L))

Check for
updat

Original Article

Imaging evaluation focused on microstructural tissue changes
using tensor-valued diffusion encoding in breast cancers after
neoadjuvant chemotherapy: is it a promising way forward?
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Background: Single diffusion encoding is a widely used, noninvasive technique for probing the
tissue microstructure in breast tumors. However, it does not provide detailed information about the
microenvironmental complexity. This study investigated the clinical utility of tensor-valued diffusion
encoding for evaluating microstructural changes in breast cancer after neoadjuvant chemotherapy (NAC).
Methods: We retrospectively included patients underwent chemotherapy for histologically proven invasive
breast cancer between July 2020 and June 2023 and monitored the tumor response with breast magnetic
resonance imaging (MRI), including tensor-valued diffusion encoding. We reviewed pre- and post-NAC
MRIs regarding chemotherapy in 23 breast cancers. Q-space trajectory imaging (QTI) parameters were
estimated at each time-point, and were compared with histopathological parameters.

Results: The mean total mean kurtosis (MKy), anisotropic mean kurtosis (MK,), and microscopic
fractional anisotropy (pFA) were significantly decreased on post-NAC MRI compared with pre-NAC MRI,
with the large effect size (ES) in MK, and pFA (0.81£0.41 vs. 0.99£0.33, ES: 0.48, P=0.03; 0.48+0.30 vs.
0.73+0.27, ES: 0.88, P<0.001; 0.58+0.14 vs. 0.68+0.11, ES: 0.79, P=0.003; respectively). Regarding prognostic
factors, tumors with high Ki-67 expression showed significantly lower pre-NAC mean diffusivity (MD) and
higher pre-NAC pFA compared to tumors with low Ki-67 expression (0.98+0.09 vs. 1.25+0.20, P=0.002; and
0.72+0.07 vs. 0.57£0.10, P=0.005; respectively). And negative progesterone receptor (PR) group revealed
significantly lower MKy, MK,, and isotropic mean kurtosis than positive PR group on the post-NAC MRI
(0.60+0.31 vs. 1.03£0.40, P=0.008; 0.36+0.21 vs. 0.61£0.33, P=0.04; and 0.23+0.17 vs. 0.42+0.25, P=0.046;
respectively).

Conclusions: QTT parameters reflected the microstructural changes in breast cancer treated with NAC

and can be used as noninvasive imaging biomarkers correlated with prognostic factors.
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Introduction

Neoadjuvant chemotherapy (NAC) is a standard treatment
for locally advanced breast cancer (1,2). NAC enables
breast conservation, avoids axillary dissection, and renders
inoperable cancers operable by tumor downstaging. In
addition, it allows the i# vivo monitoring of tumor response
during treatment. Dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI) is the most accurate
imaging modality for evaluating tumor response to NAC
owing to its high resolution and sensitivity for detecting
breast lesions (3,4).

However, there is an ongoing discussion regarding MRI
techniques that do not require contrast agents in everyday
clinical practice because of the possible side effects and
brain deposition of gadolinium contrast media. Therefore,
diffusion-weighted imaging (DWI) is emerging as a key
imaging technique for detecting and characterizing breast
lesions (5,6). DWI is a method of signal contrast generation
based on the differences in the Brownian motion of water
molecules in biological tissues (7). Based on the diffusion
of water molecules through tumoral tissue, DWI is in
the spotlight as a useful noninvasive alternative to DCE-
MRI for predicting the tumor response to NAC by
reflecting microstructural and functional changes (8,9).
Conventional DWI using a single diffusion encoding
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provides apparent diffusion coefficient (ADC) values that
reflect tumor cellularity and broad-brush estimates of tissue
microstructures (5,6,10). However, previous studies on the
association between ADC and post-NAC tumor response
show inconsistent results with large variability (8,9,11,12).
The previous studies showed that change in ADC values
could not reflect changes in the volume of tumor response
to chemotherapy (8,9,11). Also, ADC values has a limitation
for differentiating the densely fibrotic or sclerotic tissue
changes, high cell density, or presence of inflammation in
lesions to residual cancer (13-15). Therefore, there has been
an increasing effort to apply the models of diffusion tensor
invariants based on DWI, such as diffusion tensor imaging
(DTI) and diffusion kurtosis imaging (DKI), for evaluating
the response to chemotherapy based on the microstructural
change in breast cancers (16-18). DTT can provide efficient
distinct diffusion parameter such as, fractional anisotropy
(FA) which is the most commonly used quantitative
anisotropy index. However, some previous studies found
that the FA was not significantly changed after underwent
chemotherapy or did not help with distinguishing
malignancy from benign or fibroglandular tissue (18-21). In
addition, the interpretation of DKI parameters in relation
to features of tissue microstructure remains unclear (22,23).
Recently, tensor-valued diffusion encoding using multiple
directions per signal acquisition has been developed for
evaluating the microstructure in multiple organs, including
the breast (24-32). The data obtained by the tensor-value
diffusion encoding is analyzed using Q-space trajectory
imaging (QTI) to decompose the total diffusional variance
into two components: ‘microscopic anisotropy’ related
to eccentric cells and tissue structures, and ‘isotropic
heterogeneity’ reflecting variable cell density or tissue
mixtures (25,26,33-35). QTTI provides five parameters,
including mean diffusivity (MD), anisotropic and isotropic
mean kurtosis (MK, and MK)), total mean kurtosis (MK
= MK, + MK)), FA, and microscopic fractional anisotropy
(pFA). Among the QTT parameters, pFA is considered as a
reliable biomarker for evaluating tumors because it is not
influenced by the effects of orientation dispersion (31,35).
To the best of our knowledge, only two recent studies
have reported that QTT parameters derived from tensor-
valued diffusion encoding can help distinguish between
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28 biopsy-proven breast cancers in
27 female patients underwent neoadjuvant
chemotherapy from July 2020 to June 2023

Patients who
showed radiological
complete response

after neoadjuvant
chemotherapy
(n=4)

Poor image quality
due to MRl scan
> artifacts in the
post-treatment MRI
(n=1)

Y

28 biopsy-proven breast cancers in 22 females
* One patient: synchronous bilateral IDCs

Figure 1 Flow chart for inclusion of patients. MRI, magnetic

resonance imaging; IDC, invasive ductal carcinoma.

fibroglandular breast tissue and breast cancer, reflecting
microstructural details (29,31). This study aimed to
investigate the clinical utility of tensor-valued diffusion
encoding for evaluating microstructural changes in breast
cancers by comparing QTT parameters derived from the
pre- and post-NAC breast MRI examinations. We present
this article in accordance with the STROBE reporting
checklist (available at https://gs.amegroups.com/article/
view/10.21037/gs-24-124/rc).

Methods
Study population

This study was conducted according to the Declaration of
Helsinki (as revised in 2013). This study was a retrospective
analysis of prospectively acquired data. The Institutional
Review Board of Gyeongsang National University
Changwon Hospital approved this study (IRB No.
GNUCH 2023-03-043), and the requirement for individual
consent was waived in view of the retrospective nature of
the study. Patient records and information were anonymized
and de-identified prior to the analysis.

We searched the picture archiving and communication
system reports and electronic medical records of patients
with breast cancers who underwent NAC and pre- and
post-NAC MRI between from July 2020 and June 2023.
We identified 27 female patients with 28 breast cancers.
We excluded four patients with radiologically complete
remission on post-NAC MRI because no overt lesions
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were noted on the images. We also excluded one patient
with insufficient diagnostic image quality due to magnetic
susceptibility artifacts induced by the chemoport on the post-
NAC MRL Finally, we enrolled 22 patients with 23 breast
cancers (mean age, 51.5£9.5 years; range, 38-71 years);
one patient had synchronous bilateral breast cancers
(Figure I). Seventeen patients (18 of 23 cancers) underwent
breast cancer surgery at our institution whereas the other
three patients with distant metastases at the time of diagnosis
did not undergo surgical removal of the index cancer. In
addition, we reviewed the clinical prognostic cancer stages
at the time of diagnosis and the pathological prognostic
cancer stages after NAC, according to the 8" edition of the
American Joint Committee on Cancer (AJCC) (36).

MRI examination protocol

MRI was performed using a 3T system (Signa' "' Architect,
GE Healthcare, Waukesha, Wisconsin, USA) with an
8-channel breast coil in the prone position supplemented
with a prototype tensor-valued diffusion encoding sequence.
The breast MRI protocol included: (I) three-dimensional
(3D) Dixon-based fat-suppressed T2-weighted sequence
[repetition time (TR) =2,000 ms, echo time (TE) =90 ms, in-
plane resolution =0.7x0.7 mm’, acquisition time =3 min]; (IT)
DCE high temporal and spatial resolution 3D T1-weighted
sequence with dual-echo 3D spoiled gradient echo sequence
with Dixon fat-water separation (TR =5.0 ms, TE =1.7 ms,
flip angle =10 degrees, in-plane resolution =0.7x0.7 mm?,
acquisition time =8 min); (III) echo-planar imaging based
conventional DWI using a single diffusion encoding with
b-values 0 and 800 s/mm’ (TR =2,970 ms, TE =82 ms,
number of excitations =6, in-plane resolution =1.3x1.3 mm’,
slice thickness =5.0 mm, slice number =38, acquisition
time =3 min 27 s). Tensor-valued diffusion encoding
was performed using a vendor-provided pulse sequence
prototype. We used both linear and spherical 4-tensor
encoding at three -values of 100, 1,000, and 2,000 s/mm?,
where the linear /-tensor encoding was directed along the
[4 10 15] direction, and the spherical b-tensor encoding was
repeated [6 10 10] times for each /-value. The waveforms
were compensated for concomitant gradient effects
(37-39). The following imaging parameters were used: TR
=9,370 ms, TE =120 ms, resolution =4.3x4.3x5.0 mm’, and
acquisition time =8 min 55 s. Motion and eddy-current
corrections were not performed. Detailed information on
the tensor-valued diffusion sequence is available at https://
github.com/filip-szczepankiewicz/fwf_seq_resources.
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Image processing and analysis

We performed QTT analysis as described by Westin ez a/. (26).
We also used the QTT parameters in a previous study by
Szczepankiewicz er al. (25): MD, MK,, MK;, MK, FA, and
pFA. The QTT parameters were estimated using an open-
source toolbox for multidimensional diffusion MRI (40,41).

QTT analysis was performed using MATLAB (R2021b,
The Mathworks, Massachusetts, USA). The regions
of interest (ROIs) of the tumor were drawn using the
free-hand technique on the SO maps calculated by QTTI
parameters, referring to the imaging findings on the DCE
images to confirm the margin of the tumor. A faculty breast
radiologist with 9 years of experience drew all ROIs on
each SO map of the pre- and post-NAC MRI, excluding the
areas of peritumoral edema and intratumoral necrosis. We
measured the tumor size was with the greatest dimension of
the tumors using a digital caliper on the DCE T1-weighted
images of both pre-NAC and post-NAC MRIs.

Post boc analysis

After the previously noted faculty breast radiologist
completed the measurements using QTT analyses, a faculty
neuroradiologist with 14 years of experience performed
a qualitative post hoc review of the images to identify
potential artifacts consistently appearing on breast MRI or
potential differences in the segmentation-related coding of
the tumor between QTT parametric maps and conventional
sequences breast MRI, particularly, DWI and DCE images.

Histopathologic analysis

A faculty breast pathologist with 10 years of
experience retrospectively reviewed the results of the
immunohistochemical analysis of core needle biopsy and
surgical specimens. The pathologic reports of core needle
biopsy before NAC were used to evaluate the histologic
grade according to the Nottingham modification of the
Scarff-Bloom-Richardson Grading System and hormonal
receptor status: estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor
type 2 (Her2) (42). In addition, the pathologic reports
of surgical specimens after NAC were used to assess
pathologic tumor size, histologic grade, Ki-67 expression,
presence of regional lymph node metastasis, and final
pathologic prognostic stage according to the 8" edition of
the AJCC (36). We classified the patients into subgroups
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based on hormonal receptors (negative or positive), Her2
expression (negative or positive), Ki-67 expression (low or
high), histologic grade (1, 2, or 3), and AJCC pathologic
prognostic stage (0, 1, 2, 3, or 4). We determined a cutoff
value of 20% classify the participants into low Ki-67
expression and high Ki-67 expression groups according to
the St Gallen International Expert Consensus (43).

Statistical analysis

The Kolmogorov-Smirnov test was performed to evaluated
the normality of the data distribution. The paired z-test was
used to compare the QT parameters before and after NAC.
Spearman’s correlation analysis was performed to evaluate
the correlation of QTT parameters with tumor size and Ki-
67 expression at diagnosis or after NAC. An independent
t-test and analysis of variance (ANOVA) test was employed
to analyze the differences of QTT parameters among the
subgroups divided by hormonal receptor status, Her2
expression, Ki-67 expression, and final AJCC pathologic
prognostic stage. For multiple comparisons, the ANOVA
test with Bonferroni correction for P values were applied.
We also calculated Cohen’s 4 effect sizes (ES) to determine
the standardized mean differences between the subgroups
(44,45). Statistical significance was set at P<0.05 (two-sided).
All statistical analyses were performed using SPSS software
(version 24.0, IBM, Armonk, NY, USA) and MedCalc
(version 19.8, MedCalc Software, Mariakerke, Belgium).

Results
Clinicopathologic characteristics of the patients

Table 1 summarizes the patients’ demographics and clinical.
On DCE T1-weighted images, the mean tumor size was
44.0x21.5 (range, 11-104) mm on the pre-NAC MRI and
28.6+20.0 (range, 5-73) mm on the post-NAC MRI. The
time between post-NAC MRI examination and surgery was
7-25 (median, 13.5) days.

Changes in the QTI parameters between the pre- and post-
NAC MRIs with qualitative bistopathological correlation

Table 2 summarized the changes in the QTT parameters
measured from the ROI analysis of the tumors on pre- and
post-NAC MRIs. MK, MK,, and pFA showed significant
changes between the pre- and post-NAC MRIs (0.99x0.33
vs. 0.81£0.41, ES: 0.48, P=0.03; 0.73+0.27 vs. 0.48+0.30, ES:
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Table 1 Patients’ demographics and clinical characteristics

Variables Total (n=23)
Age at diagnosis (years) 51.5+£9.5
Histologic type
Invasive ductal carcinoma 21
Tubular carcinoma 1
Ductal carcinoma in situ 1
Hormonal subtypes
Luminal type 10
Her2-enriched type 6
Triple negative type
Histologic grades
1 5
2 10
3 8
Initial tumor size on MRI (mm)’
>10-20 1
>20-30 8
>30-40 3
>40-50 3
>50 8
Presence of regional lymph node metastases at diagnosis*
Presence 15
Absence 8

AJCC clinical prognostic cancer stage at diagnosis
Stage |
Stage Il
Stage Il
Stage IV

a © N N

AJCC prognostic cancer stage after NAC®
Stage 0 3
Stage | 6
Stage Il 4
Stage IlI 5
Stage IV 5

Data were presented as mean + standard deviation or number.
T, initial tumor size defined as longest diameter on dynamic
contrast-enhanced images; ¥ metastases of axillary lymph
nodes at diagnosis were confirmed by fine needle aspiration
biopsy; , AJCC prognostic cancer stage was determined in the
18 breast cancers underwent surgery, which meant pathologic
prognostic staging after NAC, and that of other 5 cancers was
clinical prognostic staging, because they did not underwent
surgery due to distant metastases. Her2, human epidermal
growth factor receptor type 2; MRI, magnetic resonance
imaging; AJCC, American Joint Committee on Cancer; NAC,
neoadjuvant chemotherapy.

© Gland Surgery. All rights reserved.
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0.88, P<0.001; 0.68+0.11 wvs. 0.58+0.14, ES: 0.79, P=0.003;
respectively). In particular, the ES for the changes in MK,
and pFA was prominent between the two MRIs, suggesting
that MK, and pFA outperformed other QTT parameters
in quantifying changes after NAC. An example of the QTI
parameter maps obtained through image processing is
shown in Figure 2.

Tuble 3 shows the correlation between tumor size changes
and QTT parameters in the pre- and post-NAC MRIs. All
QTT parameters showed negative correlations with change
in tumor size on both pre- and post-NAC MRIs; however,
the difference was not statistically significant.

In the qualitative histopathological review, the lesions
showed heterogeneous cell density variation with eccentric
growth and replacement along the radiating ductal structures
and lobules on the pre-NAC biopsy specimen. However,
pleomorphic tumor cells with eccentric growth were
replaced by prominent fibrosis after NAC (Figure 2S-2V).

Correlation of the QTI parameters on the pre- and post-
NAC MRIs with prognostic factors

Table 4 shows the QTT parameters on the pre- and post-
NAC MRIs according to the prognostic factors. Tumors
with high Ki-67 expression showed significantly lower
pre-NAC MD and higher pre-NAC pFA than those with
low Ki-67 expression (0.98+0.09 vs. 1.25+0.20, ES: 1.82,
P=0.002; and 0.72+0.07 s. 0.57<0.10, ES: 1.74, P=0.005;
respectively).

According to PR status, the negative PR group showed
significantly lower MKy, MK, and MK; on post-NAC MRI
(0.60£0.31 vs. 1.03+0.40, ES: 1.20, P=0.008; 0.36+0.21 vs.
0.61£0.33, ES: 0.90, P=0.04; and 0.23£0.17 os. 0.42+0.25,
ES: 0.89, P=0.046; respectively). According to the ER and
Her2 status, and AJCC pathologic prognostic staging,
there were no statistically significant changes in any QTI
parameters.

Discussion

In this study, we observed the following changes in QTI
parameters in patients with breast cancer treated with
NAC: the mean values of MK, MK,, and pFA showed a
significant reduction after NAC, MK, and pFA had the
large ES for the changes after NAC. Tumors with high Ki-
67 expression had lower MD and higher pFA on the pre-
NAC MRI, and tumors with PR negativity had lower MK,
MK, and MK on the post-NAC MRI.
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Table 2 Summary of QTT parameters changes in tumors on pre- and post-NAC MRI

QTI parameters MD (um?®/ms) MK; MK, MK, FA uFA
Pre-NAC 1.05+0.20 0.99+0.33 0.73+0.27 0.26+0.12 0.23+0.08 0.68+0.11
Post-NAC 1.08+0.30 0.81+0.41 0.48+0.30 0.32+0.23 0.27+0.12 0.58+0.14
ES 0.12 0.48 0.88 0.33 0.39 0.79

P value 0.75 0.03 <0.001 0.25 <0.05 0.003

Data were presented as mean + standard deviation. P values were calculated using paired t-test. QTl, Q-space trajectory imaging; NAC,
neoadjuvant chemotherapy; MRI, magnetic resonance imaging; MD, mean diffusivity; MK, total mean kurtosis; MK,, anisotropic mean
kurtosis; MK,, isotropic mean kurtosis; FA, macroscopic fractional anisotropy; uFA, microscopic fractional anisotropy; ES, effect size.

Tumor response to NAC is strongly associated with the
survival in the breast cancer patients (46,47). Conventional
DWI with ADC using single diffusion encoding is
widely used clinically. Although ADC value is an efficient
biomarker for estimating tumoral cellularity, it cannot
distinguish the chemotherapy-related tissue changes such
as fibrosis or inflammatory cell aggregation from residual
viable tumor. Therefore, diffusion tensor invariants, such
as DTT and DKI, have been suggested for evaluating post-
NAC tumor response and predicting pathologic response
(17,18). In contrast to conventional DWI, D'TT can provide
additional several diffusion parameters, however, previous
studies demonstrated inconsistent results of the DTI-
derived parameters to distinguishing malignancy from
other tissue changes (16,19-21,48,49). Also, DKI, which
has concept of kurtosis and diffusional variance same as
tensor-valued diffusion encoding, have failed to link the
kurtosis-related parameters to the tissue microstructure
(10,22,23). Furthermore, advanced diffusion models have
been used to evaluate post-NAC response, including the
stretched exponential model and intravoxel incoherent
models (50). However, these models could not explain
the microstructural changes of the tumor after NAC,
although the derived parameters of advanced diffusion
models were predictors of the post-NAC response. To
overcome this issue, tensor-valued diffusion encoding was
recently developed to provide intratumoral microstructural
information in multiple organs, including the breast.

The present study applied tensor-valued diffusion
encoding with QTT to investigate the microstructure of
breast cancer from the perspective of NAC. We observed
that MK, MK, and pFA were significantly decreased in
breast cancers after NAC, which was demonstrated by the
loss of directionality due to the replacement of radiating
ductal structures consisting of tumors with fibrosis in
response to NAC, based on histopathological correlation.

© Gland Surgery. All rights reserved.

The results of previous studies can also explain our findings
regarding NAC: (I) the increased MK, MK,, and pFA
values in invasive ductal carcinomas before treatment
indicated microscopic anisotropy as a dominant component
of diffusion restriction, resulting from the tumor growth
pattern extending along the ductal system (31); and (II)
tumors have a characteristic pattern of fibrosis with
scattered foci of tumor cells and infiltration of lymphocytes
and macrophages after NAC (51-53).

There was no significant correlation between changes
in tumor size and QTIT parameters after NAC. During
the study period, we hypothesized that pre-NAC MK;
had a negative correlation with tumor size changes after
NAC based on a previous study that showed a positive
correlation between MK, and tumor size (31). The reason
for this discrepancy between observation and estimation
remains unclear; however, it might be related to the fact
that tumors undergo histological changes during NAC in
which malignant cells and tumors are replaced by fibrosis
and cellular infiltrations of macrophages and lymphocytes
(54,55). As a result, various shrink patterns of residual
tumors may emerge after NAC, which may also affect
changes in tumor size (52,53,56). Further study of the
pre-NAC MK; with the quantitative histopathological
correlation of residual tumor pattern after NAC is
required to clarify the relationship between intratumoral
heterogeneity and chemotherapy response and to validate
our results.

The current study also found that tumors with high Ki-
67 expression had a lower mean pre-NAC MD value and
a higher mean pre-NAC pFA value. This finding might be
explained by the high cellularity due to the high mitotic
activity of tumors with high Ki-67 expression. In addition,
significant changes in pFA between pre- and post-NAC
MRIs were observed tumors with high Ki-67 expression.
A previous study demonstrated that tumors with high
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Pre-NAC DCE Post-NAC DCE Pre-NAC DWI Post-NAC DWI
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\%

Figure 2 A 56-year-old woman underwent NAC for the invasive ductal carcinoma in the right breast. (A) Axial DCE image of pre-NAC
MRI reveals a large round shaped mass with central necrosis in the right breast at the 10 o’clock position. (B) Axial DCE image of post-
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NAC MRI shows that size of the index mass is decreased after chemotherapy. (C,D) Single diffusion encoding images (b-value 1,500 s/mm”)
of pre-NAC (C) and post-NAC (D) show the prominent diffusion restriction of the tumor except central necrotic component. (E,F) Region-
of-interests of the tumor are defined on SO maps of the both pre-NAC and post-NAC MRI, referring to the DCE images and single
diffusion encoding image. (G,H) MD becomes slightly increased between the pre-NAC (G, mean MD, 0.91 pm’/ms) and the post-NAC
(H, mean MD, 1.24 ym*/ms) MRI. (I,]) MK of the tumor decreases between the pre-NAC (I) and the post-NAC (J) MRI. (K-N) Between
the pre- and post-NAC MK, (K,L) and MK; (M,N) maps, the tumor exhibits a decrease in MK,. (O,P) FA map reveals insignificant changes
of FA in the tumor between the pre-NAC (O) and post-NAC (P) MRI. (Q,R) Compared to the pre-NAC map, pFA decreases on the post-
NAC map. (S,T) Histopathological examination of a specimen from the core needle biopsy at the time of diagnosis reveals that tumor cluster
composed of pleomorphic tumor cells with sheet-like growth pattern. (U,V) Histopathological examination of a specimen from the breast
conserving surgery after NAC shows that between the area of residual tumor cluster is loose connective tissue with giant cell aggregation
and hemosiderin-laden pigments [x40 magnification (S and U); x100 magnification (T and V); H&E]. NAC, neoadjuvant chemotherapy;
DCE, dynamic contrast-enhanced; DWI, diffusion-weighted imaging; MD, mean diffusivity; MKy, total mean kurtosis; MK, anisotropic

mean kurtosis; MK, isotropic mean kurtosis; FA, fractional anisotropy; pFA, microscopic fractional anisotropy; H&E, hematoxylin and eosin

stain; MRI, magnetic resonance imaging.

Table 3 Correlation between tumor size changes on MRI and QTT parameters on pre- and post-NAC MRI

Tumor size changes MD (um®/ms) MK; MK, MK, FA pFA
Pre-NAC
rs -0.07 -0.21 -0.12 -0.33 -0.30 0.06
P value 0.74 0.33 0.60 0.12 0.17 0.80
Post-NAC
re 0.20 0.03 -0.18 0.16 -0.12 -0.09
P value 0.36 0.89 0.40 0.48 0.59 0.67

r., Spearman’s rank correlation coefficient; P values were calculated using Spearman’s correlation analysis. MRI, magnetic resonance
imaging; QTI, Q-space trajectory imaging; NAC, neoadjuvant chemotherapy; MD, mean diffusivity; MK;, total mean kurtosis; MK,,
anisotropic mean kurtosis; MK, isotropic mean kurtosis; FA, macroscopic fractional anisotropy; pFA, microscopic fractional anisotropy.

Ki-67 expression, which indicate high cellularity due
to increased proliferation and the presence of abundant
radiating structures, are associated with a favorable clinical
response to NAC (57,58). In addition, MK, and pFA
are closely related parameters that reflect the diffusional
anisotropy due to the eccentric and radiating characteristics
of the tumor (25). Therefore, our findings suggest that
the loss of diffusional anisotropy as a replacement for the
microstructures occurred in response to NAC.

We also evaluated the correlation between hormone
receptor status and QT parameters on pre- and post-
NAC MRIs. Interestingly, the PR negative group showed
significantly lower MK, MK,, and MK values on post-
NAC MRI than on pre-NAC MRI. Considering the results
of previous studies that demonstrated the negativity of PR
status as independent predictor of pathologic complete
remission (59,60), our findings suggest that tumors with
a negative PR status might be associated with a better

© Gland Surgery. All rights reserved.

response to NAC. In contrast, the ER and Her2 status,
and AJCC pathologic prognostic staging did not show
statistically significant changes in any QTI parameter
related to NAC. Considering these findings, we consider
the following factor as a possible explanation: according to
the 8" edition of the AJCC, even for tumors with similar
size, nodal metastasis, and proliferative index, the prognostic
stage varies depending on the hormonal subtype; therefore,
microstructural changes in tumors might not directly affect
to the AJCC staging.

This study has some limitations that should be
considered. First, this was a retrospective preliminary study
with a relatively small and heterogeneous cohort of patients
from a single institution, introducing potential selection bias
and limiting the subgroup analyses for molecular subtype
and cancer staging. Second, the in-plane resolution of
tensor-valued diffusion encoding was low, which may have
affected the delineation of tumors due to partial volume
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effects. This issue could be mitigated by increasing the
acquisition time; however, this can reduce clinical feasibility
due to the scan time exceeding 13 minutes. Third, motion
correction was not applied to the prototype sequence.
Implementing the correction method is expected to
improve the spatial sharpness and accuracy of the parameter
estimation. Lastly, the QTT parameters in our study were
analyzed with qualitative radiologic-pathologic correlation
for the core needle biopsy and surgical specimens, whereas
the previous study employed quantitative microscopy (25).
Further studies analyzing QTT parameters in breast cancer
that are correlated with quantitative histopathology are
needed to validate our results.

Conclusions

We found that the QTT parameters reflected microstructural
changes in breast cancer after NAC. The significant post-
NAC changes in MKy, MK}, and pFA indicate a reduction
in radiating microstructures and replacement with fibrotic
stroma in breast cancers. Of the three parameters, MK, and
pFA were superior in evaluating post-NAC tumor changes,
which reflected diffusional anisotropic component. In
addition, QTT parameters were correlated with prognostic
factors, such as Ki-67 expression and PR status. Therefore,
QTTI parameters derived from tensor-valued diffusion
encoding can serve as non-invasive imaging biomarkers
for assessing the post-NAC response of breast cancers by
providing intratumoral microstructural information.
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