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Chapter 11 = Intratumoral heterogeneity on pretreatment "®F-FDG PET/CT

Abstract

Purpose

To assess the association between pretreatment '®F-FDG PET conventional
and textural features, quantifying intratumoral heterogeneity, and pathologic
complete response (pCR) to neoadjuvant systemic treatment (NST) in stage I/
Il breast cancer patients.

Methods

Three breast cancer subtypes were studied separately: triple-negative, hormone
receptor (HR)-negative/human epidermal growth factor receptor 2 (HER2)-
positive, and HR-positive/HER2-positive tumors. We included 253 patients (144
triple-negative, 45 HR-negative/HER2-positive, 64 HR-positive/HER2-positive)
who underwent pretreatment '®F-FDG PET/CT in prone position and had breast
surgery between January 2013 and December 2018. Additionally, 71 patients
with HR-positive/HER2-negative tumors were selected from an institutional
dataset. PET features were extracted from primary tumor segmentations using
the PyRadiomics platform. Features were calculated with a fixed bin width of
0.25 SUV and a fixed bin count of é4. The relationship between PET features
and pCR, immunohistochemical subtype, and SUVmax were analyzed with
respectively the Mann-Whitney-U-test plus multivariable logistic regression,
the Kruskal-Wallis-test, and the Pearson correlation method.

Results

None of the features were associated with pCR in triple-negative, HR-
negative/HER2-positive, and HR-positive/HER2-positive tumors when analyzed
separately. When all four subtypes were grouped (n=324), univariable analysis
showed that 55% (36/65) of the bin width (P < 0.00072) and none (0/69) of the
bin count textural features were associated with pCR. Multivariable logistic
regression confirmed that features did not remain significant after adjustment
for immunohistochemical subtype. Overall, 97% (63/65) versus 28% (19/69)
and 94% (61/65) versus 78% (54/69) of the bin width versus bin count textural
features were significantly associated with respectively immunohistochemical
subtype and SUV__ .
Conclusion

Intratumoral heterogeneity on pretreatment '8F-FDG PET is not associated with
pPCR to NST in subgroups of triple-negative, HR-negative/HER2-positive, and
HR-positive/HER2-positive breast cancer. Due to the association of PET features
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with immunohistochemical subtype and SUV__, it is important to correct for
these factors when evaluating the predictive value of PET features for pCR.

Introduction

Neoadjuvant systemic treatment (NST) is increasingly used in patients with
early-stage or locally advanced breast cancer [1,2]. Due to improvements
in neoadjuvant regimens pathologic complete response (pCR) rates are
increasing [3]. The association between pCR and overall survival is strongest
in patients with highly proliferative tumor subtypes such as triple-negative or
hormone receptor (HR)-negative/human epidermal growth factor receptor-2
(HER2)-positive breast cancer [4]. Therefore, the identification of pretreatment
biomarkers for pCR within these tumor subgroups hold potentially significant
implications for clinical practice, since severe side effects caused by ineffective
NST could be avoided in patients who are unlikely to respond to NST.

There is a trend to identify noninvasive imaging biomarkers for response
prediction with the help of radiomics [5]. Breast cancer commonly exhibits
genetic, morphological, and behavioral heterogeneity within the primary
tumor [6,7]. It has been hypothesized that a higher level of intratumoral
heterogeneity might be a predictor for non-pCR [8,9]. Recent studies on
radiomics suggest that ["®Flfluorodeoxyglucose (*®F-FDG) positron emission
tomography/computed tomography (PET/CT) textural features, which quantify
intratumoral heterogeneity in '8F-FDG uptake, are associated with response
to NST [10-14]. However, the evidence is limited and these studies included
a heterogeneous group of patients with different immunohistochemical (IHC)
subtypes.

An analysis of "®F-FDG PET features that disregards the differences between
breast cancer subtypes is prone to spurious findings. The various breast cancer
subtypes differ in biology, treatment possibilities, and outcomes. In addition,
IHC subtype is highly predictive for response to NST. For example, neoadjuvant
regimens for HR-positive/HER2-negative have a pCR rate of approximately 10%
[15], while regimens with HER2-directed therapy can achieve pCR rates of 85%
in HR-negative/HER2-positive disease [16]. Importantly, several studies showed
an association between PET features and IHC subtype in large heterogeneous
patient cohorts [17,18]. Therefore, an evaluation of whether PET features are
associated with pCR must be stratified by breast cancer subtypes.

Features from breast PET image reconstructions with smaller voxels seem to
be more stable [19] and have more predictive power for tumor characterization
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[20] than features from standard PET image reconstructions with larger voxels.
Previous studies that investigated the association between PET features and
pPCR to NST used standard PET/CT reconstructions from patients scanned in
supine position. Imaging the patient in prone position with hanging breast,
as in done in magnetic resonance imaging (MRI), might be more optimal for
primary tumor visualization in breast cancer [21].

In this context, the main objective of this study was to assess the association
between pretreatment high-resolution "F-FDG PET conventional and textural
features, quantifying intratumoral heterogeneity, and pCR to NST in stage
[I7/1Il breast cancer patients scanned in prone position. Three breast cancer
subgroups were studied separately: triple-negative, HR-negative/HER2-
positive, and HR-positive/HER2-positive tumors. Patients with HR-positive/
HER2-negative tumors were not studied separately because of the low pCR
rates within this subtype [15], the weaker correlation between pCR and survival
[4] and the low mutation rate [22]. In particular, the biological intratumoral
heterogeneity of HR-positive/HER2-negative in comparison to triple-negative
breast cancer is expected to be low [23]. Therefore, it seems futile to assess the
association between textural features and pCR within this subgroup. However,
a cohort of HR-positive/HER2-negative patients was used to evaluate 1) the
relationship between PET features and pCR in a large heterogeneous cohort
with tumors of all four subtypes, and 2) the association between PET features
and IHC subtype.

Materials and Methods

Patients

In this retrospective single-center study, data from patients (n=1129) who
underwent breast surgery after NST at the Netherlands Cancer Institute
between January 2013 and December 2018 was retrieved from the institutional
cancer registry. The exclusion criteria were: IHC confirmed HR-positive/HER2-
negative breast cancer, no high-resolution prone pretreatment '®F-FDG PET/CT
for staging purposes performed before NST (PET/CT was performed elsewhere),
proven M1 disease or suspicion of distant metastasis based on pretreatment
whole body PET/CT, stage | disease or index lesion smaller than 20 mm on MR,
previous ipsilateral breast surgery, missing information on pathologic N-stage,
non-FDG-avid tumor on PET/CT, inflammatory breast cancer, pregnancy, or
lactating breasts on PET/CT, less than 4 cycles of chemotherapy, and segmented
metabolic tumor volume (MTV) smaller than 3 mL.
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In addition, an institutional dataset containing 134 clinical node-negative patients
with HR-positive/HER2-negative tumors was used to evaluate 1) feature reliability,
2) the relationship between PET features and pCR in a large heterogeneous cohort
with breast tumors of all four IHC subtypes, and 3) the association between PET
features and IHC subtype. Besides the IHC status the same inclusion and exclusion
criteria were used to select patients from this dataset.

This study was approved by the institutional review board of the Netherlands
Cancer Institute (IRBd18064). Given the retrospective nature of the study and
the use of anonymized patient data, requirements for informed consent were

waived.

Clinicopathological data

Breast cancer was confirmed with biopsies before NST and the size and extent
of the primary tumor were routinely assessed with use of mammography,
ultrasound, and MRI. Clinical node-negative status was defined as the absence
of suspect nodes on physical examination, ultrasound and PET/CT or the
absence of tumor cells at fine needle aspiration. Histological characteristics of
the primary tumor were obtained from core needle biopsies before NST.

The following data was collected from patients’ medical records: age at
pretreatment PET/CT, histologic type, proliferation index (Ki-67), tumor grade,
tumor focality, cT-stage, cN-stage, estrogen receptor (ER), progesterone
receptor (PR), HER2 status, type of surgery, and type of NST. ER and PR
positivity were defined as 310% staining on immunohistochemistry. HR-
positive was defined as ER positivity and/or PR positivity. HER2-positive was
defined as either strong (3+) HER2 staining on immunohistochemistry or HER2
amplification identified by fluorescence in situ hybridization with moderate (2+)
HER2 staining on immunohistochemistry [24].

The primary endpoint, pCR, was defined as absence of invasive cancer in
surgical specimens from the breast and axillary lymph nodes (ypTO/TisNO).

'8F-FDG PET/CT image acquisition and reconstruction

Patients were required to have fasted during 6 hours before '"F-FDG
administration, and blood glucose levels were required to be lower than 10
mmol/I. A total "®F-FDG dose of 180-240 MBq, depending on body mass index,
was given intravenously. After a resting period of 60+10 minutes, two PET/CT
studies were acquired using a whole-body PET/CT scanner, either the Gemini
TF 16 (Philips, Cleveland, OH) or the Gemini TF Big Bore (Philips, Eindhoven,
The Netherlands). For the two cross-calibrated PET/CT systems, the spatial
resolution, derived from phantom acquisitions performed using the exact same
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acquisition and reconstruction protocol (BLOB-OS-TF, 3 iterations, 33 subsets,
Sharp filter), was about 6 mm in FWHM. First, a PET/CT (3.00 minutes per
bed position and 2x2x2 mm voxel reconstruction) of the thorax was performed
in prone position, with hanging breasts and the arms above the head, using
a mock-up MRI coil. This dedicated breast protocol provided high-resolution
images without breast tissue compression due to gravity and minimizes
respiration-induced movement. The scan was complemented with a CT (40-100
mAs; 140 keV; 1.17 mm pixel size) with 2.0 mm slices without contrast. Second,
as a staging procedure, a whole-body PET/CT scan was performed in supine
position (1.5 minutes per bed position and 4x4x4 mm voxel reconstruction) with
a CT scan (5.0 mm slices) from the base of the skull to the upper half of both
femora. All PET images were corrected for attenuation using the subsequent

CT scans.

Breast surgery after NST

n=1129
HR+/HER2- breast cancer &
n=462 -~ No high-resolution prone
> pretreatment '8F-FDG PET/CT
n=255
Distant metastases P
n=14 -~
Stage I disease or
> an index lesion < 20 mm
Previous ipsilateral breast surgery | n=95
n=13 -
- Pathologic N-stage missing
Non-FDG-avid tumor _ “ n=3
n=16 -~
High 8F-FDG uptake in
«| fibroglandular breast tissue due to
<4 cycles of chemotherapy P i pregnancy
n=1 -~ n=1
- Metabolic tumor volume <3 mL
- N=16
A 4
Included in analysis
n=253

Figure 1 Patient selection flowchart
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PET features

All intensity values of the prone PET images were converted into standardized
uptake value (SUV) using standardization by patient body weight. The tumor
delineation process was performed using 3D Slicer (version 4.8.1), a free open-
source software application for medical image analysis [25]. Breast tumors
were segmented by one reader (D.H.) with over 5 years experiences in breast
PET imaging by utilizing a semi-automated segmentation approach that
was clinically validated by Beichel et al. [26]. This approach is an integrated
segmentation tool in 3D slicer and requires minimal user interaction. Only
the largest mass (index lesion) was segmented in patients with multifocal or
multicentric disease. A morphologic closing operation was implemented for
each segmented volume to include necrotic regions if there were any in the
segmentation.

The Pyradiomics toolkit (version 2.1.2) was used for radiomics feature
extraction [27]. With this toolkit a total of 14 shape features (including MTV),
maximum standardized uptake value (SUV
(SUV
intensities (supplementary materials, Table 1). Before textural features were

, mean standardized uptake value

max)

mean)s @Nd 75 textural features quantifying the spatial distribution of voxel
extracted, voxel intensities were discretized with a fixed bin width of 0.25 SUV
and a fixed bin count of 64 to compare both methods. The values of all textural
features depend on the chosen SUV discretization method. Previous studies
often used one of these methods. In the present study both methods were
used, so findings can be compared with other studies. Voxel-size resampling
was not needed due to the isotropic PET voxels. The mathematical definitions
of the PET features were in compliance with feature definitions as described by
the Imaging Biomarker Standardization Initiative [28].

For the feature selection phase, the feature reliability of the segmentation
method was determined in inter-observer setting using the dataset with HR-
positive/HER2-negative tumors. The segmentation of the breast tumors utilizing
the semi-automated segmentation approach in 3D slicer was performed by two
readers (DH and MvdN) who were blinded to the other results. PET features
from both segmentations were extracted. Feature reliability was analyzed by an
intraclass correlation coefficient (ICC) using an absolute-agreement definition
in two-way random effects model [29]. Textural features with an ICC > 0.8 were
considered reliable enough for further analysis. In addition, four conventional
PET features (SUV__, SUV MTV and total lesion glycolysis (TLG = SUV___ %
MTV)) were used from each tumor segmentation.

mean’
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Statistical analysis

Associations between clinicopathological variables and PET features and
pCR were assessed separately in triple-negative, HR-negative/HER2-positive,
and HR-positive/HER2-positive tumors. Clinicopathological information was
divided into categorical variables: patients’ age (<50 versus =50), cT-stage (T1/
T2 versus T3/T4), cN-stage (negative versus positive), tumor grade (grade 1/2
versus grade 3), PR status (negative versus positive), Ki-67 score (>30 versus
<30), and tumor focality (unifocal versus multifocal/centric). Univariable logistic
regression was used to estimate odds ratios (ORs) and 95% confidence intervals
(Cls) for the association of each variable and pCR to NST. Multivariable logistic
regression analysis was used to adjust the odds ratios of the clinicopathological
variables that were statistically significant on univariable analysis at the 0.05
level.

The Mann-Whitney U test was used to evaluate the association of PET
features with pCR. Because heterogeneity quantification using PET features
can be confounded by small volume tumors, specifically those <10 ml [30],
a subgroup analysis was performed for patients with triple-negative breast
cancer and MTVs =10 ml. Subgroup analysis was not attempted in the other
breast cancer subtypes due to the limited number of patients.

In addition, triple-negative, HR-negative/HER2-positive, and HR-positive/
HER2-positive patient data was combined with and without the data from HR-
positive/HER2-negative patients. The Mann-Whitney U test was used to evaluate
the association between PET features and pCR in these heterogeneous groups
of patients with different breast cancer subtypes. A p-value of less than 0.05
was considered statistically significant. Bonferroni's correction was applied for
multiple comparison correction. In the overall group, PET features that showed
a significant association with the Mann-Whitney test were further evaluated
using multivariable logistic regression. Logistic regression was performed to
evaluate the association between each of these PET features and pCR after
adjusting for the influence of IHC subtype.

Finally, the correlations between PET features and SUV__ and MTV were
evaluated by the Pearson correlation method. Associations between PET
features and any of the four IHC subtypes were assessed using a Kruskal-Wallis
test. For these tests a p-value of less than 0.05, after Bonferroni's multiple
comparison correction, was considered as statistically significant.
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Results

Patient characteristics and pathologic outcomes

A total of 253 patients with primary stage II/Ill breast cancer were included
for primary analysis (Figure 1). Baseline characteristics are presented in Table
1. One-hundred forty-four patients had triple-negative breast cancer, 45 had a
HR-negative/HER2-positive tumor, and the remaining 64 had HR-positive/HER2-
positive disease. The median tumor diameter was 29 mm (range 20-100) and
the median segmented MTV was 9.2 ml (range 3-486 ml). The pCR rates were
51% (73/144), 84% (38/45), and 47% (30/64) for respectively triple-negative, HR-
negative/HER2-positive, and HR-positive/HER2-positive breast cancer.

In accordance with institutional guidelines, 91/144 patients with triple-
negative tumors were treated with four cycles of two-weekly cyclophosphamide
and doxorubicin, followed by 12 weekly administrations of paclitaxel concurrent
with carboplatin. In total, 104/109 patients with HER2-positive tumors either
received nine cycles of paclitaxel, trastuzumab, carboplatin, with or without
pertuzumab (PTC + Ptz) or three cycles FEC-trastuzumab-pertuzumab followed
by 6 cycles of PTC-Ptz. In the remaining patients (53 triple-negative and 5 HER2-
positive), a different therapeutic regimen was given based on older institutional
guidelines or in accordance with the oncologist’s indication (supplementary
materials, Table 2).

From the dataset with HR-positive/HER2-negative tumors, a total of 71
patients were selected for further analysis (supplementary materials, Figure 1).
The pCR rate was 10% (7/71) for this patient subgroup (supplementary
materials, Table 3).

Relation between clinicopathological characteristics and
PCR in separate breast cancer subtypes

In triple-negative breast cancer, univariable analysis showed that age < 50 years,
Ki-67 > 30%, and unifocal tumors were predictors for pCR (supplementary
materials, Table 4). A younger age [OR: 2.154 (95%-Cl 1.040-4.459); P = 0.039],
higher Ki-67 [OR: 4.422 (95%-Cl 1.478-13.230); P = 0.008], and unifocal tumors
[OR:2.966 (95%-Cl 1.145-7.681); P = 0.025] remained significant in multivariable
analysis. None of the patient or clinicopathological factors were associated
with pCR in HR-negative/HER2-positive tumors. In HR-positive/HER2-positive
breast cancer, a negative PR status (P = 0.008) was associated with pCR.
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Feature selection

In the dataset of patients with HR-positive/HER2-negative breast cancer, all
shape features showed high reproducibility (ICC range of 0.888 - 0.969), which
indicate comparable segmentations between both readers. The ICCs showed
that 65 bin width and 69 bin count textural features were reliable (ICC > 0.8)
for further analysis (supplementary materials, Table 5).

Table 1 Patient and clinicopathological characteristics

Characteristics Triple-negative HR-/HER2+ HR+/HER2+ Total
(n=144) (n=45) (n=64) (n=253)

Age (years)

median (range) 47 (24-79) 46 (31-72) 50 (25-78) 47.5(24-79)

cT-stage®

1 2(1.4)) 2(4.4) 1(1.6) 5(2.0)

2 131(91.0) 35(77.8) 55(85.9) 221 (87.4)

3 10(6.9) 6(13.3) 7(10.9) 23(9.1)

4 1(0.7) 2(4.4) 1(1.6) 4(1.6)

cN-stage

negative 96 (66.7) 22 (48.9) 34(53.1) 152 (60.1)

positive 48 (33.3) 23(51.1) 30 (46.9) 101(39.9)

Tumor grade

1 0 2(4.5) 0 2(0.8)

2 23(16.3) 10(22.7) 30 (48.4) 63 (25.5)

3 118(83.7) 32(72.7) 32(51.6) 182(73.7)

unknown 3 1 2 6

Ki-67 score

<30% 22(16.3) 20 (44.4) 40 (64.5) 82(33.9)

>30% 113(83.7) 25(55.6) 22(35.5) 160 (66.1)

unknown 9 2 n

Histological type

IDC 139(96.5) 43 (95.6) 59(92.2) 241(95.3)

ILC 2(1.4) 1(2.2) 3(4.7) 6(2.4)

other 3(2.1) 1(2.2) 2(3.1) 6(2.4)

Tumor focality

Unifocal 117 (81.3) 28(62.2) 39(60.9) 184(72.7)

Multifocal/centric 27(18.8) 17 (37.8) 25(39.1) 69(27.3)

Breast surgery

Breast conserving 101 (70.1) 31(68.9) 46 (71.9) 178 (70.4)

surgery 43(29.9) 14(31.1) 18(28.1) 75(29.6)

Mastectomy

Axillary staging

Pre-NST SLNB 53(36.8) 2(4.4) 1(1.6) 56 (22.1)

Post-NST SLNB 48(33.3) 20 (44.4) 33(51.6) 101(39.9)

MARI 39(27.1) 23(51.1) 28 (43.8) 90 (35.6)

MARI + SLNB 4(2.8) 0 2(3.1) 6(2.4)

#Staging was defined according to the American Joint Committee on Cancer system 8th edition.

HR-/HER2+, hormone receptor-negative/HER2-positive; HR+/HER2+, hormone receptor-positive/HER2-positive; IDC, invasive ductal
carcinoma; ILC, invasive lobular carcinoma; Pre-NST SLNB, sentinel lymph node biopsy performed before neoadjuvant systemic
treatment; Post-NST SLNB, sentinel lymph node biopsy performed after neoadjuvant systemic treatment; MARI, marking the axilla with
radioactive iodine seed procedure
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Relation between PET features and pCR in separate breast
cancer subtypes

Table 2 shows associations between the PET features and pCR in different
breast cancer subgroups. The complete list can be found in supplementary
materials, table 6 and 7. None of the PET features were significantly associated
with pCR in triple-negative, HR-negative/HER2-positive, or HR-positive/HER2-
positive breast cancer. Figure 2 provides image examples of two patients.
Among the 79 patients with a triple-negative tumor and MTV =10 ml, again
none of the PET features did reach statistical significance in predicting
pCR after correction for multiple testing (supplementary materials, table 8).

Table 2 Associations (p-values of Mann whitney U test) between PET features and pathologic
complete response to neoadjuvant systemic treatment in different breast cancer subgroups

PET features  Triple-negative HR-/HER2+ (n=45) HR+/HER2+ All 3 subgroups  All 4 subtypes

(n=144) (n=64) combined? Combined®
(n=253) (n=324)

Conventional

features

suv 0.137 0.471 0.904 0.391 0.00068**

Swv_ 0.132 0.661 0.788 0.329 0.00030**

MTV 0.990 0.117 0.234 0.105 0.18651

LG 0.435 0.168 0.276 0.523 0.37125

Textural BW BC BW BC BW BC BW BC BW BC

features

GLNUN, ¢, 0.159 0.527 0.416 0.851 0.936 0.258  0.550 0771  0.00154* 035122

L. 0.124 0.583 0.452 0.684 0.545 0.166  0.581  0.689  0.00265*  0.58310

Vo 0.110 0.616 0.802 0.178 0.893 0.527 0308 0501 0.00034** 033129

SDE 0.083 0.775 0.802 0.222 0.737 0.936 0242 0729 0.00014** 091183

GLDM

*All patients with triple-negative, HR-/HER2-+, and HR+/HER2-+ combined in one group.

®All patients with triple-negative, HR-/HER2+, HR-+/HER2+, and HR-+/HER2- patients combined.

* Not significant after multiple tests correction. **statistically significant after Bonferroni’s correction.

HR-/HER2+, hormone receptor-negative/HER2-positive; HR-+/HER2+, hormone receptor-positive/HER2-positive; BW, Bin Width;
BC, Bin Count; GLNUNaszw GrayLevelNonUniformityNormalized derived from the Gray level size zone matrix; REGLMM, RunEntropy
derived from the Gray level run length matrix; DVMM, DifferenceVariance derived from the Gray level Cooccurence matrix; SDE,
SmallDependenceEmphasis derived from the Gray level dependence matrix

GLDM”

Relation between PET features and pCR in a heterogeneous
cohort of patients

No significant associations between PET features and pCR were found when
all patients from three IHC subtypes (144 triple-negative, 45 HR-negative/
HER2-positive, and 64 HR-positive/HER2-positive) were analyzed as one group.
However, by combining the 71 selected patients from the dataset with HR-
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positive/HER2-negative tumors to all patients from the other three subtypes,
univariable analysis showed that 55% (36/65) of the bin width textural features
were significantly associated with pCR after correction for multiple testing
(supplementary materials, table 6). After correcting for breast cancer subtype,
none of these 36 textural features remained significant on multivariable logistic
regression (supplementary materials, table 9). In contrast to the bin width
method, univariable analysis showed that none of the bin count textural features
were significantly associated with pCR (supplementary materials, table 7).

Relation between IHC subtype, SUV__, MTV and other PET
features

When patient data of all subtypes were combined, most PET features were
significantly associated with IHC subtype, SUV__, and MTV (supplementary
materials, figure 2 and 3). The bin width method showed that 97% (63/65), 94%
(61/65), and 38% (25/65) of the textural features were significantly associated
with IHC subtype, SUV__, and MTV, respectively. Textural features extracted
with the bin count method were in 28% (19/69), 78% (54/69), and 62% (43/69)
significantly associated with respectively IHC subtype, SUVmax, and MTV.
Importantly, all features that were significantly associated with pCR, when all 4
subtypes were analyzed as one group, were also significantly associated with
IHC subtype. All of the observed associations between textural features and
IHC subtype were due to significant differences between HR-positive/HER2-
negative versus triple-negative tumors (Kruskal-Wallis test, P < 0.0007). In
comparison to the other subtypes, HR-positive/HER2-negative tumors had a

significantly lower SUV__ . Figure 3 shows the distribution of SUV__ and two

representative textural features between IHC subtypes. The textural feature
values follow a similar trend as SUV,__ that is significantly associated with IHC

subtype.

Discussion

The search for image-derived metrics describing intratumoral heterogeneity
as a prognostic or predictive parameter for outcome or response to treatment
in oncology has been a growing research topic [31,32]. In breast cancer,
identification of pretreatment biomarkers for pCR to NST holds value for
personalized treatment plans. To the best of our knowledge, this is the first
study that investigated the relationship between PET features on pretreatment
PET/CT and pCR to NST in triple-negative, HR-negative/HER2-positive, and HR-
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Figure 2 Representative images. (a—c): A 45-year-old patient with cT2NO HR-negative/HER2-
positive breast cancer. On pretreatment hanging breast ["®F]fluorodeoxyglucose ("®F-FDG)
positron emission tomography (PET)/computed tomography (CT), a more homogeneous FDG-
avid tumor in the left breast is shown. PET features analysis, using the bin width method, of the
segmented primary tumor showed a SUV, _ of 5.7, metabolic tumor volume of 5.2 mL, and a
Difference Variance (DV, ., derived from the Gray Level Co-occurrence Matrix) value of 4.86.
DV, oy is @ measure of heterogeneity, that places higher weights on differing intensity level
pairs that deviate more from the mean, with a lower value indicating more homogeneity. (d-f):
A 39-year-old patient with cT2N1 HR-positive/HER2-positive breast cancer. On pretreatment
hanging breast "®F-FDG PET/CT, a more heterogeneous FDG-avid tumor in the left breast is
shown. PET features analysis, using the bin width method, of the segmented primary tumor
showed a SUV,  of 6.2, metabolic tumor volume of 5.8 mL, and a DV, of 14.14. Both
patients had pathologic complete response to neoadjuvant systemic treatment.
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Figure 3 Box plots showing the distribution of PET features that are significantly associated
(Kruskal-Wallis, P < 0.0007) with immunohistochemical subtypes. a) Association between
maximum standardized uptake value (SUV,__)andimmunohistochemical subtypes.b)Association
between SmallDependenceEmphasis, derived from the Gray level dependence matrix,
(SDE, ) and immunohistochemical subtypes. c) Association between DifferenceVariance,
derived from the Gray level Cooccurence matrix, (DVglcm
A greater SDE ,, or DV__ value is indicative for more heterogeneous textures. TN, triple-
negative; HR-/HER2+, hormone receptor-negative/HER2-positive; HR+/HER2+, hormone
receptor-positive/HER2-positive; HR+/HER2-, hormone receptor-positive/HER2-negative

) and immunohistochemical subtypes.
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positive/HER2-positive breast cancer subgroups separately. None of the PET
features, including textural features that quantify intratumoral heterogeneity,
showed a significant association with pCR in any of these separate breast
cancer subtypes. However, univariable analysis showed a significant association
between PET textural features and pCR when all IHC subtypes, including HR-
positive/HER2-negative tumors, were analyzed as one group.

Importantly, most PET textural features were significantly correlated with
IHC subtype and SUV__ . Bin width textural features were more often correlated
with IHC subtype than bin count textural features, respectively 97% (63/65)
versus 28% (19/69). Specifically, the strong correlation between bin width
textural features and IHC subtype might explain that 55% (36/65) of these
features were associated with pCR in the overall group and none of the bin
count textural features. In accordance with literature, results from this study
showed that SUV__ is significantly lower (P < 0.0007) in HR-positive/HER2-
negative tumors compared to triple-negative breast cancer [33]. The fact that
HR-positive/HER2-negative tumors achieve the lowest pCR rates can hamper
interpretation of the results when all breast cancer subtypes are analyzed as one
group. HR-positive/HER2-negative tumors are classified as more homogenous
(Figure 3).
Consequently, a higher level of intratumoral heterogeneity was associated with

by PET textural features because these tumors have a lower SUV__
a better response to NST in the overall group if not corrected for IHC subtype.
This finding is in contract to the hypothesis that a higher level of intratumoral
heterogeneity might be a predictor for non-pCR. To summarize, associations
between PET features and pCR to NST in breast cancer should be interpreted
with caution. Based on the results of this study, it can be assumed that the
correlation between PET textural features with IHC subtypes and SUV__ has a
confounding effect when studying associations between textural features and
PCR in breast cancer.

There is inconsistency in recent studies on the potential value of PET textural
features to predict pCR to NST in breast cancer. To the best of our knowledge,
only one study examined the relation between PET textural features and pCR
to NST in a homogeneous subgroup of patients. The authors concluded that
bin count textural features were not associated with response to NST in 143
HR-positive/HER2-negative patients [34]. Similar to our results in the overall
group not corrected for IHC subtype, two studies, in 73 [10] and 68 patients
[11], found that higher intratumoral heterogeneity on "®F-FDG PET resulted
in a better response to NST. In contrast, Yoon et al. found that tumors with
a high heterogeneity showed less pathologic response than tumors with
low heterogeneity in patients with different IHC subtypes [12]. A possible
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explanation for the discrepancy between these findings and our own lies in
the study design. Yoon et al. tested 46 features in only 83 patients without
applying multiple comparison correction nor correction for IHC subtype [12].
In addition, their objective was to compare responders (partial response or
pCR) with non-responders while our study compared pCR with non-pCR (partial
response, no response, or progressing disease). Antunovic et al. demonstrated
in 79 patients that textural features did not improve the discriminatory power
of the prediction model for pCR over the use of SUV__ and TLG in combination
with clinical data (e.g. age and molecular subtype) [14]. Finally, Lee et al.
demonstrated that first-order features indicating a higher heterogeneity were
associated with resistance to NST in HER2-positive and HER2-negative breast
cancer subgroups [13]. These authors attempted subgroup analysis in each of
the four subtypes (luminal A, luminal B, HER2-enriched, and triple-negative
breast cancer). In accordance with our findings no significant predictive features
were found. This underlines the importance of searching for PET features that
hold predictive value in a homogeneous patient population.

The strengths of this study first and foremost lies in analyzing distinct
breast cancer subgroups separately, which enabled us to provide potential
explanations for the inconsistent findings in literature. In addition, the relatively
small voxels (2x2x2 mm) of our dedicated high-resolution PET imaging protocol
reduced the partial volume effect and most likely captured the intratumoral
heterogeneity in '®F-FDG uptake more accurately. Third, the impact of small
tumors on the results was limited by excluding tumors smaller than 20 mm on
MRI and MTVs smaller than 3 mL (equals 375 voxels). Moreover, our subgroup
analysis demonstrated that textural features were not associated with pCR in
triple-negative tumors with a MTV = 10 mL.

Our study also has some limitations. In the HER2-positive subgroups,
significant findings might not have been found due to the limited number
of patients. Future research should focus on larger homogeneous patient
populations with HER2-positive disease. Second, identifying PET features
that are associated with pCR to NST was only attempted through univariable
analysis and simple multivariable logistic regression. In general, radiomics
studies focus on machine learning techniques to develop complex multivariable
models. These models can capture complex interactions between features
themselves and between feature combinations in order to build predictive
models. However, no strong predictive model based on PET features within a
breast cancer subtype is expected to be found, because none of the features
showed an association with pCR. PET/CT imaging itself is a third limitation
when measuring intratumoral heterogeneity in "F-FDG uptake. CT cannot
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accurately visualize breast tumor borders. Only "®F-FDG-avid tumors can be
segmented, and tumor parts with low "®F-FDG uptake are missed in the tumor
segmentation. Therefore, potentially important tumor information could be
missed. PET/MR might be superior in evaluating breast cancer and should
be evaluated in future research. MRI can be used for tumor delineation and
therefore segmentations are not limited to tumor regions with high "®F-FDG
uptake.

Conclusion

The results of this study indicate that intratumoral heterogeneity measured
with PET textural features on high-resolution PET/CT is not associated with pCR
in stage lI/Ill breast cancer patient subgroups (triple-negative, HR-negative/
HER2-positive, or HR-positive/HER2-positive). Most PET features, in particular
those computed using the fixed bin width method, are associated with breast
cancer subtype and SUV__ . It is important that future studies correct for IHC
subtype and SUV__ when searching for PET features that hold predictive value
for pCR to NST.
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Supplementary materials: Table 1 PyRadiomics configuration for feature extraction

Bin width Bin count
setting: setting:
binWidth: 0.25 binCount: 64

correctMask: True
preCrop: True

imageType:
Original: {}

featureClass:

firstorder: ['Mean’,'Maximum'’]
shape:

glem:

glrim:

glszm:

ngtdm:

gldm:

correctMask: True
preCrop: True

imageType:
Original: {}

featureClass:

firstorder: ['Mean),‘Maximum’]
shape:

glem:

glrim:

glszm:

ngtdm:

gldm:

All configurable parameters in PyRadiomics can be provided in a single parameter file, with settings divided into 3 categories: a) setting,

which provides parameters that configure the pre-processing and the feature extraction, b) imageType, which lists the images and

derived images, from which features should be extracted and ) featureClass, which lists the feature classes and features that should be

extracted from each derived or non-derived image.

Supplementary materials: Table 2 Neoadjuvant systemic treatment regimens

NST regimen

Triple-negative HR-/HER2+ HR+/HER2+
n=144 n=45 n=64

Anthracyclines

Anthracyclines + Taxanes
Anthracyclines + Platinum
Anthracyclines + Taxanes + Platinum
Taxanes + Platinum

Platinum

Taxanes + Platinum + Anti-HER2 antibody

Anthracyclines + Taxanes + Platinum + Anti-HER2 antibody

Anthracyclines + Taxanes + Anti-HER2 antibody
Taxanes + Anti-HER2 antibody

970

36° 49°
ga,b —Ioa,b
1h
4

2 Neoadjuvant systemic therapy regime according to the current institutional guidelines as described in manuscript
b Neoadjuvant systemic therapy regime includes cyclophosphamide as alkylating agent
HR-/HER2+, hormone receptor-negative/HER2-positive; HR+/HER2+, hormone receptor-positive/HER2-positive
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Supplementary materials: Table 3 Patient and clinicopathological characteristics of selected
patients from the institutional dataset with HR+/HER2- tumors.

Characteristics HR-+/HER2-
(n=71)

Metabolic tumor volume (mL)

Median (range) 9.0 (3-149)

Age (years)

median (range) 48 (18-70)

T-stage®

2 59(83.1)

3 12(16.9)

cN-stage

negative 71(100)

positive 0

Tumor grade

1 6(8.8)

2 42(61.8

3 20(29.4)

unknown 3

Ki-67 score

<30% 52(75.4)

>30% 17 (24.6)

unknown 2

Histological type

IDC 61(85.9)

ILC 9(12.7)

other 1(1.4)

Tumor focality

Unifocal 42(59.2)

Multifocal/centric 29 (40.8)

Type of NST

ddAC 34(47.9)

ddAC+ CP 1(1.4)

ddAC+DC 3(42)

ddAC + paclitaxel 32 (45.1)

Breast surgery

Mastectomy 28(39.4)

Breast conserving surgery 43 (60.6)

pCR

yes 7(9.9)

no 64 (90.1)

#Staging was defined according to the American Joint Committee on Cancer system 8th edition.
HR-+/HER2-, hormone receptor-positive/HER2-negative; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; ddAC, dose
dense Cyclophosphamide and Doxorubicin; CP, Carboplatin concurrent with Paclitaxel; DC, Docetaxel concurrent with Capecitabine; pCR,

pathologic complete response
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Supplementary materials: Table 4 Logistic regression analysis

for pathologic complete

response
Univariable analysis Multivariable analysis
Characteristics non-p(R pCR OR (95%-Cl) p-value  OR(95%-Cl) p-value
Triple-negative n=71 n=73
Age (years)
<50 33 (46.5) 48(65.8)  2.211(1.129-4.328) 0.021* 2.154(1.040-4.459) 0.039*
>50 38(53.5) 25(342) 1 1
I-stage
1-2 65(91.5) 68(93.2)  1.255(0.365-4.315) 0.718 - -
3-4 6(8.5) 5(6.8) 1 -
cN-stage
negative 47 (66.2) 49(67.1)  1.043(0.521-2.085) 0.906 - -
positive 24(33.8 24(329) 1 -
Tumor grade®
1-2 12(17.4) 11(15.3 1 0.734 - -
3 57 (82.6) 61(84.7 1.167 (0.477-2.855) -
Ki-67 score®
<30% 17(25.0) 5(7.5) 1 0.009* 1 0.008*
> 30% 51(75.0) 62(92.5)  4.133(1.427-11.975) 4.422 (1.478-13.230)
Tumor focality
Unifocal 52(73.2) 65(89.0)  2.969(1.203-7.324) 0.018* 2.966 (1.145-7.681) 0.025*
Multifocal/centric 19(26.8) 8(11.0) 1 1
HR-/HER2+ n=7 n=38
Age (years)
<50 3(42.9) 23(60.5)  2.044(0.400-10.457)  0.390 - -
>50 4(57.1) 15(39.5 1 -
cT-stage
1-2 5(71.4) 32(84.2)  2.133(0.333-13.666)  0.424 - -
3-4 2(28.6) 6(15.8) 1 -
cN-stage
negative 1(14.3) 21(55.3)  7.412(0.812-67.663)  0.076 - -
positive 6(85.7) 17(447) 1 -
Tumor grade®
1-2 1(14.3) 11297 1 0.413 - -
3 6(85.7) 26(70.3)  0.394(0.042-3.668) -
Ki-67 score®
<30% 4(57.1) 16(42.1) 1 0.466 - -
>30% 3(42.9) 22(57.9)  1.833(0.359-9.353) -
Tumor focality
Unifocal 4(57.1) 24(63.2)  1.286(0.250-6.599) 0.763 - -
Multifocal/centric 3(42.9) 14(36.8) 1 -

AN



Chapter 11 = Intratumoral heterogeneity on pretreatment "®F-FDG PET/CT

Supplementary materials: Table 4 (continued)

Univariable analysis Multivariable analysis
Characteristics non-pCR pCR OR (95%-Cl) p-value  OR(95%-Cl) p-value
HR+/HER2+ n=34 n=30
Age (years)
<50 16 (47.1) 15(50.0)  1.125(0.421-3.006) 0.814 - -
>50 18(52.9) 15(50.00 1 -
T-stage
1-2 32(94.1) 24(80.0)  0.250 (0.046-1.349) 0.107 - -
3-4 2(5.9) 6(20.0) 1 -
cN-stage
negative 15 (44.1) 19(63.3)  2.188(0.801-5.976) 0.127 - -
positive 19 (55.9) 1136.7) 1 -
Tumor grade®
1-2 14 (43.8) 16(53.3) 1 0.451 - -
3 18(56.3) 14 (46.7)  0.681(0.250-1.852) -
PR status
negative 9(26.5) 18(60.0)  4.167(1.450-11.972)  0.008* - -
positive 25(73.5) 12(40.0) 1 -
Ki-67 score®
<30% 23(71.9) 17(56.7) 1 0.214 - -
>30% 9(28.1) 13(43.3)  1.954(0.680-5.619) -
Tumor focality
Unifocal 20(58.8) 19(63.3)  1.209(0.441-3.316) 0.712 - -
Multifocal/centric 14 (41.2) 1367) 1 -

“datais missing in 3, 1, and 2 patients in respectively the triple-negative, HR-/HER2+, and HR+/HER2+ group
® data is missing in 9, 0, and 2 patients in respectively the triple-negative, HR-/HER2+, and HR+/HER2+ group
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Supplementary materials: Table 5 Intraclass correlation coefficients for PET features using the
bin width and bin count method.

PET derived features Bin Bin count  PET derived features Bin Bin
width width count
Shape features SmallDependenceEmphasis 0.98790  0.87975
Metabolic Tumor Volume (MTV) 0.94144 SmallDependenceHighGrayLevelEmphasis ~ 0.99823  0.84180
Maximum3DDiameter 0.93323 DependenceNonUniformityNormalized 0.96569  0.81334
MeshVolume 0.94156 LargeDependenceEmphasis 0.86773  0.83434
MajorAxisLength 0.93888 LargeDependenceLowGrayLevelEmphasis ~ 0.74255°  0.69702°
Sphericity 0.92276 DependenceVariance 0.76687*  0.80592
LeastAxisLength 0.96933 LargeDependenceHighGrayLevelEmphasis ~ 0.97140  0.93345
Elongation 0.88789 SmallDependencelowGrayLevelEmphasis ~ 0.74426°  0.86975
SurfaceVolumeRatio 0.95135 LowGrayLevelEmphasis 0.77061*  0.91184
Maximum2DDiameterSlice 0.90113 Gray level run length matrix
Flatness 0.94713 ShortRunLowGrayLevelEmphasis 0.76254*  0.91095
SurfaceArea 0.93407 GrayLevelVariance 0.99938  0.94188
MinorAxisLength 0.91133 LowGrayLevelRunEmphasis 0.77005*  0.91186
Maximum2DDiameterColumn 0.92954 GrayLevelNonUniformityNormalized 0.97835  0.90239
Maximum2DDiameterRow 0.95697 RunVariance 0.88199  0.86359
First order features GrayLevelNonUniformity 0.89874  0.89073
Maximum (SUVM) 0.99998 LongRunEmphasis 0.89451  0.85963
Mean (SUV__ ) 0.98675 ShortRunHighGrayLevelEmphasis 0.99638  0.87602
Textural features RunLengthNonUniformity 0.97043  0.94948
Gray level Cooccurence ShortRunEmphasis 0.93840  0.85705
matrix
JointAverage 0.98860 0.87079 LongRunHighGrayLevelEmphasis 0.99470  0.88981
SumAverage 0.98860 0.87079 RunPercentage 0.93656  0.86155
JointEntropy 0.99189 0.95597 LongRunLowGrayLevelEmphasis 0.78859*  0.91179
ClusterShade 0.99830 0.93656 RunEntropy 0.99159  0.96149
MaximumProbability 0.84618 0.82672 HighGrayLevelRunEmphasis 0.99614  0.87899
Idmn 0.87777 0.89376 RunLengthNonUniformityNormalized 0.95026  0.85986
JointEnergy 0.89421 0.72364 Gray level size zone matrix
Contrast 0.99908 0.88560 GrayLevelVariance 0.99919  0.92252
DifferenceEntropy 0.99534 0.86815 ZoneVariance 0.81627  0.76972
InverseVariance 0.99226 0.86074 GrayLevelNonUniformityNormalized 0.98150  0.93564
DifferenceVariance 0.99974 0.91752 SizeZoneNonUniformityNormalized 0.95572  0.86591
Idn 0.87944 0.89768 SizeZoneNonUniformity 0.99958  0.98337
ldm 0.97722 0.86374 GrayLevelNonUniformity 0.99161  0.95196
Correlation 0.91694 0.91298 LargeAreaEmphasis 0.83039  0.79277°
Autocorrelation 0.99601 0.87581 SmallAreaHighGrayLevelEmphasis 0.99758  0.84334
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Supplementary materials: Table 5 (continued)

PET derived features Bin Bin count  PET derived features Bin Bin
width width count
SumEntropy 0.99046 0.88830 ZonePercentage 0.98766  0.88059
McC 0.91150 0.86368 LargeArealowGrayLevelEmphasis 0.76851*  0.56913°
SumSquares 0.99929 0.93416 LargeAreaHighGrayLevelEmphasis 0.81918  0.88929
ClusterProminence 0.99913 0.95597 HighGrayLevelZoneEmphasis 0.99586  0.85672
Imc2 0.95612 0.91453 SmallAreaEmphasis 0.97159  0.88239
Imc1 0.92447 0.94613 LowGrayLevelZoneEmphasis 0.79391*  0.89506
DifferenceAverage 0.99717 0.89654 ZoneEntropy 0.98577  0.94610
Id 0.98107 0.87600 SmallAreaLowGrayLevelEmphasis 0.82485  0.87672
ClusterTendency 0.99892 0.94911 Neighbouring gray tone difference
matrix

Gray level dependence Coarseness 0.76505*  0.86035

matrix

GrayLevelVariance 0.99938 0.94271 Complexity 0.99955  0.92604
HighGrayLevelEmphasis 0.99606 0.88029 Strength 0.99960  0.97815
DependenceEntropy 0.96868 0.96063 Contrast 0.99092  0.65903°
DependenceNonUniformity 0.98795 0.97392 Busyness 0.94180  0.92424
GrayLevelNonUniformity 0.86894 0.88418

These intraclass correlation coefficients were below 0.8, and therefore not used for further analysis. This resulted in 65 reliable textural
features for the fixed bin width method and 69 reliable textural features for the fixed bin count method for further analysis.
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Supplementary materials: Table 6 The bin width method: associations (p-values of Mann
whitney U test) between PET features and pathologic complete response to neoadjuvant
systemic treatment in different breast cancer subgroups.

N HR-/ HR+/ All 3 BC All 4 BC

HER2+ HER2+ subtypes  subtypes
combined®* combined®

No. of patients 144 45 64 253 324
(non-pCR/pCR) (71/73) (7/38) (34/30) (112/141)  (176/148)

Conventional PET features

Total Lesion Glycolysis (TLG) 0.435 0.168 0.276 0.523 0.37125
Metabolic Tumor Volume (MTV) 0.990 0.117 0.234 0.105 0.18651
Maximum (SUV_ ) 0.137 0.471 0.904 0.391 0.00068**
Mean (SUV ) 0.132 0.661 0.788 0.329 0.00030%*

mean

Textural features

Gray level Cooccurence matrix

JointAverage 0.082 0.531 0.677 0.345 0.00029**
SumAverage 0.082 0.531 0.677 0.345 0.00029**
JointEntropy 0.083 0.5M 0.563 0.500 0.00137*
ClusterShade 0.065 0.434 0.904 0.305 0.00078*
MaximumProbability 0.212 0.381 0.367 0.785 0.00763*
[dmn 0.954 0.347 0.778 0.405 0.15724
JointEnergy 0.096 0.511 0.527 0.488 0.00121*
Contrast 0.087 0.5% 0.861 0.297 0.00028**
DifferenceEntropy 0.074 0.639 0.830 0.287 0.00024**
InverseVariance 0.069 0.491 0.788 0.269 0.00020%*
DifferenceVariance 0.110 0.802 0.893 0.308 0.00034**
ldn 0.840 0.416 0.968 0.504 0.17244
Idm 0.071 0.594 0.716 0.290 0.00025%**
Correlation 0.383 0.052 0.518 0.576 0.52648
Autocorrelation 0.083 0.531 0.687 0.359 0.00038**
SumEntropy 0.080 0.471 0.600 0.441 0.00094*
McC 0.437 0.052 0.435 0.600 0.42091
SumSquares 0.080 0.51 0.798 0.361 0.00063**
ClusterProminence 0.105 0.452 0.819 0.378 0.00071**
Imc2 0.050 0.661 0.737 0.205 0.00031%**
Imc1 0.083 0.730 0.778 0.182 0.00086*
DifferenceAverage 0.063 0.594 0.788 0.263 0.00021**
Id 0.068 0.59% 0.687 0.289 0.00025**
ClusterTendency 0.084 0.471 0.716 0.391 0.00080*
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Supplementary materials: Table 6 (continued)

™ HR-/ HR+/ All 3 BC All 4BC
HER2+ HER2+ subtypes  subtypes
combined®  combined®

Gray level dependence matrix

GrayLevelVariance 0.085 0.552 0.716 0.405 0.00077*
HighGrayLevelEmphasis 0.086 0.531 0.696 0.368 0.00039**
DependenceEntropy 0.447 0.150 0.545 0.681 0.12457
DependenceNonUniformity 0.442 0.141 0.179 0.364 0.61202
GrayLevelNonUniformity 0.339 0.661 0.687 0.125 0.00080*
SmallDependenceEmphasis 0.083 0.802 0.737 0.242 0.00014**
SmallDependenceHighGrayLevelEmphasis 0.082 0.616 0.882 0.292 0.00024**
DependenceNonUniformityNormalized 0.115 0.826 0.443 0.372 0.00084*
LargeDependenceEmphasis 0.105 0.851 0.590 0.303 0.00051**
LargeDependenceLowGrayLevelEmphasis n.t. n.t. n.t. n.t. n.t.
DependenceVariance n.t. n.t. n.t. nt. nt.
LargeDependenceHighGrayLevelEmphasis 0.323 0.222 0.484 0.871 0.10904
SmallDependenceLowGrayLevelEmphasis n.t. n.t. n.t. n.t. n.t.
LowGrayLevelEmphasis n.t. n.t. n.t. n.t. n.t.

Gray level run length matrix

ShortRunLowGrayLevelEmphasis n.t. n.t. n.t. n.t. n.t.
GrayLevelVariance 0.088 0.552 0.696 0.408 0.00078*
LowGrayLevelRunEmphasis n.t. n.t. n.t. n.t. n.t.
GrayLevelNonUniformityNormalized 0.108 0.471 0.545 0.505 0.00184*
RunVariance 0.122 0.826 0.667 0.300 0.00033**
GrayLevelNonUniformity 0.374 0.552 0.581 0.105 0.00071**
LongRunEmphasis 0.112 0.851 0.667 0.291 0.00033%**
ShortRunHighGrayLevelEmphasis 0.088 0.511 0.757 0.363 0.00037**
RunLengthNonUniformity 0.763 0.133 0.192 0.168 0.59789
ShortRunEmphasis 0.089 0.730 0.628 0.292 0.00032%*
LongRunHighGrayLevelEmphasis 0.080 0.434 0.647 0.395 0.00056**
RunPercentage 0.103 0.802 0.647 0.290 0.00032**
LongRunLowGrayLevelEmphasis n.t. n.t. n.t. n.t. n.t.
RunEntropy 0.124 0.452 0.545 0.581 0.00265*
HighGrayLevelRunEmphasis 0.085 051 0.757 0.366 0.00040%*
RunLengthNonUniformityNormalized 0.089 0.754 0.638 0.295 0.00032**
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Supplementary materials: Table 6 (continued)

™ HR-/ HR+/ All 3 BC All 4BC
HER2+ HER2+ subtypes  subtypes
combined®*  combined®

Gray level size zone matrix

GrayLevelVariance 0.124 0.491 0.757 0.448 0.00157*
ZoneVariance 0.213 0.754 0.925 0.340 0.00045%*
GrayLevelNonUniformityNormalized 0.159 0.416 0.936 0.550 0.00154*
SizeZoneNonUniformityNormalized 0.100 0.975 0.904 0.194 0.00018**
SizeZoneNonUniformity 0.151 0.398 0.554 0.670 0.00581*
GrayLevelNonUniformity 0.439 0.125 0.125 0.286 0.77553
LargeAreaEmphasis 0.184 0.802 0.904 0.313 0.00032**
SmallAreaHighGrayLevelEmphasis 0.117 0.531 0.979 0.344 0.00049%*
ZonePercentage 0.093 0.851 0.851 0.228 0.00010%**
LargeAreaLowGrayLevelEmphasis n.t. n.t. n.t. n.t. n.t.
LargeAreaHighGrayLevelEmphasis 0.177 0.851 0.726 0.128 0.00097*
HighGrayLevelZoneEmphasis 0.132 0.398 0.882 0.409 0.00068**
SmallAreaEmphasis 0.112 1.000 0.819 0.215 0.00024**
LowGrayLevelZoneEmphasis n.t. n.t. n.t. n.t. n.t.
ZoneEntropy 0.39%4 0.074 0.554 0.719 0.04784*
SmallAreaLowGrayLevelEmphasis 0.909 0.069 0.882 0.971 0.01919*
Neighbouring gray tone difference matrix

Coarseness n.t. nt. n.t. nt. nt.
Complexity 0.105 0.531 0.778 0.387 0.00075*
Strength 0.056 0.802 0.840 0.142 0.00015%*
Contrast 0.164 0.876 0.767 0.335 0.00060**
Busyness 0.076 0.851 0.657 0.093 0.00003**

¢ All patients with triple-negative, HR-/HER2+, and HR+/HER2+ combined in one group.

®All patients with triple-negative, HR-/HER2+, HR+/HER2+, and 71 HR+/HER2- patients (from the institutional dataset) combined.
“Not significant after multiple tests correction. **statistically significant after Bonferroni's correction (p < 0.00072 (0.05/69) is accepted
as level of significance by Bonferroni correction)

n.t., not tested variables because features had an ICC < 0.8 on initial feature selection step (Table 5, supplementary materials).

TN, triple-negative; HR-/HER2+, hormone receptor-negative/HER2-positive; HR+/HER2+-, hormone receptor-positive/HER2-positive;
pCR, pathologic complete response; non-pCR, no pathologic complete response
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Supplementary materials: Table 7 The bin count method: associations (p-values of Mann
whitney U test) between PET features and pathologic complete response to neoadjuvant

systemic treatment in different breast cancer subgroups.

™N HR-/HER2+  HR+/ Al 3BC All4BC
HER2+ subtypes subtypes
combined*  combined®
No. of patients 144 45 64 253 324
(non-pCR/pCR) (71/73) (7/38) (34/30) (112/147) (176/148)

Conventional PET features

Total Lesion Glycolysis (TLG) 0.435 0.168 0.276 0.523 0.37125
Metabolic Tumor Volume (MTV) 0.990 0.117 0.234 0.105 0.18651
Maximum (SUV_ ) 0.137 0.471 0.904 0.391 0.00068**
Mean (SUV_ ) 0.132 0.661 0.788 0.329 0.00030%*

mean’

Textural features

Gray level Cooccurence matrix

JointAverage 0.982 0.364 0.830 0.859 0.88451
SumAverage 0.982 0.364 0.830 0.859 0.88451
JointEntropy 0.496 0.159 0.090 0.273 0.60038
ClusterShade 0.305 0.416 0.882 0.582 0.07907
MaximumProbability 0.527 0.491 0.319 0.137 0.05617
Idmn 0.932 0.273 0.747 0.448 0.26307
JointEnergy n.t. n.t. n.t. n.t. n.t.
Contrast 0.912 0.273 0.696 0.444 0.26613
DifferenceEntropy 0.875 0.234 0.767 0.551 0.34267
InverseVariance 0.947 0.301 1.000 0.554 0.53978
DifferenceVariance 0.616 0.178 0.527 0.501 0.33129
ldn 0.957 0316 0.872 0.489 030757
ldm 0.925 0.347 0.946 0.732 0.69528
Correlation 0.398 0.052 0.554 0.541 0.60369
Autocorrelation 0.545 0.661 0.830 0.626 0.38348
SumEntropy 0.414 0.511 0.192 0.891 0.25553
McC 0.516 0.065 0.989 0.935 0.22825
SumSquares 0.218 0.876 0.798 0.488 0.01709*
ClusterProminence 0.309 0.573 0.936 0.633 0.01390*
Imc2 0.608 0.222 0.294 0.062 0.02671*
Imc1 0.754 0.188 0.258 0.061 0.03852*
DifferenceAverage 0.989 0.287 0.809 0.473 0.28608
Id 0.973 0.347 0.989 0.665 0.54926
ClusterTendency 0.153 0.616 0.706 0.582 0.02178*

218



Supplementary materials: Table 7 (continued)

™ HR-/HER2+  HR+/ All 3 BC All4BC
HER2+ subtypes subtypes
combined®  combined"

Gray level dependence matrix

GrayLevelVariance 0.230 0.876 0.706 0.591 0.03034*
HighGrayLevelEmphasis 0.491 0.573 0.757 0.583 0.34328
DependenceEntropy 0.963 0.091 0.282 0.140 0.32481
DependenceNonUniformity 0.871 0.133 0.085 0.086 0.14308
GrayLevelNonUniformity 0.849 0.168 0.468 0.258 0.37637
SmallDependenceEmphasis 0.775 0.222 0.936 0.729 0.91183
SmallDependenceHighGrayLevelEmphasis 0.878 0.347 0.788 0.662 0.59294
DependenceNonUniformityNormalized 0.781 0.434 0.904 0.853 0.98765
LargeDependenceEmphasis 0.751 0.398 0.904 0.840 0.96297
LargeDependenceLowGrayLevelEmphasis n.t. n.t. n.t. n.t. n.t.
DependenceVariance 0.619 0.434 0.767 0.959 0.75781
LargeDependenceHighGrayLevelEmphasis 0.588 0.851 0.536 0.836 0.77143
SmallDependenceLowGrayLevelEmphasis 0.141 1.000 0.861 0.469 0.05963
LowGrayLevelEmphasis 0.138 0.851 1.000 0.487 0.03070*

Gray level run length matrix

ShortRunLowGrayLevelEmphasis 0.113 0.826 0.968 0.461 0.02953*
GrayLevelVariance 0.228 0.826 0.687 0.605 0.03107*
LowGrayLevelRunEmphasis 0.131 0.826 0.989 0.488 0.03298*
GrayLevelNonUniformityNormalized 0.957 0.876 0.536 0.702 0.96771
RunVariance 0.700 0.287 0.840 0.842 0.85266
GrayLevelNonUniformity 0.862 0.159 0.420 0.233 0.33426
LongRunEmphasis 0.730 0.398 0.840 0.853 0.92128
ShortRunHighGrayLevelEmphasis 0.508 0.511 0.747 0.589 0.34328
RunLengthNonUniformity 0.979 0.117 0.231 0.105 0.18199
ShortRunEmphasis 0.809 0.398 0.840 0.819 0.91467
LongRunHighGrayLevelEmphasis 0.459 0.684 0.767 0.595 0.32833
RunPercentage 0.757 0.416 0.851 0.826 0.99620
LongRunLowGrayLevelEmphasis 0.171 0.876 1.000 0.522 0.03006*
RunEntropy 0.583 0.684 0.166 0.689 0.58310
HighGrayLevelRunEmphasis 0.491 0.552 0.747 0.588 0.33605
RunLengthNonUniformityNormalized 0.821 0.398 0.861 0.807 0.89675
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Supplementary materials: Table 7 (continued)

N HR-/HER2+  HR+/ All 3 BC All 4BC
HER2+ subtypes subtypes
combined®  combined®

Gray level size zone matrix
GrayLevelVariance 0.491 0.707 0.778 0.882 0.08579
ZoneVariance nt. nt nt. nt. nt
GrayLevelNonUniformityNormalized 0.527 0.851 0.258 0.771 0.35122
SizeZoneNonUniformityNormalized 0.979 0.125 0.946 0.513 0.65011
SizeZoneNonUniformity 0.778 0.222 0.085 0.109 0.18991
GrayLevelNonUniformity 0.894 0.159 0.192 0.114 0.10187
LargeAreaEmphasis n.t. n.t. nt. n.t. n.t.
SmallAreaHighGrayLevelEmphasis 0.739 0.491 0.957 0.509 0.26054
ZonePercentage 0.673 0.287 0.925 0.791 0.97056
LargeAreaLowGrayLevelEmphasis n.t. n.t. n.t. n.t. n.t.
LargeAreaHighGrayLevelEmphasis 0.757 0.471 0.840 0.622 0.92034
HighGrayLevelZoneEmphasis 0.742 0.531 0.778 0.677 0.31726
SmallAreaEmphasis 0.998 0.125 0.979 0.519 0.65268
LowGrayLevelZoneEmphasis 0.121 0.802 0.989 0.498 0.05899
ZoneEntropy 0.837 0.069 0.264 0.176 0.47648
SmallAreaLowGrayLevelEmphasis 0.144 0.925 0.809 0.534 0.09228
Neighbouring gray tone difference matrix
Coarseness 0.897 0.199 0.326 0.157 0.26004
Complexity 0.951 0.434 0.936 0.624 0.67168
Strength 0.739 0.531 0.162 0.106 0.04652*
Contrast nt n.t nt. nt nt
Busyness 0.534 0.188 0.420 0.435 0.66301

¢ All patients with triple-negative, HR-/HER2+, and HR-+/HER2+ combined in one group.
b All patients with triple-negative, HR-/HER2+, HR+/HER2+, and 71 HR+/HER2- patients (from the institutional dataset) combined.
* Not significant after multiple tests correction. **statistically significant after Bonferroni’s correction (p < 0.00068 (0.05/73) is accepted

as level of significance by Bonferroni correction)

n.t.,, not tested variables because features had an ICC < 0.8 on initial feature selection step (Table 5, supplementary materials).
TN, triple-negative; HR-/HER2-+, hormone receptor-negative/HER2-positive; HR+/HER2+-, hormone receptor-positive/HER2-positive;
pCR, pathologic complete response; non-pCR, no pathologic complete response
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Supplementary materials: Table 8 Subgroup analysis in triple-negative breast cancer having a
metabolic tumor volume = 10 ml: associations (p-values of Mann whitney U test) between PET
features and pathologic complete response to neoadjuvant systemic treatment

Bin Bin Bin Bin
width  count width  count
No. of patients 79 79 79 79
(non-pCR/pCR) (39/40)  (39/40) (39/40)  (39/40)
Conventional PET features Gray level dependence matrix
(continued)
Total Lesion Glycolysis (TLG) 0914 0914 SmallDependenceLowGrayLevelEmphasis  n.t. 0.034*
Metabolic Tumor Volume (MTV) 0.614  0.614 LowGrayLevelEmphasis nt. 0.021*
Maximum (SUV_ ) 0.814 0814 Gray level run length matrix
Mean (SUV__ ) 0.875  0.875 ShortRunLowGrayLevelEmphasis n.t. 0.020*
Textural features GrayLevelVariance 0.486  0.29
Gray level Cooccurence matrix LowGrayLevelRunEmphasis n.t. 0.022*
JointAverage 0.754  0.511 GrayLevelNonUniformityNormalized 0.899 0377
SumAverage 0.754 0511 RunVariance 0930  0.524
JointEntropy 0.603  0.891 GrayLevelNonUniformity 0937  0.845
ClusterShade 0.199  0.042*  LongRunEmphasis 0.814  0.603
MaximumProbability 0.631 0322 ShortRunHighGrayLevelEmphasis 0.709  0.953
Idmn 0.829  0.746 RunLengthNonUniformity 0.814  0.659
JointEnergy 0.852 nt ShortRunEmphasis 0.709  0.666
Contrast 0570 0.754 LongRunHighGrayLevelEmphasis 0.631  0.961
DifferenceEntropy 0543 0.702 RunPercentage 0791 0.638
InverseVariance 0570 0.576 LongRunLowGrayLevelEmphasis n.t. 0.032*
DifferenceVariance 0.659  0.638 RunEntropy 0.761  0.784
Idn 0702 0.695 HighGrayLevelRunEmphasis 0.709  0.961
Idm 0.624  0.570 RunLengthNonUniformityNormalized 0702 0.695
Correlation 0.149  0.152  Gray level size zone matrix
Autocorrelation 0.688  0.969 GrayLevelVariance 0.631  0.761
SumEntropy 0505  0.784 ZoneVariance 0.961  nit
McCC 0.189  0.196 GrayLevelNonUniformityNormalized 0.769  0.891
SumSquares 0.405  0.220 SizeZoneNonUniformityNormalized 0.739  0.709
ClusterProminence 0427 0141 SizeZoneNonUniformity 0.570  0.837
Imc2 0327 0.220 GrayLevelNonUniformity 0.977  0.784
Imc1 0342 0317 LargeAreaEmphasis 0914  nt
DifferenceAverage 0.505  0.695 SmallAreaHighGrayLevelEmphasis 0.624  0.784
Id 0.583  0.617 ZonePercentage 0.837 0383
ClusterTendency 0377 0.176 LargeAreaLowGrayLevelEmphasis n.t. n.t.
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Supplementary materials: Table 8 (continued)

Bin Bin Bin Bin
width  count width  count
Gray level dependence matrix LargeAreaHighGrayLevelEmphasis 0239 0.945
GrayLevelVariance 0.468  0.299 HighGrayLevelZoneEmphasis 0.695  0.673
HighGrayLevelEmphasis 0.702  1.000 SmallAreaEmphasis 0739 0.739
DependenceEntropy 0930  0.688 LowGrayLevelZoneEmphasis nt. 0.032*
DependenceNonUniformity 0.852  0.784 ZoneEntropy 0.624  0.899
GrayLevelNonUniformity 0.945  0.806 SmallAreaLowGrayLevelEmphasis 0.196  0.042*
SmallDependenceEmphasis 0.784  0.505  Neighbouring gray tone difference
matrix

SmallDependenceHighGrayLevelEmphasis ~ 0.631  0.822 Coarseness n.t. 0.806
DependenceNonUniformityNormalized 0791 0576 Complexity 0.617 0537
LargeDependenceEmphasis 0.746  0.791 Strength 0217 0243
LargeDependenceLowGrayLevelEmphasis ~ n.t. nt. Contrast 0709  nit.
DependenceVariance nt. 0.992 Busyness 0.814 0337
LargeDependenceHighGrayLevelEmphasis ~ 0.953  0.883

n.t., not tested variables because features had an ICC < 0.8 on initial feature selection step (Table 5, supplementary materials).

*Not significant after multiple tests correction.

For the Bin Width method: p < 0.00072 (0.05/69) is accepted as level of significance by Bonferroni correction.
For the Bin Count method: p < 0.00068 (0.05/73) is accepted as level of significance by Bonferroni correction.
pCR, pathologic complete response; non-pCR, no pathologic complete response
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Supplementary materials: Table 9 Multivariable logistic regression to evaluate the association
between PET features and pathologic complete response to neoadjuvant systemic treatment
in the overall group (n=324) corrected for breast cancer subtype.

p-values after adjustment for

breast cancer subtype

Conventional PET features

Maximum (SUVM) 0.430
Mean (SUme) 0.340
Textural features

Gray level Cooccurence matrix

JointAverage 0.457
SumAverage 0.457
Contrast 0.706
DifferenceEntropy 0.134
InverseVariance 0.099
DifferenceVariance 0.828
Idm 0.152
Autocorrelation 0.901
SumSquares 0.783
ClusterProminence 0.490
Imc2 0.271
DifferenceAverage 0.235
Id 0.139
Gray level dependence matrix

HighGrayLevelEmphasis 0.910
SmallDependenceEmphasis 0.085
SmallDependenceHighGrayLevelEmphasis 0.907
LargeDependenceEmphasis 0.329
Gray level run length matrix

RunVariance 0.208
GrayLevelNonUniformity 0.133
LongRunEmphasis 0.236
ShortRunHighGrayLevelEmphasis 0.921
ShortRunEmphasis 0.224
LongRunHighGrayLevelEmphasis 0.896
RunPercentage 0.186
HighGrayLevelRunEmphasis 0.915
RunLengthNonUniformityNormalized 0.190
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Supplementary materials: Table 9 (continued)

p-values after adjustment for

breast cancer subtype

Gray level size zone matrix

ZoneVariance 0.221
SizeZoneNonUniformityNormalized 0.112
LargeAreaEmphasis 0.217
SmallAreaHighGrayLevelEmphasis 0.980
ZonePercentage 0.064
HighGrayLevelZoneEmphasis 0.973
SmallAreaEmphasis 0.099
Neighbouring gray tone difference matrix

Strength 0.835
Contrast 0.235
Busyness 0.097
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Clinically node-negative patients with
HR+/HER2- tumors and a high-resolution
prone pretreatment '8F-FDG PET/CT scan

before NST (PET_NST_breast dataset)

Distant metastases
n=2

n=33

Non-FDG-avid tumor

an index lesion <20 mm

Stage I disease or

n=22

Metabolic tumor volume <3 mL
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Supplementary materials: Figure 1 Inclusion and exclusion criteria for the patients with
HR-positive/HER2-negative (HR+/HER2-) tumors. Seventy one patients were selected to test
feature reliability and correlating PET derived features with immunohistochemical subtype.

Total Lesion Glycolysis (TLG)
Metabolic Tumor Volume (MTV)
Maximum (SUV,,,)

Mean (SUV,.,,)

SUV MTV

IHC subtype

Supplementary materials: Figure 2 Association heatmap of conventional PET features that do
not depend the on SUV discretization method. A pearson correlation was performed between

PET features and maximum standardized uptake value (SUV

max!

) and metabolic tumor volume

(MTV). Associations between PET features and immunohistochemical (IHC) breast cancer

subtype were assessed using a Kruskal-Wallis test. red = a significant association, yellow = no

significant association.
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Bin width Bin count
MTV IHC subtype SUV .. MTV IHC subtype

max

SUV

max

JointAverage
SumAverage

JointEntropy

ClusterShade
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Tdmn

JointEnergy
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Idm
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Imel

Difference Average

1

ClusterTendency

GrayLevel Variance

HighGrayLevel Emphasis
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GrayLevelNonUniformity
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SmallDependenceHighGrayLevelEmphasis
DependenceNonUniformityNormalized
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LargeDependenceLowGrayLevelEmphasis
DependenceVariance
LargeDependenceHighGrayLevelEmphasis
SmallDependenceLowGrayLevel Emphasis
LowGrayLevelEmphasis
ShortRunLowGrayLevel Emphasis
GrayLevelVariance
LowGrayLevelRunEmphasis
GrayLevelNonUniformityNormalized
RunVariance
GrayLevelNonUniformity
LongRunEmphasis
ShortRunHighGrayLevel Emphasis
RunLengthNonUniformity
ShortRunEmphasis
LongRunHighGrayLevelEmphasis
RunPercentage
LongRunLowGrayLevelEmphasis
RunEntropy
HighGrayLevelRunEmphasis
RunLengthNonUniformityNormalized
GrayLevelVariance

ZoneVariance
GrayLevelNonUniformityNormalized
SizeZoneNonUniformityNormalized
SizeZoneNonUniformity
GrayLevelNonUniformity
LargeAreaEmphasis
SmallAreaHighGrayLevel Emphasis
ZonePercentage
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LargeAreaHighGrayLevel Emphasis
HighGrayLevelZoneEmphasis
SmallAreaEmphasis
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ZoneEntropy
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Coarseness

Complexity
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Supplementary materials: Figure 3 Association heatmap of PET features that do depend on the
SUV discretization method. A pearson correlation was performed between PET-derived features and
maximum standardized uptake value (SUV, _)and metabolic tumor volume (MTV). Associations between
PET-derived features and immunohistochemical (IHC) breast cancer subtype were assessed using a
Kruskal-Wallis test. red = a significant association, yellow = no significant association, white = not tested
(n.t.), because features had an ICC < 0.8 on initial feature selection step.
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