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Abstract

Purpose
Single-fraction neoadjuvant radiotherapy (SF-NRT) is a promising alternative for patients with low-risk,
early-stage breast cancer. However, the optimal post-treatment interval for assessing response remains
largely undefined. This study evaluated the feasibility of multiparametric MRI (mp-MRI) for detecting
early biological changes after SF-NRT within the arm Magnetic Resonance Image Guided Single Fraction
Preoperative Radiotherapy for Early Breast Cancer (RICE) feasibility trial.

Methods
Nine postmenopausal women (median age 69 years) with ER/PR-positive, grade 1–2 invasive ductal
carcinoma ≤ 20 mm underwent a single 21 Gy preoperative fraction on the Elekta Unity 1.5 T MR-linac.
MRI (1.5 T Philips Ingenia Ambition) was performed at baseline and five weeks post-treatment. Imaging
included diffusion-weighted (ADC), standard DCE-MRI with voxel-wise signal enhancement ratio (SER)
mapping, and ultrafast DCE analysis. Pathologic response was classified using the modified Miller–
Payne system.

Results
Six patients (67%) demonstrated partial pathologic response and three (33%) were non-responders; none
achieved pathologic complete response (pCR). Across all patients, ADC increased (0.99 × 10⁻³ to 1.18 ×
10⁻³ mm²/s), with partial responders showing greater percentage rises compared to non responders (+ 
44.5% vs + 11.1%). SER habitat analysis revealed decreased washout and intermediate-enhancing voxels
and a decline in peak SER (0.98 to 0.83), consistent with reduced perfusion heterogeneity. Tumor
morphological analysis and ultrafast parameters displayed minimal differences and large inter-patient
variability.

Conclusions
mp-MRI demonstrated biologically plausible diffusion and perfusion changes at five weeks following SF-
NRT, with directional differences between response groups preceding measurable morphologic
regression. These exploratory findings require validation in larger cohorts.

Trial registration
This trial is registered with the Australian New Zealand Clinical Trials Registry (ANZCTR). Registered
31st of May 2021. Registration number: ACTRN12621000659808.
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Background
Single-fraction neoadjuvant radiotherapy (SF-NRT) is emerging as a promising treatment option for
patients with low-risk, early-stage breast cancer 1–7. By targeting the intact tumour rather than the
postoperative cavity, SF-NRT has the potential to reduce treatment burden and radiation-induced toxicity,
thereby improving quality of life. However, despite growing clinical interest, the optimal timing between
SF-NRT and surgery remains unclear, with reported timelines ranging from one week to twelve months 2–

5,7. The ability to identify patients who achieve a pathological complete response (pCR) as early as
possible could enable more personalised care, allowing surgery to be safely delayed or even omitted in
responders, while supporting timely escalation for non-responders.

Magnetic resonance imaging (MRI) has long been used to monitor tumour response during neoadjuvant
chemotherapy (NAC), but findings have varied widely due to differences in imaging protocols and
analytic methods 8,9. In clinical practice, response assessment still relies primarily on size-based criteria;
however, early morphological changes often lag behind underlying biological alterations in tumour
vascularity and cellularity, limiting their value for early response prediction 10–12. To address these
limitations, functional MRI techniques, including multiparametric MRI (mp-MRI), provide a non-invasive
means of assessing tumour vascular and microstructural properties that may change early during
treatment 10.

At a more granular level, specific quantitative metrics derived from mp-MRI provide biologically
interpretable markers of tumour response. The apparent diffusion coefficient (ADC), derived from
diffusion-weighted imaging (DWI), reflects the degree of water mobility within tissue and is commonly
interpreted as a surrogate of tumour cellularity; increases in ADC following treatment are thought to
reflect tumour cell death and expansion of the extracellular space 10,11. Dynamic contrast-enhanced MRI
(DCE-MRI) characterises tumour vascular behaviour through analysis of contrast enhancement kinetics
10. Voxel-wise metrics such as the signal enhancement ratio (SER) enable classification of enhancing
tumour regions into kinetic “habitats” (washout, plateau, and persistent), which are thought to represent
areas with differing vascular permeability and contrast clearance properties 13–18. Ultrafast DCE-MRI
extends this approach by capturing the very early phases of contrast arrival with high temporal
resolution, generating semi-quantitative parameters sensitive to rapid perfusion dynamics and
microvascular permeability19–22. Together, these measures provide a biologically grounded framework
for probing early treatment-induced vascular and microstructural changes that may precede overt
morphological response.

Although mp-MRI has demonstrated prognostic value in the NAC setting 19,23–28, its role in predicting
response following SF-NRT remains poorly described. Prior studies 29–31 have shown that MRI signal
changes can appear as early as one-week post-treatment, however, these are often dominated by
transient inflammatory effects rather than true physiological response. As such, the earliest interval at
which genuine treatment-induced changes can be distinguished from acute post-radiation inflammation
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remains unknown. To address this gap, we evaluated MRI-derived biomarkers within the RICE trial
(Magnetic Resonance Imaging-guided Single-fraction Preoperative Radiotherapy for Early-stage Breast
Cancer: Feasibility Study), focusing on early treatment changes observed approximately five weeks post-
SF-NRT, a pragmatic interval chosen to balance early response assessment with sufficient time for acute
inflammatory effects to subside.

Methods

Study Population and treatment
Details of the RICE trial have been reported previously 32. Briefly, eligible patients were women aged ≥ 60
years with unifocal, grade 1–2, ER/PR-positive invasive breast carcinoma ≤ 20 mm on imaging, clinically
node-negative, and visible on MRI for treatment localisation. Key inclusion and exclusion criteria are
summarised in Table 1. All patients provided written informed consent, and the study was approved by
the institutional Human Research Ethics Committee.

Table 1
Overview of the inclusion and exclusion criteria for the RICE trial.

Inclusion Exclusion

Age ≥ 60 years Previous Radiotherapy to same breast

Unifocal Suspicious diffuse microcalcifications

Tumor Visible on pre-treatment imaging Invasive lobular carcinoma on core biopsy

Tumor size on pre-treatment imaging ≤ 2cm Lymphovascular invasion on core biopsy

Grade 1–2 on pre-treatment core biopsy Any clinical nodal or metastatic disease

Oestrogen receptor (ER) and Progesterone (PR)
positive (> 10%)

Human epidermal growth factor receptor 2
(HER2) positive

Clinically node negative Prior non-hormonal therapy

Breast primary tumor visible on MR radiation
oncology imaging (with or without IV contrast) for
treatment localization

Skin or chest wall involvement

  Collagen vascular disease (e.g. lupus,
scleroderma)

Pregnant or lactating

Absolute contraindications to MRI (e.g.
incompatible implants, unable to tolerate
duration)

Baseline evaluation included clinical examination, core biopsy, and pre-treatment imaging for diagnosis
and radiotherapy planning. The gross tumour volume (GTV) was expanded by 15 mm, limited posteriorly
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by the pectoralis muscle and within 5 mm of the skin, to define the clinical target volume (CTV). A
uniform 3 mm isotropic margin was then applied to generate the planning target volume (PTV). Patients
received a single 21 Gray (Gy) fraction radiotherapy dose delivered on the Elekta Unity 1.5 T MRI-linac
with real-time cine MRI monitoring and online adaptive planning. MRI was performed at baseline and five
weeks post-treatment, with surgery scheduled one week later. Given the exploratory nature of this trial at
our institution, the selected dose and treatment interval for early response assessment were based on
prior studies 2,4,5,7 demonstrating clinical effectiveness without significant radiotherapy-related toxicity
and with favorable quality-of-life outcomes.

MRI Acquisition Protocol
MRI Acquisition Protocol
Patients underwent pre- and post-treatment imaging on a 1.5 T scanner (Ingenia Ambition, Philips
Healthcare, Best, The Netherlands) in the prone position using a dedicated 7-channel breast coil for
bilateral coverage. The protocol included a pre-contrast high-spatial and high-temporal resolution axial
3D THRIVE sequence, T1 mapping at flip angles of 5° and 15°, and axial T2-weighted fat-suppressed
imaging. DWI was acquired with b-values of 0 and 800 s/mm², and apparent diffusion coefficient (ADC)
maps were generated using a mono-exponential fit, with low ADC values appearing dark. DCE- MRI was
performed following intravenous gadolinium administration (3 mL/s) with a 15 mL saline flush. High-
temporal resolution DCE captured 28 dynamic volumes during the first 2 minutes, followed by five high-
spatial resolution series acquired at 60-second intervals over approximately 6 minutes. Both DCE
protocols used a T1-weighted fast-field echo (spoiled gradient echo) acquisition, and all sequences
employed spectral attenuated inversion recovery (SPAIR) for fat suppression. Detailed acquisition
parameters are provided in Supplementary Table 1.

Standard DCE-MRI: Morphological analysis:
Radiologic response was quantitatively assessed by an expert breast radiologist using a picture
archiving and communication system (PACS; General Electric Medical Systems, Milwaukee, WI). Lesion
size was measured as the maximum axial diameter with two perpendicular orthogonal dimensions.
Tumour volume was calculated using the cubic model (D1 × D2 × D3).

Apparent Diffusion Coefficient Analysis:
DWI datasets were transferred to the Intelli-Space Portal (version 12.1; Philips Healthcare) and
processed using the diffusion analysis package. Lesions were identified on high-b value images (800
s/mm²) and verified on corresponding ADC maps. Regions of interest (ROIs) were manually contoured to
encompass the GTV on all slices containing tumour, with contiguous ROIs drawn across slices. Mean
ADC was derived as the average across all ROIs.
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Standard DCE-MRI: Intra-tumoral habitat analysis:
Voxel-wise SER mapping was performed to evaluate spatial heterogeneity of contrast kinetics within the
tumor. Analyses were conducted in 3D Slicer (version 5.8.1, www.slicer.org) using an inhouse Python-
based SER module. To correct for motion between pre- and post-contrast acquisitions, image volumes
were co-registered using the Advanced Normalization Tools (ANTs) framework. Tumor regions of
interest (ROIs) were manually segmented on the first post-contrast volume and reviewed by a breast
radiologist for accuracy.

Percent enhancement (PE) for each voxel was defined as (S1 – S0)/S0, where S0 is the pre-contrast
signal intensity and S1 the first post-contrast signal intensity. The SER ratio was defined as (S1 – S0)/(S2
– S0), where S2 is the delayed post-contrast signal intensity. To minimise noise, voxels were required to
meet both a 50% PE threshold and a 60% baseline enhancement filter. These thresholds were defined a
priori based on criteria established in the American College of Radiology Imaging Network 6657
protocol, which recommends a minimum enhancement threshold of 50% for voxel inclusion, with higher
thresholds (up to 100%) permitted depending on study design and signal-to-noise considerations 16,33.
The 50% PE threshold was selected as a conservative lower bound, consistent with prior neoadjuvant
breast MRI trials 34–36, to balance sensitivity to treatment-related vascular changes while suppressing
background noise

Eligible voxels were then classified into kinetic habitats: washout (SER > 1.3), plateau (SER 0.9–1.3), or
persistent (SER < 0.9 but > 0). Non-tumor enhancing structures such as vessels, skin, or implant edges
were manually excluded.

Peak PE and peak SER were defined as the highest mean values within a cluster of at least nine
contiguous voxels (3 × 3 × 3). Volumetric measures were calculated as washout volume (SER > 1.3),
plateau volume (SER 0.9–1.3), and persistent volume (SER 0–0.9), expressed in mm³.

Ultrafast DCE-MRI analysis:
Ultrafast MRI data were analysed using the perfusion module of Philips Intelli-Space Portal (version 12.1,
Philips Healthcare). For each lesion, the GTV was delineated on all slices where the tumour was visible,
with contiguous ROIs drawn to fully encompass the GTV. The mean signal intensity across all ROIs was
then calculated and used for kinetic analysis. Ultrafast semi-quantitative parameters were then
generated, including: Max Signal Enhancement (maximum signal enhancement at the last phase of the
ultrafast sequence SImax%), time to peak (TTP, seconds from contrast arrival to SImax%), Wash in Rate
(WIR: SImax% ÷ TTP, %/s), Maximum Slope (MS, greatest instantaneous rate of signal change, %/s), and

Area Under the Curve (AUC, integrated signal over the enhancement period).

Evaluation histopathology
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Core biopsy specimens were evaluated for histologic type, tumor grade (Elston–Ellis modification of the
Bloom–Richardson system), immunohistochemical receptor status (ER, PR, and HER2), with positivity
defined according to ASCO/CAP guidelines 37,38. Surgical specimens were sliced at 5-mm intervals, fixed
in 10% neutral-buffered formalin, paraffin-embedded, and stained with hematoxylin and eosin. Final
pathology was reviewed for the same features as the biopsies, as well as surgical margin status, sentinel
lymph node involvement, and the longest dimension of residual tumor 39. All specimens were examined
by a single subspecialized breast pathologist with over 14 years’ experience, blinded to MRI findings.

Pathologic response was graded using the Miller–Payne system, a five-point scale based on reduction in
tumor cellularity: grade 1, no reduction; grade 2, minor reduction (< 30%); grade 3, 30–90% reduction;
grade 4, > 90% reduction (near-complete response); and grade 5, complete absence of malignant cells
(pathologic complete response) 40. Pathologic response was then defined accordingly: with grade 5
defined as pathologic complete response (pCR), grades 3–4 as partial response (pPR), and grades 1–2
as non-response (pNR) 41.

Statistical Analysis
Given the exploratory nature and small sample size, analyses focused on descriptive summaries. MRI
parameters were summarized as medians with minimum and maximum ranges.

All analyses were conducted in SPSS (version 30.0.0.0; IBM Corp., Armonk, NY, USA).

Results

Patient Cohort and Baseline Characteristics
Since trial initiation in 2022, 18 patients were enrolled; nine completed both baseline and post-treatment
MRI and were included in the final paired analysis. Figure 1 summarises patient disposition and reasons
for exclusion. Baseline scans were performed a median of 8 days before treatment, with post-treatment
imaging at 34 days (baseline-to-post interval 42 days), and surgery a median of 13 days later.

The median age was 69 years (range, 62–84). Baseline MRI showed tumors 3–14 mm in diameter
(median, 10 mm). All were invasive ductal carcinoma of no special type (IDC-NST), with one also
demonstrating ductal carcinoma in situ (DCIS). All patients were prescribed neoadjuvant endocrine
therapy with an aromatase inhibitor (letrozole or anastrozole) following diagnosis. Eight (89%)
completed and continued therapy, one (11%) discontinued due to arthralgia. Baseline and post-treatment
clinicopathologic features are summarized in Table 2.
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Table 2
shows tumor type, grade, and biomarker results (ER, PR, HER2) recorded at core biopsy and at the final

surgical specimen.
Tumor Type Grade

Core
ER
Core
(%)

PR
Core
(%)

HER2
Core
Status

Grade
Final

ER
Final
(%)

PR
Final
(%)

HER2
Final
Status

Invasive ductal
carcinoma (NST)

2 50 10 0 2 30 0 0

Invasive breast
carcinoma (NST)

2 100 50 0 1 90 15 0

Invasive ductal
carcinoma (NST)

1 95 2 0 1 99 0 0

Invasive breast
carcinoma (NST)

2 95 80 0 1 50 0 0

Invasive ductal
carcinoma (NST)

2 95 95 0 1 90 90 0

Invasive ductal
carcinoma (NST)

2 90 15 0 1 100 0 0

Invasive ductal
carcinoma (NST)

2 95 80 0 2 95 0 0

Invasive breast
carcinoma (NST)
with DCIS

1 90 0 0 1 100 80 0

Invasive ductal
carcinoma (NST)

1 90 90 0 1 90 0 0

Pathological response
On final histopathology, no patient achieved pCR. six of 9 patients (67%) demonstrated a pPR, while three
(33%) had pNR. Residual tumor size ranged from 4–24 mm (median, 13 mm).

MRI Analysis

Changes across all patients before and after therapy
Post-treatment imaging demonstrated a redistribution of SER patterns toward lower enhancement
categories. Both intermediate-enhancing voxels (SER 0.90–1.30) and late-phase washout (SER 1.30–
3.00) were reduced from 193mm3 to 82mm3 & 12 mm³ to 3 mm³, respectively, while peak SER decreased
from 0.98 to 0.83, reflecting a shift toward lower enhancement. ADC also rose from 0.99 × 10⁻³ to 1.18 ×
10⁻³ mm²/s, and tumor volume declined from 1144 mm³ to 700 mm³. Longest diameter showed minimal
change. Among ultrafast parameters, SImax decreased from 52% to 43% post therapy, while other
parameters (AUC, MS, WIR) remained stable. Semiquantitative and diffusion parameter values are shown
in Table 3.
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Table 3
Changes across all patients before and after NRT. Values are presented as

median [range].
MRI Metric Before NRT (n = 9) After NRT (n = 9)

Morphological

Longest Diameter (mm) 13 [5–19] 10 [4–19]

Tumor Volume (mm3) 1144 [45–3705] 700 [36–3192]

Diffusion

ADC (x10⁻³ mm²/s) 0.99 [0.70–1.25] 1.18 [0.83–1.65]

Conventional DCE    

SER 0-0.9 (mm3) 236 [51–694] 220 [98–736]

SER 0.9–1.3 (mm3) 193 [16–538] 82 [33–252]

SER 1.3-3.0 (mm3) 12 [1–53] 3 [0–32]

pSER 0.98 [0.58–1.27] 0.83 [0.46–1.18]

pPE (%) 111.8 [39.1–195.7] 88.1 [51.9–179.9]

Ultrafast DCE

SImax(%) 51.6 [30.4–102.6] 42.9 [31.2–101.7]

TTP (sec) 101.5 [61.1–112.3] 108.7 [64.7–108.7]

MS %/s 7.4 [2.6–14.4] 6.7 [3.0–13.5]

AUC 23,437 [10,986–69,852] 22,631 [14,633–44,590]

WIR (%/s) 25.8 [13.5–59.4] 25.6 [15.0–53.5]

Grouped by partial pathologic response
Analyses stratified by partial pathological response are presented in Table 4. Among the MRI parameters
analysed, ADC showed a greater percentage increase in partial responders compared with non-
responders (44.5% vs 11.1%; Fig. 2). In contrast, percentage changes in longest diameter and tumour
volume were numerically similar between groups.
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Table 4
Values are median [range].

MRI Metric Partial
Responders
(n = 6) Pre

Post Median %
Change†

Non-
Responders
(n = 3) Pre

Post Median %
Change†

Morphological            

Longest
diameter (mm)

13 [8–19] 11.5 [8–
19]

–11.5 8 [5–13] 8 [4–13] 0

Tumour
volume (mm³)

1292 [200–
3705]

994
[200–
3192]

–18.1 448 [45–
1716]

336 [36–
1430]

–20.0

Diffusion            

ADC (×10⁻³
mm²/s)

1.07 [0.70–
1.25]

1.40
[1.07–
1.65]

44.5 0.92 [0.83–
0.99]

1.10
[0.83–
1.10]

11.1

Conventional
DCE

           

SER 0–0.9
(mm³)

365 [87–694] 419
[147–
736]

35.8 96 [51–237] 132 [98–
355]

75

SER 0.9–1.3
(mm³)

193 [88–538] 82 [33–
230]

–61.2 91 [16–472] 82 [48–
252]

–46.6

SER 1.3–3.0
(mm³)

11 [1–53] 5 [0–32] –99.1 38 [4–47] 30 [8–30] –59.6

pSER 0.95 [0.64–
1.14]

0.73
[0.46–
0.95]

–23.9 1.13 [0.58–
1.27]

0.96
[0.79–
1.18]

–7.1

pPE (%) 112.3 [54.4–
153.8]

83.6
[51.9–
120.7]

–14.1 90.8 [39.1–
195.7]

88.0
[55.0–
179.9]

–3.1

Ultrafast DCE            

SImax (%) 74.3 [30.4–
102.6]

40.2
[31.2–
101.7]

–29.9 46.7 [34.0–
47.6]

53.4
[44.0–
71.1]

14.4

TTP (s) 101.5 [64.7–
112.3]

108.7
[68.3–
108.7]

3.1 97.9 [61.1–
101.5]

101.5
[64.7–
108.7]

5.9

MS (%/s) 9.8 [3.5–
14.4]

7.1 [3.0–
13.0]

–13.3 5.0 [2.6–
13.4]

5.3 [4.1–
13.5]

6

†Percentage change calculated per participant as ((post – pre) / pre) × 100 and summarised as the
median percentage change within each response group.
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MRI Metric Partial
Responders
(n = 6) Pre

Post Median %
Change†

Non-
Responders
(n = 3) Pre

Post Median %
Change†

Morphological            

AUC 23836
[15657–
69852]

17471
[14633–
44590]

–11.8 23437
[10986–
35829]

24979
[22631–
32776]

6.6

WIR (%/s) 32.1 [13.5–
59.4]

22.3
[15.0–
53.5]

–2.2 25.8 [14.2–
58.2]

26.5
[24.0–
49.9]

–7.0

†Percentage change calculated per participant as ((post – pre) / pre) × 100 and summarised as the
median percentage change within each response group.

For DCE-MRI–derived measures, partial responders exhibited larger reductions in peak SER and peak PE.
SER voxel analysis demonstrated differences in enhancement distribution: non-responders showed a
greater proportional increase in low-enhancing voxels post-treatment (75.0% vs 35.8%), whereas partial
responders demonstrated a larger reduction in washout voxels (99.1% vs 59.6%).

Across ultrafast DCE parameters, small directional differences were observed between partial
responders and non-responders; however, substantial overlap in individual values remained between
groups (Fig. 3).

Discussion
Early detection of treatment response is clinically valuable, enabling personalised adaptation of therapy,
minimising unnecessary toxicity, and avoiding prolonged ineffective treatment in non-responders.
Achieving this, however, requires imaging biomarkers that are both accurate and reproducible. This study
aimed to evaluate the feasibility of mp-MRI for detecting early biological changes following SF-NRT in
patients with early-stage breast cancer, approximately five weeks post-treatment. In this prospective
cohort, functional MRI revealed biologically plausible directional changes consistent with treatment
response. Increased ADC values were observed in partial responders, accompanied by reductions in
intravoxel washout fraction, peak SER, and peak PE. In contrast, morphological parameters showed
minimal or inconsistent change. While the limited sample size precludes definitive conclusions, these
exploratory findings provide preliminary evidence that functional MRI may capture early treatment-
induced microstructural and vascular adaptations that precede measurable morphologic regression.

Treatment response has traditionally been evaluated using morphologic criteria such as the longest
tumour diameter or overall volume, valued for their simplicity and reproducibility 10,12,16,42–45. Several
NAC studies have shown that volumetric analysis provides superior early predictive value compared with
unidimensional measurements 13,16,45–47. In our study, tumour volume declined more than longest
diameter following treatment; however, when stratified by pathological response, neither metric showed
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clear separation between partial responders and non-responders. High inter-patient variability likely
contributed to this finding. For example, one partial responder showed a paradoxical 12% increase in
volume post treatment, possibly reflecting inflammatory changes rather than true disease progression.
Morphologic response data after SF-NRT are scarce. One study 48 using a hypo fractionated regimen
reported superior predictive accuracy for volumetric versus linear metrics, though the discrepancy with
our results may reflect radiobiological differences between single- and multi-fraction regimens, the small
sample size, or the early imaging timepoint. Given these limitations, our morphological findings should
be interpreted cautiously and require validation in larger cohorts.

Intra tumoral habitat analysis provided complementary physiological insights. In our study, intravoxel
SER mapping revealed a redistribution of enhancement patterns characterised by reductions in
intermediate-enhancing and washout voxels and a decline in peak SER and peak PE. This global shift
toward lower enhancement likely represents a loss of highly vascularised tumour components and the
onset of vascular normalisation 15,49–51, changes most evident in partial responders. These findings
align with prior SF-NRT data. Vasmel et al. reported an 89% reduction in washout voxel volume among
responders compared with 17% in non-responders at six months 31. In our cohort, the respective
reductions were 99.1% and 59.6%, representing a smaller separation between groups, likely reflecting
both the earlier imaging timepoint and cohort size. Nonetheless, the consistency of directional change
across studies suggests that vascular alterations may be captured as early as five weeks post treatment,
potentially preceding measurable sized based shrinkage. In contrast to semi-quantitative SER-based
habitat analysis, ultrafast DCE parameters did not demonstrate a similar discriminatory pattern. Ultrafast
DCE-MRI parameters, which capture rapid contrast vascular kinetics during initial uptake 19,20,22,52,53,
showed large inter-patient variability with no apparent differences between partial responders and non-
responders. Similar inconsistencies have been noted in the NAC literature 19,53,54. For example, Kim et al.
53 found that ultrafast parameters did not predict pCR across breast cancer subtypes, whereas Ramtohul
et al. 19 observed higher wash-in rates in pCR responders. These conflicting results likely arise from
differences in sample size, tumour subtype, acquisition protocol, and kinetic modelling approach. In our
cohort imaged at 5 weeks post SF-NRT, ultrafast parameters did not demonstrate utility for early
response assessment. Whether this reflects the early imaging timepoint, the low-grade HR+ tumour
biology, technical limitations, or true lack of predictive value remains unclear. Larger studies with
standardized acquisition protocols and subtype stratification are needed before ultrafast MRI can be
recommended for routine response assessment following SF-NRT.

In our study, ADC, a measure of water molecule diffusivity 27, showed the largest treatment-associated
increase following SF-NRT. Partial responders demonstrated a median percentage ADC increase of
44.5%, compared with 11.1% in non-responders. Although this difference did not reach statistical
significance due to the small sample size, the directional trend is consistent with microstructural
alterations, including reduced tumour cellularity, radiation-induced lysis, membrane degradation, and
expansion of the extracellular space 9,55,56. These observations are directionally consistent with prior SF-
NRT data. Vasmel et al. 31 similarly reported statistically significant ADC increases at six months
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following SF-NRT (48.3% vs 23.4% in responders vs non-responders), with trends emerging from four
months onwards (41.4% vs 28.6%). While ADC changes have been observed as early as one week post-
treatment 29–31 these early shifts are often attributed to acute inflammatory effects rather than true
tumour regression. As prior data suggest that treatment-induced changes become more reliably
distinguishable from inflammation by four to six months, our five-week timepoint may represent an
early–intermediate phase of response evolution. The directional consistency between our findings and
those reported at later intervals raises the possibility that genuine microstructural changes may already
be emerging; however, confirmation through serial imaging and histopathological correlation is required
to definitively characterise the biological basis of these early signal alterations.

Finally, none of the patients in our study achieved pCR, likely reflecting the short interval between
treatment and surgery. Prior SF-NRT studies demonstrate increasing pCR rates with longer time-to-
surgery intervals. Vasmel et al. 31 reported pCR rates of 33% at 6 months and 48% at 8 months following

SF-NRT, while Rahimi et al. 57 showed that in patients undergoing delayed surgery (> 9 months), overall
pCR reached 72%, with longer time to surgery — rather than higher radiation dose — significantly
associated with pCR (OR 1.02). Although multi-fraction regimens have reported lower early pCR rates
(23% in the PAPBI trial at 6 weeks 58 and 15% at 3 weeks in Nichols et al. using ten fractions of 3.85 Gy
59) differences in fractionation schedules limit direct comparison with our single-fraction approach. Our
surgical timepoint at 6 weeks post-SF-NRT likely preceded the interval at which complete pathological
regression becomes evident. Accordingly, the functional MRI changes observed in partial responders
may represent early biological alterations that precede eventual pathological regression. Imaging at this
early interval may nevertheless offer a pragmatic clinical opportunity: identification of early responders
could support extended observation or delayed surgery strategies, whereas early recognition of non-
responders may enable timely treatment escalation. In this way, therapeutic pathways could be
individualised according to biological response rather than fixed temporal criteria. Prospective validation
in larger cohorts is required before such strategies can be considered for clinical implementation.

Limitations and Future research:
Although our exploratory findings suggest that several MRI metrics may serve as promising imaging
biomarkers for response assessment, several limitations should be acknowledged. First, the study’s
small sample size is a key constraint. The RICE trial initially aimed to recruit 30 participants but was
terminated early due to an unexpectedly high rate of postoperative infections. Therefore, our findings
should be interpreted with caution. Nonetheless, even with this limited sample size, we observed
biologically plausible radiological changes between partial responders and non-responders. Second, our
cohort consisted exclusively of postmenopausal women with low-grade, HR+ tumours, a cohort
“potentially suitable” for SF-NRT 60–62. While this design choice intentionally reduced biological
heterogeneity to ensure safety and feasibility, it limits generalisability to more aggressive tumour
subtypes. Third, full quantitative pharmacokinetic perfusion modelling was not performed in this study,
as imaging parameters were not optimised for such analysis. Nevertheless, given that prior studies in
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the NAC setting have demonstrated strong correlations between semi-quantitative time–signal intensity
parameters and fully quantitative perfusion measures, we argue that our use of semi-quantitative
analysis represents a more practical and clinically feasible approach for routine implementation
14,16,29,31,63.

Future research should expand upon our preliminary findings in several key ways. First, validation in
larger, prospective cohorts is essential to confirm the reproducibility of the functional imaging
biomarkers identified as potentially useful for early response assessment. Second, the optimal imaging
timepoint for distinguishing genuine treatment response from residual inflammatory effects remains
undefined. Although previous studies 29,31 have examined functional MRI at very early post-treatment
intervals, few have correlated these findings with corresponding histopathological changes. We therefore
recommend that future investigations incorporate serial mp-MRI during the early post-SF-NRT period
with paired histopathological sampling where feasible, to characterize the temporal evolution of imaging
biomarkers and establish the earliest interval at which functional parameters reliably reflect true
treatment response. Our findings at five weeks suggest this may be an important transitional window,
but prospective validation with pathological correlation is essential.

Conclusion
This exploratory analysis from the RICE trial provides preliminary evidence that functional MRI metrics,
including ADC and intravoxel enhancement redistribution, exhibit biologically plausible directional
changes at five weeks following SF-NRT, with observable differences between response groups. While
morphological parameters demonstrated minimal change at this early timepoint, functional measures
showed patterns consistent with microstructural and vascular alterations in partial responders,
suggesting that physiological imaging biomarkers may provide complementary value to conventional
size-based criteria for early response assessment. However, the small sample size, absence of pCR, and
descriptive nature of these findings preclude definitive conclusions. Validation in larger, independent
cohorts with standardized imaging protocols and longer follow-up is required to determine the
reproducibility, optimal timing, and clinical utility of functional MRI for response prediction after SF-NRT.
If confirmed, early functional imaging could support more individualized treatment strategies, such as
delayed surgery in partial responders or timely treatment escalation in non-responders, with the goal of
optimizing outcomes in patients undergoing neoadjuvant radiotherapy.
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Figures

Figure 1



Page 24/25

Summary of patient disposition and reasons for exclusion

Figure 2

ADC changes pre- and post-treatment in partial responders and non-responders. Black dotted lines show
individual trajectories; red lines denote group medians.
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Figure 3

Individual patient percentage change in ultrafast DCE-MRI parameters stratified by pathological
response.


