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Abstract
Purpose: We aimed to evaluate changes in dynamic contrast-enhanced (DCE) and diffusion-weighted (DW) magnetic resonance
imaging (MRI) scans acquired before and after single-dose ablative neoadjuvant partial breast irradiation (NA-PBI), and explore the
relation between semiquantitative MRI parameters and radiologic and pathologic responses.
Methods and Materials: We analyzed 3.0T DCE and DW-MRI of 36 patients with low-risk breast cancer who were treated with
single-dose NA-PBI, followed by breast-conserving surgery 6 or 8 months later. MRI was acquired before NA-PBI and 1 week, 2, 4,
and 6 months after NA-PBI. Breast radiologists assessed the radiologic response and breast pathologists scored the pathologic response
after surgery. Patients were grouped as either pathologic responders or nonresponders (<10% vs ≥10% residual tumor cells). The
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semiquantitative MRI parameters evaluated were time to enhancement (TTE), 1-minute relative enhancement (RE1min), percentage of
enhancing voxels (%EV), distribution of washout curve types, and apparent diffusion coefficient (ADC).
Results: In general, the enhancement increased 1 week after NA-PBI (baseline vs 1 week median − TTE: 15s vs 10s; RE1min: 161% vs
197%; %EV: 47% vs 67%) and decreased from 2 months onward (6 months median − TTE: 25s; RE1min: 86%; %EV: 12%). Median
ADC increased from 0.83 £ 10�3 mm2/s at baseline to 1.28 £ 10�3 mm2/s at 6 months. TTE, RE1min, and %EV showed the most
potential to differentiate between radiologic responses, and TTE, RE1min, and ADC between pathologic responses.
Conclusions: Semiquantitative analyses of DCE and DW-MRI showed changes in relative enhancement and ADC 1 week after NA-
PBI, indicating acute inflammation, followed by changes indicating tumor regression from 2 to 6 months after radiation therapy. A
relation between the MRI parameters and radiologic and pathologic responses could not be proven in this exploratory study.
© 2021 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Recent studies have investigated hypofractionated neo-
adjuvant partial breast irradiation (NA-PBI) for patients
with early stage breast cancer and a low risk of local recur-
rence, aiming to reduce overall treatment time and irradi-
ated volume, and thus treatment-related toxicity.1,2 In a
recent trial on single-dose ablative NA-PBI including 36
patients with low-risk breast cancer at our department, 15
patients (42%) showed a pathologic complete response
(pCR) and 12 patients (33%) a near pCR. Surgery might
be redundant in patients achieving pCR or near pCR after
NA-PBI. To accomplish omission of surgery, pathologic
response needs to be adequately predicted. In our trial, 10
of 15 patients with pCR, but also 5 of 21 patients without
pCR, showed a radiologic complete response on magnetic
resonance imaging (MRI) just before breast-conserving
surgery (BCS), which resulted in a positive predictive
value (ie, probability that radiologic complete response on
MRI predicts pCR) of 67% and a negative predictive value
(ie, probability that no radiologic complete response on
MRI predicts residual disease) of 76%.3 Therefore, the
qualitative clinical response assessment on MRI was
insufficient to predict pathologic response in patients after
NA-PBI.

Studies on patients with breast cancer treated with
neoadjuvant chemotherapy have shown that pathologic
response could be predicted using a (semi)quantitative
analysis of MRI, although not in patients with low-risk
breast cancer.4−7 Recently, 2 studies reporting on
response assessment after high-dose NA-PBI showed sig-
nificant changes in quantitative MRI parameters acquired
before and 1 to 3 weeks after NA-PBI, but these results
were not correlated to pathologic response.8,9 Mouawad
et al. reported a significant change in the kinetic parame-
ter Ktrans calculated from dynamic contrast-enhanced
(DCE)-MRI.9 Wang et al. reported a dependency between
radiation dose and direction of apparent diffusion coeffi-
cient (ADC) change calculated from diffusion-weighted
(DW)-MRI in a subgroup analysis.8

The aim of our study was to evaluate changes in MRI
up to 6 months after single-dose ablative NA-PBI, and
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explore a potential relationship between MRI parameters
and both radiologic and pathologic responses.
Methods and materials
Study population and treatment

The study population consisted of 36 women with
low-risk breast cancer participating in a single-arm, pro-
spective, interventional study at the Department of
Radiotherapy of the University Medical Center Utrecht
(ClinicalTrials.gov identifier: NCT02316561).3,10 The
institutional review board approved the trial, and all
patients gave written informed consent for inclusion. The
median age was 65 years (range, 51-78 years), and the
median largest tumor diameter at baseline MRI was
13 mm (range, 5-20 mm). All patients had an estrogen
receptor-positive and human epidermal growth factor
receptor 2-negative tumor.

Patients were treated with a single-dose ablative NA-
PBI of 20 Gy to the planning target volume (PTV) of the
gross tumor volume (GTV) and 15 Gy to the PTV of the
clinical target volume (CTV; CTV = GTV + 2 cm), with a
3 mm PTV margin for both GTV and CTV (Figure E1).
A diagnostic biopsy marker was used for position verifica-
tion. If no marker had been placed during the biopsy or if
it was not visible on cone beam computed tomography
scanning, a gold fiducial marker (Visicoil, IBA Dosimetry,
Germany) was placed. Patients underwent BCS 6 months
(n = 15) or, after a study protocol alteration, 8 months
(n = 21) after radiation therapy. Six patients (17%)
received additional neoadjuvant endocrine treatment after
NA-PBI according to national guidelines.11
Magnetic resonance imaging acquisition

Patients underwent 3.0T MRI (Ingenia, Philips, the
Netherlands) in the prone position using a dedicated 16-
channel breast coil before radiation therapy (baseline)
and after radiation therapy at 1 week, 2, 4, 6, and, if
m ClinicalKey.com by Elsevier on February 28, 2022. 
opyright ©2022. Elsevier Inc. All rights reserved.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 High-temporal (gray boxes) and high-spatial (blue boxes) dynamic contrast-enhanced-magnetic resonance imag-
ing acquisition showing: median relative enhancement (RE) in aorta region of interest (orange) and 90th percentile RE in
gross tumor volume-region of interest in the high-temporal (gray) and high-spatial dynamic contrast-enhanced (blue)
series. The vertical dashed lines indicate the onset of aorta enhancement (left) and gross tumor volume enhancement
(right). Indicated semiquantitative parameters are time to enhancement (TTE), 1-minute relative enhancement (RE1min),
and cutoff boundaries (−10% and +10% RE) for voxel-wise washout curve type classification.
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applicable, 8 months. The scan protocol included a DW-
MRI series, a high-temporal/low-spatial resolution 3-
dimensional T1-weighted DCE-MRI series (referred to as
high-temporal) and a low-temporal/high-spatial resolu-
tion 3-dimensional T1-weighted DCE-MRI series
(referred to as high-spatial). Scan parameters are pre-
sented in Appendix B. The DW-MRI (b-values 0; 150 and
800 s/mm2) was acquired before contrast injection using
single-shot echo planar imaging. ADC maps were recon-
structed by a monoexponential fit using the scanner’s
software. The high-temporal DCE-MRI series consisted
of 17 rapid full 3-dimensional volumes acquired during
the first 90 seconds after contrast injection (Gadovist,
Bayer; injection 0.1 mL/kg at 1 mL/s). The high-spatial
DCE-MRI series consisted of 6 full 3-dimensional vol-
umes, with the first acquired before contrast injection and
the remaining 5 acquired in the 5 minutes directly after
the high-temporal DCE series (Fig. 1). Both DCE series
were acquired using a T1-weighted, fast-field, echo
sequence (spoiled gradient echo). All sequences were
acquired with spectral attenuated inversion recovery fat
suppression.
Clinical response assessment

Expert breast radiologists qualitatively assessed radio-
logic response at each scan moment after NA-PBI accord-
ing to clinical practice in neoadjuvant systemic treatment,
Downloaded for Anonymous User (n/a) at Utrecht University fro
For personal use only. No other uses without permission. C
and were blinded to the pathologic response. The MRI
scans were scored as radiologic complete response,
defined as the absence of pathologic contrast enhance-
ment and absence of diffusion restriction, or no radiologic
complete response. A radiologic complete response was
seen in 1 patient (3%) at 1 week, 6 patients (17%) at 2
months, 9 patients (26%) at 4 months, and 14 patients
(40%) at 6 months after NA-PBI.3

The pathologic response was evaluated on the surgical
specimen and classified as pCR (no residual tumor cells),
near pCR (<10% residual tumor cells), partial response
(10%-50% residual tumor cells), stable disease (>50%
residual tumor cells), or no evidence of response accord-
ing to the European Society of Breast Cancer Specialists
criteria.12 Fifteen of 36 patients (42%) showed pCR, 12
patients (33%) near pCR, 7 patients (19%) a partial
response, and 2 patients (6%) stable disease, but none of
the patients had no evidence of response.3 Patients were
grouped as either responders (pCR and near pCR) or
nonresponders (all other patients) for further analysis.
Semiquantitative response assessment
Tumor delineation and image registration
Two researchers delineated the GTV on the first

postcontrast image of the high-spatial DCE baseline
MRI (ie, before NA-PBI) under supervision of a breast
radiation oncologist and breast radiologist. To
m ClinicalKey.com by Elsevier on February 28, 2022. 
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determine the onset of contrast wash-in in the aorta, a
fixed region of interest (ROI) was placed in the
descending aorta (aorta-ROI) in the high-temporal
DCE-MRI at each scan moment.

Rigid registrations were applied to transform the GTV
delineation from the baseline MRI to the MRI acquired
after NA-PBI (Fig. 2) and correct for motion between and
within both DCE series.13 To correct for geometric distor-
tions in the DW series, we performed a deformable regis-
tration using a B-spline transform to register the DW
series to the high-spatial DCE series.13,14 After the regis-
trations, the final GTV-ROIs for the semiquantitative
analysis were created by expanding the transferred GTV
delineations with a 1-voxel margin to account for delinea-
tion and registration inaccuracies.

MRI scans and registrations were visually assessed.
MRI scans affected by artefacts (eg, failure of fat suppres-
sion, distortion in GTV region caused by marker) and
MRI scans to which the GTV delineation could not be
correctly transferred were excluded from analysis, as well
as DW series that could not be registered correctly to the
DCE series.
Fig. 2 Overview of all magnetic resonance images acquired in a
used for analysis (yellow). The high-spatial dynamic contrast-e
the washout curve types for the voxels >100% relative enhance
patient had no radiologic complete response at any moment
residual tumor cells) after surgery.
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Semiquantitative analysis
At each scan moment we computed the following

parameters for the GTV-ROI (Fig. 1): in the high-tempo-
ral DCE series: 1) time to enhancement (TTE) and 2) 1-
minute relative enhancement (RE1min). TTE is the time
difference between contrast reaching the aorta and the
tumor,15,16

TTE ¼ ttumor � taorta

where taorta is the first timepoint with ≥100% increase in
median relative enhancement (RE) within the aorta-ROI
and ttumor the first timepoint with ≥50% increase in the
90th percentile RE within the GTV-ROI. If the ttumor-
threshold was not reached, ttumor was set to the time of
the last high-temporal DCE image plus an additional 5
seconds. RE1min is the 90th percentile RE value in the
GTV-ROI at 1 minute after enhancement of the aorta.30,32

In the high-spatial DCE series: 3) percentage of enhanc-
ing voxels (%EV) and 4) relative distribution of washout
curve types for enhancing voxels. %EV is the percentage of
voxels in the GTV-ROI with >100% RE at the first
single patient and gross tumor volume-regions of interest
nhanced magnetic resonance imaging (MRI) insets show
ment: Type 1 (blue), type 2 (green), and type 3 (red). This
and showed a near pathologic complete response (<10%
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postcontrast image.18,19 Relative distribution of washout
curve types for enhancing voxels is determined from the
voxel-wise RE difference between the first and last postcon-
trast injection images, and defined as type 1 (≥+10% RE)
−low probability of malignancy, type 2 (−10% to +10% RE)
−intermediate probability of malignancy, and type 3
(≤−10% RE)−high probability of malignancy.4,20,21

In the DW series: 5) median ADC value.
For both DCE series, the RE was determined as:

RE tð Þ ¼ SI tð Þ � SI 0ð Þ
SI 0ð Þ � 100%

where SI is the signal intensity, t = 0 the precontrast injec-
tion image, and t > 0 the postcontrast injection images. In
the high-spatial DCE series, a Gaussian filter (3 £ 3 £ 3
voxels; 0.5 standard deviation) was applied to reduce
influence of noise. All semiquantitative analyses were per-
formed using Matlab.17
af
te
r
n
eo

ad
ju
va

n
t
p
ar
ti
al

b
re
as
t
ir
ra
d
ia
ti
o

1
w
k

m
ed
ia
n
(I
Q
R
)
[n
]

2
m
o

m
ed
ia
n
(I
Q
R
)
[n
]

10
(1
0-
15
)
[3
1]

20
(1
5-
27
)
[3
2]

19
7
(1
43
-2
32
)
[3
1]

11
3
(9
2-
15
0)

[3
2]

67
(4
8-
82
)
[3
0]

30
(9
-3
8)

[3
3]

36
(2
3-
45
)
[3
0]

26
(9
-3
3)

[3
3]

11
(4
-1
8)

[3
0]

3
(1
-5
)
[3
3]

6
(1
-2
1)

[3
0]

1
(0
-2
)
[3
3]

1.
15

(0
.9
6-
1.
30
)
[2
4]

1.
23

(1
.0
0-
1.
31
)
[2

ge
of

vo
xe
ls

w
it
h
w
as
h-
ou

t
ty
pe

cu
rv
e
x;

A
D
C

=
a

-m
in
ut
e
af
te
r
ao
rt
a
en
ha
nc
em

en
t;
T
T
E
=
ti
m
e-
to
-e
nh
Statistical analysis

Semiquantitative parameters were analyzed using
descriptive statistics (median and interquartile range
[IQR]) for the entire cohort, by qualitative radiologic
response group, and by pathologic response group, using
Rstudio, version 1.1.453.22 No further statistical tests were
performed due to the small number of included patients.
We analyzed MRI scans obtained up to 6 months after
NA-PBI for all 36 patients. The analyses of the 8 months
MRI scans of the 21 patients who underwent surgery at 8
months after NA-PBI are presented in Appendix C.
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We analyzed 163 high-temporal and 161 high-spatial
DCE series and 115 DW series out of a total of 180 scans.
Five high-temporal DCE series, 7 high-spatial DCE series,
and 5 DW series were not or incorrectly acquired (ie, no
precontrast image available, interrupted before end of
dynamic series, or incorrectly saved). We excluded the
high-temporal and high-spatial DCE series of 12 scan
moments in 10 patients from the analysis because the reg-
istration of the delineation could not be performed
(n = 9) or because fat suppression had failed (n = 3). We
excluded all DW series of 8 patients because the DW
series could not be correctly registered to the DCE-MRI.
The DW series of 20 scan moments in 14 additional
patients were excluded because registration could not be
performed (n = 17) or fat suppression had failed (n = 3).

The median volume for the analysis was 1.17 mL (IQR,
0.57-1.78) for the high-spatial DCE series, 1.57 mL (IQR,
0.86-2.28) for the high-temporal DCE series, and 1.40 mL
(IQR, 0.72-1.80) for the ADC-analyses.
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All patients

Semiquantitative parameter values calculated from
MRI scans for the entire cohort are shown in Table 1.
Median TTE decreased from 15 seconds at baseline to 10
seconds at 1 week after NA-PBI, and increased to 25 sec-
onds at later scan moments. Median RE1min showed an
increase from 161% at baseline to 197% at 1 week after
NA-PBI, followed by a decrease to 86% at 6 months after
NA-PBI. The same pattern was observed for median %EV
(47% at baseline, 67% at 1 week, 12% at 6 months) and
for washouttype1 (22% at baseline, 36% at 1 week, 9% at 6
months). A decrease was observed in median washouttype2
(11% to 1%) and median washouttype3 (8% to 0%) from
baseline to 6 months after radiation therapy. ADC steadily
increased from 0.83 £ 10�3 mm2/s at baseline to
1.27 £ 10�3 mm2/s at 6 months after radiation therapy.
Grouped by qualitative radiologic response

Analyses of semiquantitative parameters in relation to
radiologists’ clinical assessments are depicted in Table 2.
Parameters standing out when grouped by qualitative
radiologic response are TTE, RE1min, and %EV (Fig. 3).
Median TTE increased from 15 seconds (baseline) to 56
seconds in radiologic complete responders versus 20 sec-
onds in radiologic noncomplete responders (6 months).
Median RE1min decreased from 161% (baseline) to 54%
for radiologic complete responders versus 113% for radio-
logic noncomplete responders (6 months). Median %EV
changed from 46% (baseline) to 5% for radiologic com-
plete responders versus 17% for radiologic noncomplete
responders (6 months). Median ADC value changed from
0.83 £ 10�3 mm2/s (baseline) to 1.13 £ 10�3 mm2/s for
radiologic complete responders and 1.27 £ 10�3 mm2/s
for radiologic noncomplete responders (6 months).
Grouped by pathologic response

Analyses of semiquantitative parameters in relation to
pathologic response are depicted in Table 3. The most
notable parameters when grouped by pathologic response
were TTE, RE1min at 6 months, and ADC value at 4 and 6
months (Fig. 4). Median TTE changed from 15 seconds
(baseline) to 25 seconds (6 months) for pathologic res-
ponders and from 10 seconds (baseline) to 18 seconds (6
months) for pathologic nonresponders. Median RE1min

showed a decrease from 162% (baseline) to 80% (6
months) for pathologic responders versus 161% (baseline)
to 123% (6 months) for pathologic nonresponders.
Median ADC value increased from 0.87 £ 10�3 mm2/s
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(baseline) to 1.29 £ 10�3 mm2/s (6 months) for patho-
logic responders versus 0.77 £ 10�3 mm2/s (baseline) to
0.95 £ 10�3 mm2/s (6 months) for pathologic nonres-
ponders.
Discussion
In this study, we evaluated the response to single-dose
ablative NA-PBI in patients with low-risk breast cancer
using semiquantitative analyses of repeated MRI scans
acquired before and up to 6 months after radiation ther-
apy. In the entire cohort, semiquantitative analyses at 1
week after radiation therapy showed an increase in %EV,
indicating acute inflammation, and analyses at 2 to 6
months after NA-PBI showed a decrease in %EV and vox-
els with a malignant washout curve, and an increase in
ADC values, indicating tumor response. %EV, TTE, and
RE1min appeared to correspond to differences between
radiologic complete responders and noncomplete res-
ponders as qualitatively assessed by breast radiologists.
This indicates that semiquantitative DCE parameters may
correctly distinguish the qualitative radiologic response,
even though radiologists mostly rely on more qualitative
assessment to determine response. TTE and RE1min at 6
months after NA-PBI and median ADC value at 4 and 6
months after NA-PBI showed interesting trends for the
identification of pathologic response groups. However,
differences between the qualitative radiologic response
groups and differences between the pathologic response
groups were not statistically tested in this small cohort.

The initial increase in relative enhancement observed
on MRI acquired at 1 week after radiation therapy was
also observed in 2 other studies on single-dose (15-21 Gy)
NA-PBI.8,9 Wang et al. suggested that this early response
could be used as a response biomarker, but Mouawad
et al. argued that the early response demonstrated too
much acute inflammatory effects to assess tumor response
and proposed to wait at least 2.5 weeks after radiation
therapy before performing MRI. Our results at 1 week
after NA-PBI confirmed signs of increased enhancement,
which most likely indicate radiation therapy-induced
acute inflammation.23,24 Wang et al. reported no changes
in ADC 1 week after radiation therapy in their full group
of 15 patients, presumably due to the short time interval
between radiation therapy and imaging, although their
subgroup analysis showed a relative increase in ADC in
the highest dose group (21 Gy). Our results showed a sim-
ilar increase in ADC value 1 week after radiation therapy.

We applied rigid registration for propagation of the
GTV delineation between scans acquired at different scan
moments. Advantages of this approach are that this
ensured the use of the same GTV-ROI for analyses at
m ClinicalKey.com by Elsevier on February 28, 2022. 
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Table 2 Median (IQR) semiquantitative parameter values before and after neoadjuvant partial breast irradiation, grouped by radiologic response

Parameter Radiologic complete response
Baseline
median (IQR) [n]

1 wk
median (IQR) [n]

2 mo
median (IQR) [n]

4 mo
median (IQR) [n]

6 mo
median (IQR) [n]

High-temporal DCE series

TTE (s) Yes ¡ [0] 20 (20-20) [1] 63 (51-68) [4] 46 (35-66) [9] 56 (46-61) [13]

No 15 (10-18) [35] 10 (10-15) [30] 15 (14-22) [28] 20 (15-25) [24] 20 (15-20) [18]

RE1min (%) Yes ¡ [0] 244 (244-244) [1] 42 (34-60) [4] 53 (45-64) [9] 54 (45-62) [13]

No 161 (131-202) [35] 194 (139-228) [30] 118 (102-154) [28] 115 (103-164) [24] 113 (89-139) [18]

High-spatial DCE series

%EV Yes ¡ [0] 54 (54-54) [1] 5 (3-12) [4] 10 (7-14) [8] 5 (4-12) [13]

No 47 (35-60) [34] 68 (46-82) [29] 31 (22-40) [29] 23 (17-30) [24] 17 (11-24) [18]

%-washouttype1 Yes ¡ [0] 35 (35-35) [1] 3 (3-10) [4] 7 (5-9) [8] 4 (3-8) [13]

No 22 (15-28) [34] 38 (23-45) [29] 27 (10-34) [29] 18 (13-24) [24] 11 (9-20) [18]

%-washouttype2 Yes ¡ [0] 13 (13-13) [1] 0 (0-0) [4] 1 (1-2) [8] 1 (1-1) [13]

No 11 (8-14) [34] 11 (4-18) [29] 3 (1-5) [29] 3 (2-5) [24] 3 (1-5) [18]

%-washouttype3 Yes ¡ [0] 6 (6-6) [1] 0 (0-1) [4] 1 (0-2) [8] 0 (0-1) [13]

No 8 (4-16) [34] 7 (1-21) [29] 1 (0-2) [29] 1 (0-2) [24] 1 (0-2) [18]

DW series

Median ADC (£ 10�3 mm2/s) Yes ¡ [0] ¡ [0] 1.24 (1.13-1.45) [3] 1.25 (0.91-1.70) [5] 1.13 (0.95-1.49) [9]

No 0.83 (0.80-1.08) [26] 1.15 (0.96-1.30) [24] 1.16 (1.00-1.31) [18] 1.22 (1.00-1.50) [18] 1.27 (1.14-1.44) [11]

Abbreviations: %EV = percentage of enhancing voxels; %-washouttypex = percentage of voxels with wash-out type curve x; ADC = apparent diffusion coefficient; DCE = dynamic contrast-enhanced;
DW = diffusion-weighted; IQR = interquartile range; RE1min = relative enhancement 1-minute after aorta enhancement; TTE = time-to-enhancement
The number of assessable scans per time point is presented [in brackets].
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Fig. 3 Median (interquartile range) semiquantitative parameter values before and after neoadjuvant partial breast irradia-
tion, grouped by qualitative radiologic response along with the number of available scans per scan moment.
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each scan moment, was not subject to delineation subjec-
tivity or delineation errors, and that even allowed for us
to evaluate MRI parameters in radiologic complete res-
ponders. Disadvantages of the approach are that we could
not evaluate change in tumor volume over time and that
it led to surrounding nontumor tissue entering the ROI
for tumors that reduced in volume. We argue that,
because mainly fatty tissue or healthy glandular breast tis-
sue, this tissue presents different values for the semiquan-
titative parameters than tumor tissue.

Another approach for GTV-ROI determination could
be to manually adapt the GTV delineation at each scan
moment or use deformable image registration to do this,
which would have allowed for an evaluation of tumor
volume change. However, such an approach is less
reproducible and prone to delineation errors. Despite
the image registrations, we had to exclude a reasonable
number of scans. Because these scans belonged to differ-
ent patients and were distributed over all scan moments
after NA-PBI, this has most likely not influenced the
interpretation of the results of the semiquantitative
parameters.
Downloaded for Anonymous User (n/a) at Utrecht University fro
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In all patients, a marker was introduced for tumor
localization, which impeded both the DCE and DW-MRI
analyses because this marker lacks MRI signal and distorts
the homogeneity of the local magnetic field. Because the
marker is present at each scan moment and the artefact
will appear largely similar between scans moments,
changes in parameters will most likely be due to changes
in the tumor tissue. In 2 patients, a marker was inserted
between the baseline MRI scan and the first MRI scan
acquired after NA-PBI; therefore, we delineated the
marker artefact and excluded those voxels from the GTV-
ROI at each scan moment. Placing a fiducial marker is
necessary for clinical radiologic follow up, position verifi-
cation during radiation therapy, and tumor localization
during surgery; thus, we recommend using a marker that
causes only small artefacts on MRI, such as a gold fiducial
marker or carbon-coated ceramic marker.25,26

A limitation is that our study was designed as a feasibil-
ity study for single-dose, ablative, NA-PBI, resulting in too
small numbers of patients in the pathologic response
groups (27 responders vs 9 nonresponders) to statistically
test differences in semiquantitative parameters between the
m ClinicalKey.com by Elsevier on February 28, 2022. 
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Table 3 Median (IQR) semiquantitative parameter values before and after neoadjuvant partial breast irradiation, grouped by pathologic response

Parameter
Pathologic complete or
near complete response Baseline median (IQR) [n]

1 wk
median (IQR) [n]

2 mo
median (IQR) [n]

4 mo
median (IQR) [n]

6 mo
median (IQR) [n]

High-temporal DCE series

TTE (s) Yes 15 (10-19) [26] 10 (10-15) [24] 20 (15-48) [23] 25 (15-35) [25] 25 (20-56) [23]

No 10 (10-15) [9] 10 (10-15) [7] 15 (15-20) [9] 20 (15-20) [9] 18 (15-20) [8]

RE1min (%) Yes 162 (128-203) [26] 200 (133-238) [24] 105 (62-145) [23] 97 (64-155) [25] 80 (54-104) [23]

No 161 (138-193) [9] 191 (170-214) [7] 130 (107-178) [9] 124 (110-161) [9] 123 (106-141) [8]

High-spatial DCE series

%EV Yes 40 (32-61) [25] 69 (41-83) [23] 27 (7-34) [24] 18 (10-27) [24] 10 (4-15) [23]

No 54 (49-60) [9] 66 (57-72) [7] 36 (34-48) [9] 26 (15-42) [9] 20 (12-36) [8]

%-washouttype1 Yes 21 (12-27) [25] 38 (22-49) [23] 19 (4-28) [24] 14 (7-19) [24] 7 (3-11) [23]

No 24 (22-37) [9] 35 (26-41) [7] 33 (27-39) [9] 18 (14-36) [9] 14 (10-27) [8]

%-washouttype2 Yes 10 (7-14) [25] 11 (4-15) [23] 3 (1-5) [24] 2 (1-4) [24] 1 (1-2) [23]

No 11 (10-16) [9] 19 (13-21) [7] 3 (1-9) [9] 3 (1-5) [9] 3 (2-5) [8]

%-washouttype3 Yes 8 (3-17) [25] 6 (1-21) [23] 1 (0-2) [24] 1 (0-3) [24] 0 (0-1) [23]

No 8 (6-13) [9] 15 (6-23) [7] 1 (0-2) [9] 1 (0-2) [9] 1 (0-3) [8]

DW series

Median ADC (£ 10�3 mm2/s Yes 0.87 (0.82-1.07) [20] 1.16 (0.99-1.31) [18] 1.23 (1.03-1.31) [17] 1.25 (1.11-1.55) [19] 1.29 (1.13-1.52) [17]

No 0.77 (0.61-1.15) [6] 0.95 (0.80-1.21) [6] 1.04 (0.76-1.47) [4] 0.99 (0.84-1.01) [5] 0.95 (0.72-1.02) [3]

Abbreviations: %EV = percentage of enhancing voxels; %-washouttypex = percentage of voxels with wash-out type curve x; ADC = apparent diffusion coefficient; DCE = dynamic contrast-enhanced;
DW = diffusion-weighted; IQR = interquartile range; TTE = time-to-enhancement; RE1min = relative enhancement 1-minute after aorta enhancement.
The number of assessable scans per time point is presented [in brackets].
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Fig. 4 Median (interquartile range) semiquantitative parameter values before and after neoadjuvant partial breast irradia-
tion, grouped by pathologic response along with the number of available scans per scan moment.
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groups. Although resulting in unevenly sized subgroups, we
classified patients with a near pCR as responders because
differences between pCR and near pCR cannot be macro-
scopically distinguished in MRI scans. Furthermore, omit-
ting surgery in patients with near pCR might be safe as
well. Another limitation is that our MRI protocol did not
include a B0 map to assess and correct distortions and
marker artefacts and a T1 map to evaluate quantitative
DCE parameters, such as Ktrans and ve

27−29. Semiquantita-
tive analysis of signal-intensity time curves has been shown
to correlate well with quantitative assessments.30,29,31

Therefore, we argue that our semiquantitative approach
using available clinical scans is valid.

Ideally, pathologic response can be predicted from
MRI acquired before or after NA-PBI to select patients
with an excellent pathologic response. In those patients,
surgery could be omitted after NA-PBI. We believe that
TTE and RE1min at 6 months after NA-PBI and ADC at
least 4 months after NA-PBI might contribute to this
goal. All other parameters, as well as TTE, RE1min, and
ADC at earlier scan moments after NA-PBI, did not indi-
cate differences between the pathologic response groups.
This can be valuable information for future studies, and
has to be tested in larger cohorts.
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Conclusion
The evaluation of semiquantitative parameters derived
from DCE-MRI and DW-MRI before and after single-dose
ablative NA-PBI showed changes indicating acute inflam-
mation shortly after radiation therapy, followed by changes
indicating tumor response up to 6 months after radiation
therapy. A clear relation between the MRI parameters and
radiologic and pathologic responses could not be proven in
this exploratory study. TTE, RE1min, and %EV showed the
largest differences between radiologic complete and non-
complete responders as assessed according to clinical prac-
tice. TTE, RE1min, and ADC value at 6 months after NA-
PBI are the most promising for differentiation between
pathologic responders and nonresponders.
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