by definition, was identical to the total liver metastatic burden before 239 

brachytherapy. The prescription dose was 20 Gy in most cases (range 15–25 Gy), delivered as 240 
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a single HDR fraction. The dosimetric characteristics of GTV1 coverage, including the 241 

distributions of D100, D98, D95, D90, and Dmean, are reported in Table 1. 242 

Table 1. Dosimetric characteristics of GTV1 for the selected cohort. 243 

 244 

Parameter Value 

Volume (cm³) Median 18.8 (IQR 8.8–67.8; range 0.84–226.19) 

Prescription dose (Gy) Median 20.0 (range 15.0–25.0) 

GTV1 D100 (Gy) Median 12.91 (IQR 10.84–16.76; range 6.39–25.94) 

GTV1 D98 (Gy) Median 17.52 (IQR 15.70–20.42; range 9.29–30.24) 

GTV1 D95 (Gy) Median 20.03 (IQR 17.73–22.47; range 10.69–33.78) 

GTV1 D90 (Gy) Median 22.58 (IQR 20.16–25.10; range 12.74–39.03) 

GTV1 Dmean (Gy) Median 51.49 (IQR 44.93–60.40; range 28.70–84.03) 

 245 

Plan-quality indices 246 

Plan-quality indices reflected the expected high-gradient, heterogeneous dose distributions 247 

typical of interstitial single-fraction HDR brachytherapy, while maintaining high target 248 

coverage. In the GTV1 subset, the mean V100 was 94.7% (standard deviation [SD] 4.2%), 249 

indicating consistently high coverage of the target by the prescription isodose. The mean 250 

homogeneity index (HI) was 0.94 (SD 0.04), confirming steep intra-target dose gradients and 251 

pronounced hotspots, as expected for interstitial HDR-BT. The standard deviation suggests a 252 

relatively consistent distribution of HI values within the study cohort, indicating limited inter-253 

patient variability in dose homogeneity. Taken together, these indices provided the dosimetric 254 

context for the coverage-oriented dose–response analyses. 255 
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Radiographic response 256 

At 6 months after HDR-BT, 47 of 65 lesions (72%) achieved an ORR, whereas 18 lesions 257 

(28%) showed stable disease (SD) or progressive disease (PD). At 12 months, radiographic 258 

response assessment was available for 57 of 65 lesions (88%); among these, 47 lesions (82%) 259 

maintained an ORR, and 10 lesions (18%) had SD/PD. Eight patients were not evaluable at 12 260 

months because of missing or non-contrast imaging, early progression at other sites 261 

precluding adequate liver assessment, or loss to follow-up. These response rates are 262 

summarised in Table 2. 263 

Table 2. Radiographic response at 6 and 12 months after CT-guided HDR brachytherapy for the 264 

selected cohort. 265 

 266 

Time point ORR (CR/PR) SD/PD Evaluable lesions 

(n) 

6 months 47 (72%) 18 (28%) 65 

12 months 47 (82%) 10 (18%) 57 

 267 

 268 

Liver-restricted progression 269 

For liver-restricted outcomes, the Fisher-based threshold screening suggested the strongest 270 

signal for D100. In Supplementary Table S1, the ROC-derived threshold for D100 was 16.3 271 

Gy (95% CI 10.7–20.2 Gy; p = 0.05), whereas D98 at 19.4 Gy (95% CI 15.3–23.3 Gy) was 272 

not significant (p = 0.11). Thresholds for D95, D90, and Dmean were also non-significant. 273 

In the prespecified competing-risk framework using Aalen-Johansen estimates and Gray’s 274 

test, the strongest signal remained with D100, although this association was borderline rather 275 
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than statistically significant. For GTV1 D100, the threshold of 16.3 Gy was associated with a 276 

borderline difference in the cumulative incidence of rLRPFS (Gray’s p = 0.10). For D98, the 277 

corresponding threshold of 19.4 Gy did not show a significant association (Gray’s p = 0.30). 278 

ROC-derived thresholds for D95, D90, and Dmean likewise did not show relevant 279 

associations in the competing-risk analysis (Supplementary Table S2, Figure 3). 280 

 281 

Dose–response analyses (ROC-based thresholds) 282 

Objective response at 12 months 283 

ROC analysis using Youden’s index identified near-minimum coverage metrics as the most 284 

informative predictors of 12-month ORR. For D98, the optimal ROC-derived threshold was 285 

18.4 Gy (95% CI 17.2–24.3 Gy). Patients with GTV1 D98 ≥ 18.4 Gy were significantly more 286 

likely to achieve a 12-month ORR than those below this threshold (p = 0.04, Fisher’s exact 287 

test). For D90, the ROC-derived threshold was 30.8 Gy (95% CI 21.0–35.8 Gy), and values 288 

above this threshold were also significantly associated with 12-month response (p = 0.03). In 289 

contrast, ROC-derived thresholds for D100 (14.9 Gy), D95 (21.1 Gy), and Dmean (52.3 Gy) 290 

did not reach statistical significance for 12-month ORR (p = 0.14, 0.15, and 0.49, 291 

respectively). These associations are shown in Figure 1 and detailed in Supplementary Table 292 

S1. 293 

 294 

 295 
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 296 

 297 

Figure 1. Heatmap summarising exploratory associations between GTV1 dose-volume histogram 298 

metrics and radiographic outcomes. Receiver operating characteristic-derived thresholds were 299 

identified for each metric in relation to 12-month outcomes, and corresponding p-values from Fisher’s 300 

exact test are shown for objective radiographic response (ORR), radiographic progression-free 301 

survival (rPFS), and liver-restricted progression. AUC values are provided for each metric-endpoint 302 

combination. 303 

 304 

Radiobiological interpretation of near-minimum thresholds 305 

Using the linear–quadratic model with an assumed tumor α/β ratio of 10 Gy, the near-306 

minimum GTV coverage thresholds for D98 and D100 corresponded to approximate 307 

radiobiological dose equivalents. The ROC-derived GTV1 D98 threshold of 18.3 Gy 308 

corresponded to an estimated biologically effective dose (BED10) of approximately 51.8 Gy 309 

and an estimated equivalent dose in 2 Gy fractions (EQD2_10) of approximately 43.2 Gy. 310 

The corresponding D100 threshold of 16.3 Gy yielded an estimated BED10 of approximately 311 

42.9 Gy and an estimated EQD2_10 of approximately 35.8 Gy. Given the uncertainty 312 

surrounding the validity of linear–quadratic-based BED/EQD2 conversions at high single-313 
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fraction doses, these values should be regarded as model-based comparative estimates with 314 

known limitations rather than exact measures of biological effect. As such, they are presented 315 

primarily to facilitate cautious contextual comparison with published SBRT dose ranges. 316 

 317 

Time-to-event analyses: rPFS and rLRPFS 318 

Radiographic progression-free survival (rPFS) 319 

For rPFS, D98 again showed the most robust association among the evaluated coverage 320 

metrics. The ROC-derived threshold for D98 was 18.3 Gy (95% CI 14.8–23.2 Gy). 321 

Dichotomization at this threshold identified a significant association with the 12-month rPFS 322 

status (p = 0.03, Fisher’s exact test). D100 at 12.7 Gy (95% CI 10.7–15.5 Gy) showed a 323 

borderline association (p = 0.07). In contrast, D95 (21.1 Gy) and D90 (22.6 Gy) were not 324 

significantly associated with 12-month rPFS (p = 0.27 and 0.29, respectively), and Dmean at 325 

44.0 Gy (95% CI 33.8–72.8 Gy) showed at most a borderline signal (p = 0.10) 326 

(Supplementary Table S1). 327 

Kaplan–Meier analyses stratified by the D98 threshold of 18.3 Gy demonstrated separation of 328 

the rPFS curves, with patients achieving D98 ≥ 18.3 Gy showing a higher probability of 329 

remaining free of liver progression over time than those below the threshold. In the time-to-330 

event analysis, the D98 threshold remained the only statistically significant discriminator 331 

(log-rank p = 0.03), whereas D100, D95, D90, and Dmean were not significant 332 

(Supplementary Table S2, Figure 2). 333 

 334 
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 335 

Figure 2. Kaplan–Meier analysis of radiographic progression-free survival (rPFS) in the GTV1 subset 336 

(n = 65), stratified by the ROC-derived threshold for D98 (18.3 Gy). Curves show rPFS for patients 337 

above and below the threshold. The log-rank p-value is shown. 338 

 339 

Liver-restricted radiographic progression-free survival (rLRPFS) 340 

For liver-restricted outcomes, the Fisher-based threshold screening suggested the strongest 341 

signal for D100. In Supplementary Table S1, the ROC-derived threshold for D100 was 16.3 342 

Gy (95% CI 10.7–20.2 Gy; p = 0.05), whereas D98 at 19.4 Gy (95% CI 15.3–23.3 Gy) was 343 

not significant (p = 0.11). Thresholds for D95, D90, and Dmean were also non-significant. 344 

In the prespecified competing-risk framework using Aalen–Johansen estimates and Gray’s 345 

test, the strongest signal remained with D100, although this association was borderline rather 346 

than statistically significant. For GTV1 D100, the threshold of 16.3 Gy was associated with a 347 

borderline difference in the cumulative incidence of rLRPFS (Gray’s p = 0.10). For D98, the 348 

corresponding threshold of 19.4 Gy did not show a significant association (Gray’s p = 0.30). 349 

ROC-derived thresholds for D95, D90, and Dmean likewise did not show relevant 350 
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associations in the competing-risk analysis (Supplementary Table S2, Figure 3). Figure 3 351 

presents 12-month estimates derived from the competing-risk analysis. 352 

                                                   353 

         354 

 355 

Figure 3. Twelve-month estimates derived from the competing-risk analysis of liver-restricted 356 

progression in the GTV1 subset (n = 65). Panel A shows results for D100 stratified at 16.3 Gy and 357 

panel B for D98 stratified at 19.4 Gy. Points represent 12-month estimates and error bars indicate 95% 358 

confidence intervals. Gray’s test p-values are shown for each threshold comparison. 359 

 360 

Hepatic laboratory toxicity 361 

There were no acute CLBT events of grade ≥2 for ALT/AST or total bilirubin. In the late 362 

period, CLBT grade ≥2 for transaminases occurred in 8 patients (12.3%), including 4 with 363 

grade 2 and 4 with grade 3 events, whereas late CLBT grade ≥2 for bilirubin was observed in 364 

4 patients (6.2%), all grade 3. No cases of classic radiation-induced liver disease were 365 

observed. 366 
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 367 

Discussion 368 

  In this retrospective multicentre analysis of single-fraction CT-guided HDR-BT for breast 369 

cancer liver metastases, GTV D98 showed the most consistent exploratory association with 370 

12-month ORR and radiographic progression-free survival among the evaluated target 371 

coverage metrics. By contrast, associations with liver-restricted outcomes were less 372 

consistent, and the strongest signal for rLRPFS was observed for D100 rather than D98. 373 

Taken together, these findings suggest that near-minimum target coverage may be clinically 374 

relevant in this setting, while also indicating that different dose metrics may capture partially 375 

distinct aspects of tumor control after HDR-BT. From a clinical perspective, these findings 376 

suggest that ensuring adequate near-minimum target coverage (D98 ≥18 Gy) may be more 377 

relevant than achieving higher central doses, thereby challenging the traditional emphasis on 378 

D90-based metrics in HDR brachytherapy. The observed pattern is clinically plausible. In 379 

interstitial HDR-BT, dose deposition within the target is intrinsically heterogeneous, with 380 

steep gradients around the applicators and pronounced central dose escalation. Under such 381 

conditions, metrics reflecting the adequacy of dose coverage in the peripheral or near-382 

minimum region of the target may be more informative than central dose parameters alone. 383 

The identified D98 threshold is also broadly consistent with empirical dose concepts used in 384 

CT-guided HDR-BT, where tumor-margin or CTV doses of approximately 18–25 Gy have 385 

often been considered adequate for single-fraction ablative treatment [3,4,18,19]. The present 386 

exploratory threshold around 18.3–18.4 Gy therefore aligns reasonably well with established 387 

clinical practice and with previously reported near-minimum dose values in oligometastatic 388 

liver treatment [3,4]. However, this agreement with prior practice should not be interpreted as 389 

formal validation. In the present dataset, the threshold was derived and tested within the same 390 

cohort and should therefore be regarded as data-derived and hypothesis-generating rather than 391 
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definitive. The relative predominance of D98 over more central dose parameters such as 392 

Dmean is also of interest from a cross-modality perspective. HDR-BT differs from SBRT not 393 

only in delivery technique but also in spatial dose distribution, with substantially greater 394 

intratumoural heterogeneity and sharper local dose escalation. Comparative planning studies 395 

have similarly shown important differences between CT-guided interstitial HDR-BT and 396 

SBRT with respect to target dose coverage and normal liver exposure [5,20,21]. In this 397 

context, our findings may suggest that, in HDR-BT, tumor control depends not merely on the 398 

magnitude of the central hotspot, but also on the adequacy of coverage of the near-minimum 399 

dose region. This interpretation is biologically plausible because insufficient peripheral 400 

coverage may permit persistence of viable tumor clonogens despite very high dose deposition 401 

in central tumor regions. Nevertheless, this remains an inference rather than a directly proven 402 

mechanism in the present study. From a practical planning perspective, these findings may 403 

have direct implications for catheter placement strategy and dwell time optimization in CT-404 

guided HDR-BT. Specifically, prioritizing adequate peripheral target coverage rather than 405 

central dose escalation alone may represent a more effective approach to maximize treatment 406 

efficacy while maintaining organ-at-risk (OARs) constraints. This may be particularly 407 

relevant in larger or irregularly shaped lesions, where achieving homogeneous peripheral 408 

coverage can be technically challenging. At the same time, the rLRPFS analyses suggest that 409 

the true minimum dose region may also remain relevant. In the supplementary analyses, D100 410 

showed the strongest—albeit borderline—signal for rLRPFS, whereas D98 was not 411 

statistically significant for this endpoint. This pattern may indicate that lesion-confined 412 

control and broader radiographic progression endpoints are not captured by exactly the same 413 

dosimetric descriptor. It may also reflect limited statistical power, endpoint definition, or 414 

residual instability related to threshold-based analyses. Accordingly, D100 should not be 415 

dismissed, but may be better viewed as a complementary exploratory parameter rather than a 416 
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primary planning metric, based on the present data. This observation may indicate that the 417 

absolute minimum dose remains relevant for preventing intrahepatic relapse, although this 418 

hypothesis requires validation. The finding that D90 was associated with 12-month ORR but 419 

not with time-to-event endpoints is also noteworthy. D90 has previously been linked to 420 

survival in the BRALIBREST setting [7], and it remains an established descriptive metric in 421 

brachytherapy reporting. In the present analysis, however, its signal appeared less consistent 422 

than that of D98 across endpoints. This may indicate that D90 remains useful for descriptive 423 

reporting and comparison with previous series, but may be less suitable than D98 for 424 

capturing the near-minimum coverage effect that appears most closely linked to radiographic 425 

response in this cohort. Radiobiological interpretation of the observed thresholds requires 426 

caution. Using the linear–quadratic model and an assumed tumor α/β ratio of 10 Gy, a D98 427 

threshold of 18.3 Gy corresponds to an approximate EQD2 of 43 Gy, whereas the D100 428 

threshold of 16.3 Gy corresponds to an approximate EQD2 of about 36 Gy. However, the 429 

validity of linear–quadratic-based BED/EQD2 conversion at high single-fraction doses 430 

remains uncertain [14,15]. These values should therefore be interpreted only as comparative, 431 

model-based approximations rather than exact measures of biological equivalence. Likewise, 432 

comparisons with SBRT dose prescriptions or guideline-based BED thresholds should be 433 

considered exploratory only. In addition, the biological effect of HDR-BT is likely 434 

determined not only by the marginal dose but also by the highly heterogeneous spatial dose 435 

distribution within and around the target. From a practical planning perspective, the present 436 

findings suggest that GTV D98 may be a useful candidate metric for further evaluation, 437 

particularly in relation to ORR and rPFS. If confirmed, this would support a planning 438 

approach that pays close attention to catheter geometry and dwell-time optimization to 439 

improve peripheral target coverage while maintaining compliance with OAR constraints. 440 

However, given the retrospective design, the limited sample size, and the threshold-based 441 
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exploratory methodology, the proposed D98 cut-off around 18.3–18.4 Gy should be viewed 442 

as a candidate benchmark for further study rather than an immediately transferable routine 443 

planning standard. D100 may provide complementary descriptive information, particularly in 444 

exploratory analyses of rLRPFS, and D90 remains useful for continuity with prior 445 

brachytherapy reporting [7]. With regard to safety, hepatic tolerance in this cohort appeared 446 

favorable. No acute grade ≥2 laboratory toxicity and no cases of classic radiation-induced 447 

liver disease were observed. Late grade ≥2 elevations in transaminases and bilirubin occurred 448 

in a minority of patients. These findings are in line with prior reports supporting the generally 449 

acceptable hepatic tolerability of CT-guided liver brachytherapy in appropriately selected 450 

patients [3,4,6,7,18,19]. Several strengths of the study should be acknowledged. These 451 

include the multicentre design, the focus on a clinically specific BCLM cohort, and the 452 

attempt to compare multiple dose-coverage metrics within a single analytical framework. At 453 

the same time, the limitations are substantial and should be stated clearly. First, the study is 454 

retrospective and non-randomized. Second, the sample size is limited, particularly for 455 

threshold-based subgroup comparisons. Third, the cut-offs were derived and tested in the 456 

same dataset, which introduces a risk of overfitting and optimism bias. Fourth, several 457 

correlated dosimetric parameters and endpoints were examined, so the possibility of false-458 

positive findings due to multiple testing cannot be excluded. Fifth, the 12-month ORR 459 

analysis was restricted to evaluable lesions, and selection bias related to imaging availability 460 

and 12-month evaluability cannot be excluded. Moreover, ORR at 12 months is not 461 

equivalent to LC after focal ablative therapy, as the absence of RECIST-defined response 462 

does not necessarily indicate local treatment failure. Finally, the competing-risk analyses for 463 

rLRPFS should be regarded as descriptive and exploratory, particularly given the limited 464 

sample size and event counts. In addition, the restricted PFS definition used here may be 465 
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affected by informative censoring of isolated extrahepatic progression. For these reasons, the 466 

present findings should be interpreted cautiously and viewed as hypothesis-generating. 467 

 468 

   Further research should therefore focus on external and, ideally, prospective validation of 469 

near-minimum target coverage metrics in HDR-BT for liver metastases. Additional work may 470 

also include voxel-wise dosimetric analyses [22], as well as integration with contemporary 471 

systemic treatment strategies and imaging-based response assessment, including 472 

immunotherapy [23] and AI-driven radiomics [24]. Such efforts may help determine whether 473 

the observed role of D98 reflects a true biological feature of ablative dose delivery or a 474 

cohort-specific finding related to the present treatment context. 475 

Conclusion 476 

  In this exploratory analysis, D98 was the dose-coverage parameter most consistently 477 

associated with 12-month radiographic response and liver-focused progression outcomes after 478 

single-fraction CT-guided HDR brachytherapy for breast cancer liver metastases. These 479 

results suggest a potential role for near-minimum target coverage metrics in dosimetric 480 

evaluation, but they do not establish a definitive surrogate for local control or a validated 481 

dose-response threshold. Given the retrospective design, limited cohort size, and 482 

methodological constraints of the applied endpoints, the findings should be interpreted 483 

cautiously and regarded as hypothesis-generating. External validation in larger prospective 484 

cohorts is warranted. 485 
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