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Abstract: The purpose of this work is to evaluate the quantitative parameters of magnetic resonance imaging (MRI),
particularly diffusion-weighted imaging (DWI) and dynamic contrast enhancement (DCE) as well as positron-emis-
sion tomography, combined with computer tomography (PET/CT), with *¥F-fluorodesoxyglucose, in the prediction
of breast cancer molecular type. We studied the correlation between a set of parameters in the invasive ductal
carcinoma of the breast, not otherwise specified (IDC-NOS) as it is the most common invasive breast tumor. The
parameters were as follows: apparent diffusion coefficient (ADC) in DWI, positive enhancement integral (PEI) in
DCE, maximum standardized uptake value (SUVmax) in 8F-FDG PET/CT, tumor size, grade, and Ki-67 index, level
of lymph node metastatic lesions. We also evaluated the probability of a statistically significant difference in mean
ADC, PEI, and SUVmax values for patient groups with different Nottingham prognostic index (NPI) and molecular
tumor type. Statistically significant correlations between SUVmax, tumor size, and NPI, mean and minimal ADC val-
ues with Ki-67 and molecular tumor type were found. The PEI showed a correlation with the NPI risk level and was
characterized by a relationship with the magnitude of the predicted NPI risk and regional lymph node involvement.
The prognostic model created in our work allows for NPI risk group prediction. The SUVmax, ADC and PEI are non-
invasive prognostic markers in the invasive breast cancer of no specific type. The correlation between ADC values
and the expression of some tumor receptors can be used for in vivo molecular tumor type monitoring and treatment
adjustment.
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Introduction

Breast tumors are heterogeneous diseases wi-
th different clinical manifestations, outcomes,
and responses to therapy. The ability to predict
the morphological properties of cancer at an
early stage is crucial for treatment planning.
The traditional prognostic factors for breast
cancer include the size of the primary tumor,
regional lymph node status, and tumor grade.
Immunohistochemical prognostic factors inclu-
de the expression of Ki-67, receptors for estro-
gen (ER), progesterone (PR), and human epi-
dermal growth factor-2 (HER-2).

Diffusion-weighted imaging (DWI) and positr-
on emission tomography (PET) with 18-fluoro-

deoxyglucose (*8F-FDG) are functional imaging
methods that allow the evaluation of the tu-
mor’s biological properties [1]. The apparent
diffusion coefficient (ADC) is a quantitative pa-
rameter allowing for tissue diffusion estima-
tion. Generally, malignant tumors exhibit a sig-
nificant diffusion restriction, which is inversely
proportional to the nuclear-cytoplasmic ratio [2,
3].

The positive enhancement integral (PEI) is a
semi-quantitative parameter of tissue perfu-
sion. Mathematically, PEl is an integral of the
area under the curve, reflecting the concen-
tration of a contrast medium at a certain point
at a particular time [4]. Post-processing allows
creating PEI color maps representing the level
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of tissue perfusion [5]. From a clinical point of
view, PEIl can be used as a criterion for perfu-
sion assessment, allowing differentiation bet-
ween benign and malignant processes in the
breast and revealing a residual tumor after tr-
eatment [4].

PET, combined with computed tomography (CT)
with *8F-FDG, detects hypermetabolism of bre-
ast tumor and is widely used for primary diag-
nosis, staging, and treatment response evalua-
tion [6]. SUVmax is routinely used to quantify
metabolism in PET/CT with FDG. Several stud-
ies describe a relationship between breast can-
cer immunohistochemical characteristics and
ADC or SUVmax values [7]. Identifying the rela-
tionship between the quantitative parameters
of the tumor and its histological structure will
allow to better assess the heterogeneity of the
tumor and its metastases. As it follows from
this, approaches to breast cancer treatment
can be improved.

Invasive ductal carcinoma of the breast, not
otherwise specified (IDC-NOS) is the most
common breast cancer subtype accounting for
56.4% of cases [8]. IDC-NOS combines lesions
without distinctive pathological features char-
acteristic of other breast tumors. The clinical
and radiological diagnosis of IDC-NOS poses
no small difficulties. However, the preoperative
assessment of survival rate plays a significant
role in treatment planning. Traditionally, the
Nottingham prognostic index (NPI) is used for
this assessment. NPI incorporates the data on
tumor size, grade, and the number of metas-
tatic lymph nodes [9].

Objective: to assess the relationship between
SUVmax, ADC, PEl, and the immunohistoche-
mical characteristics of ICD-NOS, such as Ki-
67, receptor status (ER, PR, HER2), molecular
tumor subtype per St. Gallen (2013), primary
lesion size and grade, as well as with NPI prog-
nostic groups.

Materials and methods

Our study is observational with data collection
carried out from January 1, 2016, to August 1,
2018. Histological data were obtained from
patients with IDC-NOS who underwent breast
MRI with DWI and DCE and whole-body PET/CT
with *®F-FDG. Inclusion criteria were as follows:
treatment-naive IDC-NOS diagnosed by histo-
logical and immunohistochemical studies; final
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pathology report with data on tumor grade,
Ki-67, receptor status (ER, PR, HER2), the num-
ber of metastatic lymph nodes; breast MRI wi-
th DWI and DCE plus whole-body PET/CT with
18F-FDG with an interim of less than 2 weeks;
measurable quantitative parameters (ADC and
PEl on breast MRI, SUVmax PEI on PET/CT).
The average time from breast MRI to surgery
was 15.05 + 6.95 days. Sixty-four patients met
the inclusion criteria.

Imaging

Breast MRI was performed on a 1.5 Tesla unit
(Aera 4G, Siemens Medical Solutions, Erlan-
gen, Germany), equipped with a dedicated ra-
dio frequency coil. The scan protocol included
following pulse sequences: axial T2-weighted
images (TSE, TR/TE 4530/93, FOV 320 mm,
matrix size 576x403), axial diffusion-weight-
ed images (b-values: 50, 800 s/mm? TR/TE
9700/87, FOV 340 mm, matrix size 192 x 66
mm). For dynamic contrast enhancement, we
used a routine three-dimensional T1-weighted
gradient echo sequence with fat suppression
(spectral attenuated inversion recovery) with
TE/TR = 2/4.5 ms, flip angle = 180, matrix size
290 x 320 mm, FOV = 380 x 420 mm?2. The
contrast bolus (Gadovist 1.0 mmol/ml) was
injected at a rate of 2-3 ml/s based on the
peripheral venous access. One pre-contrast
and six post-contrast series in axial plane we-
re collected with a one-minute interval. Post-
processing included PElI map generation.

A whole-body PET/CT with 8F-FDG was per-
formed on Biograph Truepoint (Siemens Me-
dical Solutions, Knoxville, TN) and Gemini TF
(Philips, Cleveland) units. The data acquisition
time ranged from 2 to 3 minutes per table po-
sition, dependent on the body mass index. *8F-
FDG PET/CT was acquired at 1 hour after the
tracer injection. The patients fasted at least 8
hours. The target blood glucose level was not
more than 11 mmol/l. The dose of injected
tracer was calculated on the weight of the bo-
dy (approximately 6 MBq/kg), with a maximum
dose of 450 MBq. During the subsequent 1
hour after injection, patients were sitting in
a quiet room without talking. Matrix size was
128 x 128 with True X reconstruction for Bi-
ograph Truepoint system and 144 x 144 with
LOR-TF-RAMLA reconstruction for Gemini TF.
All patients were in a supine position during
the scan with the study area from osteomeatal
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Figure 1. Breast MRI (upper row) and whole-body PET/CT with *¥F-FDG (lower row) in a patient with invasive breast
cancer. A. The perfusion map shows a hypervascular tumor in the inner quadrants of the left breast. B. ADC map
with an example of freehand ROI placement. C. CT scan with intravenous contrast (iopamidol) - a component of
combined PET/CT. D. A significant increase in tumor metabolism was detected via PET/CT with *F-FDG.

line to mid-thighs (130 kV, 50 mA/s, slice thick-
ness 3 mm) with the arms above the head.

We analyzed ADC maps and PET images by
manually selecting a region of interest (ROI
freehand - Figure 1), excluding the areas of
cystic transformation, tumor necrosis, and nor-
mal breast parenchyma. The measurements
included mean and minimum ADC values
(ADCmean, ADCmin), maximum SUV (SUVmax).
In metastatic lesions, ADC and SUVmax were
not measured.

Freehand ROI placement was also used for PEI
color map analysis. We selected tumor region
with the highest visual perfusion level. The sec-
ond region of interest was automatically se-
lected in the normal tissue of the contralate-
ral breast. We normalized PEI values by calcu-

281

lating the tumor-to-normal contralateral breast
ratio. The resulting coefficient was taken as the
normalized PEI value [10].

Histological examination

We looked through postoperative pathology
reports for Ki-67 level, tumor size and grade,
receptor status (ER, PR, HER2neu), and the
number of metastatic lymph nodes. The single
largest dimension in the axial plane was used
to estimate tumor size.

An immunohistochemical analysis determined
tumor receptor status (estrogen, progester-
one); more than 1% of stained nuclei was clas-
sified positive, regardless of the intensity of st-
aining [11]. A “three plus” Hercept test result
was considered positive for HER2/neu expres-
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Table 1. Correlation analysis of PET and MRI quantitative parameters with the tumor size, Ki-67, and
NPI

Correlation characteristics (p-Spearman’s correlation coefficient, p-level of significance)

Parameter Tumor size Ki-67 NPI

P p P p P p
SUVmax 0.46 < 0.001* 0.151 0.234 0.326 0.009*
ADCmean 0.143 0.258 -0.366 0.003* -0.021 0.869
ADCmin -0.002 0.985 -0.413 0.001* -0.166 0.19
PEI 0.133 0.294 0.115 0.365 0.313 0.012*

* - statistically significant (P < 0.05).

Table 2. Comparison of MRl and PET parameters based on patient’s NPI prognostic group

NPI group
Parameter Low Medium High p
Me Q,-Q, Me Q,Q, Me Q,-Q,
SUVmax 3.61 2.3-7.62 7.67 5.3-13.2 9.2 5.65-13.34 0.007*
ADCmean 844 794-921 8375 741-957 816 706.5-887.5 0.428
ADCmin 464.5 273-538 398 302-476 3355 273.5-435 0.178
PEI 7.27 3.91-8.47 6.93 4.14-11.11 10.55 7.79-17.41 0.006*

* - statistically significant (P < 0.05).

sion [12]. Main molecular subtypes of breast
cancer were identified per St. Gallen Consensus
(2043) [13].

We used the obtained data to calculate the
NPI using the formula [0.2 x S] + N + G, where-
as S is primary tumor size (cm), N is regional
lymph node status (no metastatic lymph nod-
es -1 point, 1-4 nodes -2 points, more than 4
nodes - 3 points), G - tumor grade. Patients we-
re assigned to groups with a good (2.0-3.4 po-
ints), moderate (3.41-5.4) or poor (> 5.4) sur-
vival prognosis [14].

Statistical analysis

To assess the role of quantitative MRI and
PET/CT as survival predictors in IDC-NOS, we
evaluated the statistically significant differen-
ces between ADCmean, ADCmin, SUVmax, and
PEl in different NPI prognostic groups. Additio-
nally, we compared the average tumor ADC-
mean, ADCmin, SUVmax, and PEI by the prima-
ry tumor grade and the number of metastatic
lymph nodes. Statistical processing was per-
formed using IBM SPSS Statistics (version 23).

Results

The cohort included 64 patients with IDC-NOS
aged from 27 to 76 years, average -54.1 + 12.7
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years. We conducted 128 studies and com-
pared quantitative parameters of lesion me-
tabolism (SUVmakx), diffusion (ADCmean and
ADCmin), and perfusion (PEI) with tumor size,
Ki-67, and NPI using Spearman’s correlation
coefficient (Table 1).

The data analysis indicated a direct statisti-
cally significant correlation of moderate close-
ness between tumor size and SUVmax (p =
0.46; P < 0.001). The studied quantitative
parameters of MRI did not show a statistical-
ly significant correlation with tumor size (P >
0.05).

We also compared Ki-67 level with DWI, ob-
serving a statistically significant inverse cor-
relations of moderate crowding for ADC, both
medium and minimal (p = -0.366; P = 0.003
and p = -0.413; P = 0.001, respectively). The
correlation analysis between NPI and quantita-
tive MRI and PET established statistically sig-
nificant direct associations of moderate crow-
ding for SUVmax (p = 0.326, P = 0.009) and
PEI (p = 0.313, P = 0.012). Then, we compar-
ed quantitative MRI and PET parameters bas-
ed on the NPI prognostic group (Table 2). We
found statistically significant differences bet-
ween SUVmax and PEI, depending on the NPI
prognostic group (P = 0.007 and P = 0.006,
respectively).
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Figure 2. Comparison of SUVmax in different NPI prognostic groups.

We also compared the studied di-
agnostic parameters and regional
lymph node status (Table 4). As per
Table 4, there were statistically sig-
nificant differences in the ADCmin
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and PEI ratio depending on region-
al lymph node status (P = 0.019
and P = 0.013, respectively).

In a posteriori comparisons of AD-
Cmin, we observed statistically si-
gnificant differences between the
first and second degrees of regio-
nal lymph node involvement (P =
0.016). The latter had lower ADC-
min values. Pairwise comparisons
of PEI ratio and regional lymph no-
de status detected statistically si-
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Figure 3. Comparison of PEl in different NPI prognostic groups.

In a posteriori comparisons of SUVmax and
NPI prognostic groups, we observed statisti-
cally significant higher levels in a high risk (P =
0.009) and medium risk (P = 0.012) groups,
compared with a low-risk cohort. The differenc-
es between the SUVmax of medium and high-
risk groups were not statistically significant (P =
0.815). SUVmax values in different NPI prog-
nostic groups are presented in Figure 2.

A PEl-based paired comparison of prognostic
groups identified statistically significant differ-
ences between low and high-risk NPI groups (P
= 0.012). We also noted close-to-critical differ-
ences between PElI and NPI in medium and
high-risk groups (P = 0.052). In both cases, we
observed higher PEIl values in the high-risk NPI
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gnificant differences between first
and third degrees with PEI median
values of 6.89 and 10.55, respec-
tively (P = 0.011).

Comparison between quantitative MRl and PET
parameters and tumor receptor status did not
reveal any statistically significant differences
(P > 0.05). However, the comparison of evalu-
ated diagnostic indicators and molecular tu-
mor type yielded the following results (Table
5). As per Table 5, we observed statistically sig-
nificant differences in ADCmean and ADCmin
depending on molecular tumor type (P = 0.013
and P =0.048).

In a posteriori comparison showed that ADC-
mean for the Luminal A tumor type was signifi-
cantly higher than for the Luminal B (P = 0.02)
and Triple negative (P = 0.039) types. The dif-
ferences were not statistically significant with
Luminal A and HER2+ tumor types (P = 0.444).
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Table 3. Comparison of quantitative PET and MRI parameters with tumor grade

Tumor grade

Parameter Grade 1 Grade 2 Grade 3 p
Me Q,Q, Me Q,Q, Me Q,Q,

SUVmax 5.0 4.6-7.15 6.79 4.7-11.64 9.2 5.5-14.9 0.097

ADCmean 8775 829-910.5 829.5 748-932 829 720-939 0.711

ADCmin 472.5 415.5-520 390.5 293-476 372.5 276-438 0.262

PEI 8.67 7.21-9.99 8.45 5.05-12.64 9.12 5.14-10.99 0.999

* - statistically significant (P < 0.05).

Table 4. Comparison of quantitative PET and MRI parameters with regional lymph node status

Regional lymph node status per NPI

Parameter 1 2 3 p
Me Q,Q, Me Q,Q, Me Q,Q,

SUVmax 6.39 4.6-10.47 9.55 5.9-13.74 6.74 4.83-12.4 0.182

ADCmean 832.5 755-926.5 834.5 712-941 831 769-912 0.959

ADCmin 425 306-529 305.5 267-398 391.5 310-472 0.019*

PEI 6.89 3.83-10.76 9.17 5.95-12.09 10.55 7.17-18.51 0.013*

* - statistically significant (P < 0.05).

Table 5. Comparison of quantitative PET and MRI parameters with molecular tumor type

Molecular tumor type
Parameter HER2+ Luminal A Luminal B Triple negative P
Me Q,Q, Me Q,Q, Me Q,Q, Me Q,Q,

SUVmax 7.5 5.4-9.2 462 4.35-744 8.4 5.17-13.14 10.2 5.8-13.6 0.278
ADCmean 937 796.5-1102 957 926.5-1005 821.5 729.5-871.5 782 720-913 0.013*
ADCmin 393 382-525.5 446  426.5-525 364 287.5-472 276 252-389  0.048*
PEI 8.78 5.29-17.0 6.46 5.03-8.63 9.17 5.86-12.28 71 4.63-12.09 0.709
* - statistically significant (P < 0.05).

The values of ADCmean depend-
01267 ing on molecular tumor type are
7 01195 compared in Figure 4. In pairwise
comparisons of the ADCmin for di-
000 fferent molecular tumor types, we
7 observed close-to-critical differen-
937 5957 ces for Luminal A and triple ne-

.821.5 gative types (P = 0.053).

ADCmean =

782
Thus, we noted statistically signi-

ficant correlations of SUVmax wi-
600 | th tumor size and NPI, ADCmean
and ADCmin with the Ki-67 level
and molecular tumor types, ADC-

HEIR2+ Lumilnal A Luminal B Triple rllegative . . .
Molecular type min with the degree regional lym-
ph nodes involvement. NPI risk gr-
Figure 4. Comparison of the ADCmean depending on molecular tumor oup and regional lymph node sta-
type. tus correlated with PEI ratio.
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Construction of prognostic models for molecu-
lar tumor type and NPI risk group differentia-
tion

Accounting for the identified differences in MRI
and PET parameters depending on the NPI gr-
oup, we developed a prognostic model for cal-
culating the probability of a patient assign-
ment to a specific risk group. For this purpose,
a method of discriminant analysis was used,
where the classification criterion was set as
belonging to one of the three NPI risk groups,
and the MRI and PET parameters under eval-
uation as independent factors. By reviewing
all possible combinations of diagnostic param-
eters, it was established that the best model
was the one that included all of them without
exception. We assessed the proportion of pa-
tients from the studied sample correctly classi-
fied into risk groups as a key performance indi-
cator of the predictive model.

The predictive model consisted of two discrimi-
nant functions.

Function 1 took the following form (1):

F1=0.229 +0.126 * X, + 0.099 * X - 0.002
* X -0.001 * X (1)

ADCmean ADCmin

Function 2 took the following form (2):

F2=-1.851-0.074 * X, + 0.157 * X, + 0.003
* XADCmin (2)
whereas F1 is the discriminant function 1, F2

is the discriminant function 2, X, is the PEI

value, XSUV is the SUVmax value, XADC is the

) / _mean
mean ADC value, X, . . is the minimum ADC
value.

Our predictive model was statistically signifi-
cant (P = 0.015). Function 1 showed moderate
correlation (r = 0.48) with NPI risk group while
function 2 demonstrated weak correlation (P =
0.237).

We calculated a territorial map for more ac-
curate patient risk stratification (Figure 5). Dis-
criminant function value calculation determin-
es the coordinates of a single point (F1; F2).
Lower left sector indicates low-risk group, mi-
ddle-upper area - medium risk group, lower ri-
ght sector - to the high-risk group per NPI.

Sensitivity assessment showed that patients
from the low-risk group were correctly classi-
fied in 80.0% of cases. For the high-risk group,
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this value was 62.5%. The prognostic model
had the worst sensitivity for the medium-risk
group, in which only 36.7% of patients were
correctly classified (33.3% were assigned to
the low-risk group, and 30.0% to the high-risk
group).

We grouped tumors into two categories to de-
termine the prognostic efficacy of quantitative
MRI and PET for molecular tumor type predic-
tion. HER2+ and Luminal A tumors comprised
the first group, Luminal B and Triple negative -
the second group. The analysis did not reveal
statistically significant models for these molec-
ular tumor types.

ROC analysis of the probability that a tumor
belongs to one of the two groups based on the
investigated diagnostic parameters resulted
in two statistically significant models for the
mean and minimum ADC (P = 0.002 and P =
0.013, respectively). The ROC curve character-
izing the dependence of the probability that
a tumor belongs to the Luminal A and HER2+
types on ADCmean is presented in Figure 6.
The area under curve was 0.805 + 0.066 (95%
Cl: 0.677-0.934). The ADCmean cut-off value
was 892 mm?/s with equal to or higher values
predictive of Luminal A or HER2+, and values
below 892 predictive of Luminal B or Triple
negative molecular types. The sensitivity of the
model was 81.8%, specificity -77.4%.

Figure 7 shows the ROC curve characterizing
the dependence of the probability that a tu-
mor belongs to the Luminal A and HER2+ types
on ADCmin. The area under curve was 0.738 +
0.066 (95% Cl: 0.609-0.867). The ADCmin cut-
off value was 396 mm?/s with equal to or hi-
gher values predictive of Luminal A or HER2+,
and values below 396 predictive of Luminal B
or Triple negative molecular types. The sensi-
tivity of the model was also 81.8%, specificity
-60.4%.

Finally, we constructed a prognostic model us-
ing binary logistic regression. The model classi-
fied the subjects into different categories with
certain molecular tumor types based on quanti-
tative MRI and PET data. We used elimination
for the selection of statistically significant fac-
tors with resultant regression function (3).

P = 1/(1+e?) * 100%

= 10.79 - 0.211 * X, + 0.011 * X
0.003 * X

ADCmin

+
ADCmean
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Figure 5. Territorial map for NPI risk group classification depending on the parameters of MRI and PET. Discriminant
function value calculation (in text) determines the coordinates of a single point (F1; F2). Lower left sector indicates
low-risk group, middle-upper area - medium risk group, lower right sector - to the high-risk group per NPI.
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whereas P is the probability of a tumor being
Luminal A or HER2+ types (%); X, - the SUVmax

Suv

1,0

- the ADCmean va-

emin " the ADCmin

Value’ XADCmean
lue (mm?/s), X,
value (mm?2/s).

The regression model was sta-
tistically significant (P < 0.001).
Per Nagelkerke's R?, the model
(3) accounted for up to 40.9% of
the factors determining molecu-
lar tumor type.

Per regression coefficients, the
increase in SUVmax value was
accompanied by a decrease in
the probability of the tumor be-
longing to one of the molecular
types - Luminal A or HER2+, and
the increase in mean and mini-
mum ADC values - by an increa-
se in said probability. Using the
odds ratio for each of the prog-
nostic model factors (8), SUVmax
increase by 1 reduced the chan-
ces of tumor assignment to the
molecular type Luminal A or HE-
R2+ by 19%, the mean ADC incr-
ease by 1 mm?/s raised the ch-
ances of tumor assignment to
the above types by 1.1%, and the
minimum ADC value increase -
by 0.3%.

ROC analysis was used to deter-
mine the optimal separating va-
lue of the logistic function P, al-
lowing patient classification into
groups with various molecular tu-
mor types (Figure 8).

The area under the curve was
0.849 + 0.063 (95% Cl: 0.725-
0.973). The cut-off value was
23%, with P values equal to or
greater than 23% indicative of
HER2+ or Luminal A and lower
values implying Luminal B or Tri-
ple negative types. The sensitivi-
ty of the prognostic model was
72.7%, specificity -83%.

The diagnostic efficiency of the
regression model (3) is compa-
rable to the single-factor prog-
nostic model mentioned above

(ADCmean-based tumor molecular group esti-
mation), suggesting that for accurate patient
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- Choi et al. [17] on the statistical
relationship between Ki-67 and
ADC values in IDC, and Razek et

r i al. [16] on the correlation bet-

ween ADC and regional lymph
node status.

Discrepancies between our fin-
dings and results of Kim et al.
(ADC and lymph node status),
Razek et al. (ADC and tumor si-
ze/grade) may be associated, fir-
st of all, with differences in the
histological structure of the tu-
mor and ADC measurement me-
thodology. In particular, Kim et al.
used the average of three differ-
ent ROIs with an area of 10 + 2
mm?; Razek et al. used other b-
factors (200 and 400 mm?/s).
Manual ROI placement and ADC-
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Figure 8. ROC curve characterizing the dependence of the probability
that a tumor belongs to the Luminal A and HER2+ types on the value of

P function.

classification, there is no need to account for
a large number of MRI and PET parameters.
The ADCmean alone should be sufficient to
predict the tumor type as HER2+ or Luminal A.

Discussion

The relationship between ADC, SUVmax, PEI
and prognostic factors

We measured ADCmin and ADCmean using
b-factors of 50, 800 s/mm?2. High b-factors
eliminated the perfusion effect in DWI [15].
According to the literature, ADC is inversely pr-
oportional to the nuclear-cytoplasmic ratio of
tumor cells [3, 13], which is an essential indi-
cator of tumor grade [10].

In his work, Kim et al. [1] did not find a correla-
tion between ADC and various prognostic fac-
tors, including age, tumor size, and grade, re-
gional lymph node involvement, receptor sta-
tus. On the other hand, Razek et al. [16] report
that mean ADC values of invasive breast can-
cer are significantly lower in patients with high-
grade and large tumors, as well as metastases
to regional lymph nodes. The results obtained
in our work are consistent with the findings of
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min measurement were not us-
ed in these two publications.
One should keep in mind that
scanner characteristics and pro-
tocol parameters vary significant-
ly, which leads to incomparable
ADC values.

1,0

Although we did not observe any statistically
significant correlation between the receptor
expression and ADC values, ADCmean was si-
gnificantly higher in Luminal A tumors than in
Luminal B (P = 0.02) and Triple negative (P =
0.039). For Luminal A and HER2+ tumor types,
the correlations with ADCmean were not sta-
tistically significant (P = 0.444). Incoronato et
al. [18] reported a correlation between the ab-
sence of progesterone receptors and high me-
an ADC values. These results are contradict-
ing the available data [19, 20]. On the other
hand, Incoronato et al. observed the correla-
tion between mean ADC and molecular tumor

type.

A direct correlation of moderate closeness was
observed between the quantitative values of
SUVmax and NPI. Also, the average SUVmax va-
lues in medium and high NPI risk groups de-
monstrated a statistically significant differen-
ce compared to the low-risk group with higher
SUVmax, indicating the worst prognosis.

Many publications confirm this pattern. Ikena-
ga et al. reported that a primary breast tumor
with a SUVmax greater than 4.0 has had a high-
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er recurrence rate compared to tumors with a
low metabolism (P < 0.0001) [7]. Tumor meta-
bolism, reflected by *¥F-FDG uptake in PET/CT
and expressed as SUVmax, was higher in lar-
ge-sized tumors, which correlates with the stu-
dies mentioned above. At the same time, one
cannot exclude the overestimation of SUVmax
with a larger volume [1].

We did not observe any relationship between
SUVmax and receptor status or molecular tu-
mor type, contrary to available data [18, 21-23].

The observed negative correlation between
ADCmin and SUVmax is in line with the results
of Nakajo et al. [7]. The uptake of ‘8F-FDG re-
flects the metabolic activity of the tumor; ADC
is a quantitative parameter of diffusion restric-
tion. According to the available publications,
an increase in tumor grade is accompanied by
a pronounced diffusion restriction [15].

The PEIl is a quantitative parameter of tissue
perfusion [4]. The difference in perfusion of a
tumor and unchanged parenchyma is a well-
known diagnostic parameter based reflecting
stromal vascular component and cancer an-
giogenesis [24]. PEl is easy to implement and
is available in most viewing applications. PEl is
dependent on the speed and volume of ad-
ministration of the contrast agent, therefore,
normalization should be utilized.

At the time of writing, the only available publi-
cation covering PEl as a quantitative diagnos-
tic parameter in breast cancer was done by
Nadrljanski et al. [10]. The authors performed,
the normalization of PEIl via the perfusion of
unchanged parenchyma in the contralateral
breast. The medians of normalized PEI for duc-
tal carcinoma in situ (DCIS) and invasive duc-
tal carcinoma (IDC) differed significantly.

We found the correlation between PEI and NPI
quantitative values, NPI risk groups, 1st and
3rd degree of lymph node involvement by NPI.
No statistically significant correlation was ob-
served between PEI values and receptor sta-
tus, as well as the molecular tumor type. In
their work Incoronato et al. evaluated quanti-
tative indicators of perfusion, such as Ktrans,
Kep, Ve, and prognostic factors of breast can-
cer. The use of Ktransmax made it possible to
differentiate the Luminal A type from HER2+
and triple negative; a correlation was found
between perfusion values and expression of
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individual receptors. Other literature sources
confirm the link between Kepmax and tumor
grade [25], as well as a high proliferation in-
dex (Ki-67 > 20%) [26].

Predictive model generation

Despite many successful studies on the rela-
tionship of quantitative MRI and PET/CT with
prognostic criteria for breast cancer [27, 28, 6],
so far there have been no attempts to create a
predictive model of NPI risk groups based on
ADC, SUVmax and PEI.

The prognostic model created in our work al-
lows for NPI risk group prediction and is based
on quantitative radiological parameters (SUV-
max, PElI, ADCmean, and ADCmin). The model
demonstrates the highest accuracy (80.0%) in
identifying low-risk NPI group; patients were
correctly classified as high-risk in 62.5% of
cases.

The regression-based diagnostic model acco-
unts for SUVmax, ADCmin, and ADCmean and
estimates the probability of tumor being Lu-
minal A or HER2+ with a sensitivity of 72.7%, a
specificity of 83%; the area under the curve
was 0.849 + 0.063 (95% Cl: 0.725-0.973). The
work of Incoronato et al. featured a multifacto-
rial predictive model incorporating Ktransmax
and SUVmayx; highest accuracy was achieved
for Luminal B subtype (86.2%). At the same ti-
me, they also observed a relationship betwe-
en tumor molecular markers (Luminal A and
HER2+) with relatively low SUVmax values.

Apart from the created diagnostic model, we
observed a higher predictive accuracy (sensi-
tivity 81.8%, specificity 77.4%) with only ADC-
mean. If the value is above 892 mm?/s, the
tumor will be classified as Luminal A or HER2+.
ADC allows evaluating the tumor’s biological
properties based on its microstructure and in-
tercellular density. The pattern we observed is
reinforced by observations of Youk [29] and
Incoronato [18], where ADCmean predicted Lu-
minal B molecular type with an accuracy of
87.7%. Thus, the hypothesis on the relation-
ship between a decrease in tumor metabo-
lism, an increase in diffusion and better prog-
nosis was confirmed.

Study limitations

The limitations primarily concern study desi-
gn. It was observational with data only on IDC-
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NOS. MRI and PET/CT were assessed by a sin-
gle radiologist, which could affect the evalua-
tion and measurements in both modalities. The
sample size is small with the non-uniform dis-
tribution of molecular tumor subtypes. Two-
dimensional regions of interest are another li-
mitation as volumetric measurements allow
for a more accurate assessment of the tu-
mor’s quantitative parameters. However, 3D
ROI measurement is unavailable on most cli-
nical DICOM viewer applications.

Conclusion

The possibility of using quantitative parame-
ters from imaging studies to determine the pr-
ognosis and molecular subtype in breast can-
cer is of great interest to oncologists. How-
ever, this approach will not receive clinical ac-
ceptance in the absence of a sufficient num-
ber of publications. Some discordance in avail-
able results can be explained by the complexity
of the relationship between prognostic biologi-
cal factors and quantitative imaging parame-
ters. However, it is impossible not to point out
some general patterns. Tumors with low ADC,
PEI, and SUVmax values have a better progno-
sis, which is explained by their higher differen-
tiation, a lesser degree of angiogenesis, and
decreased metabolism.

The results of our work show that a compre-
hensive assessment of the quantitative imag-
ing parameters of the primary breast tumor,
including metabolism (PET), diffusion and per-
fusion (MRI) can reliably predict the NPI risk
group. In particular, the proposed model predi-
cts a low-risk group with an accuracy of 80.0%,
and to a high-risk group -62.5%. The average
ADC value can differentiate molecular tumor
type with a sensitivity of 81.8% and a specifici-
ty of 77.4%.

Diagnostic accuracy is strictly related to the
sample size, which must exceed hundreds of
observations for each molecular subtype. Ne-
vertheless, our results suggest the possible
role of routine breast MRI with DWI and DCE as
well as *¥F-FDG PET/CT in clinical practice for
diagnostic and prognostic purposes. Although
SUVmax, ADC, and PEIl as in vivo survival mark-
ers cannot yet replace biopsy, their role in fol-
low-up imaging is of interest, especially for ti-
mely diagnosis of tumor mutations requiring
further adjustments to treatment. To this end,
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additional research is needed with a more uni-
form and larger sample, as well as the crea-
tion of standardized protocols for breast MRI
and *®F-FDG PET/CT.
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