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The tumor stroma constitutes a vital component of the 
tumor microenvironment, which substantially contrib-

utes to the initiation and progression of tumors by foster-
ing a dynamic interaction with cancer cells (1). Studies 
have demonstrated that the tumor stroma has therapeutic 
implications linked to its crucial involvement in tumor 
initiation, progression, and metastasis (2–4). Recently, the 
tumor-stroma ratio (TSR), the proportion of tumor to 
stromal components, has emerged as a valuable histologic 
indicator for assessing therapeutic response and predicting 
prognosis across diverse solid tumors, including breast can-
cer (5–12). Indeed, the prognosis was found to be worse 
in patients with stroma-rich (hereafter, low-TSR) breast 
cancer compared with those with stroma-poor (hereafter, 
high-TSR) breast cancer (10–12). High-TSR breast can-
cer is associated with improved survival rates and higher 
pathologic complete response rates than low-TSR breast 

cancer (9,10), which may be associated with higher im-
mune status and less aggressive behavior in high-TSR tu-
mors than in low-TSR tumors (11). The rate of the 10-year 
recurrence-free period was 87% for patients with high-TSR 
invasive breast carcinomas, in sharp contrast with 17% for 
patients with low-TSR tumors (11).

Clinically, the TSR status of breast tumors is deter-
mined with biopsy before treatment (10–12). This pro-
cedure has several shortcomings, including the invasive 
nature and inadequate sampling. More importantly, the 
tumor stroma content could change dynamically, exhibit 
spatial heterogeneity, and frequently display diverse sta-
tuses across different breast cancer subtypes (4,13), which 
may lead to interobserver variability and ambiguous 
interpretations during the histologic evaluation of TSR 
status. Thus, a noninvasive imaging approach that can 
determine the pretreatment TSR status and monitor the 

This copy is for personal use only. To order printed copies, contact reprints@rsna.org

Purpose:  To determine whether metrics from mean apparent propagator (MAP) MRI perform better than apparent diffusion coefficient 
(ADC) value in assessing the tumor-stroma ratio (TSR) status in breast carcinoma.

Materials and Methods:  From August 2021 to October 2022, 271 participants were prospectively enrolled (ClinicalTrials.gov identifier: 
NCT05159323) and underwent breast diffusion spectral imaging and diffusion-weighted imaging. MAP MRI metrics and ADC were 
derived from the diffusion MRI data. All participants were divided into high-TSR (stromal component < 50%) and low-TSR (stromal 
component ≥ 50%) groups based on pathologic examination. Clinicopathologic characteristics were collected, and MRI findings were 
assessed. Logistic regression was used to determine the independent variables for distinguishing TSR status. The area under the receiver 
operating characteristic curve (AUC) and sensitivity, specificity, and accuracy were compared between the MAP MRI metrics, either alone 
or combined with clinicopathologic characteristics, and ADC, using the DeLong and McNemar test.

Results:  A total of 181 female participants (mean age, 49 years ± 10 [SD]) were included. All diffusion MRI metrics differed between the 
high-TSR and low-TSR groups (P < .001 to P = .01). Radial non-Gaussianity from MAP MRI and lymphovascular invasion were signifi-
cant independent variables for discriminating the two groups, with a higher AUC (0.81 [95% CI: 0.74, 0.87] vs 0.61 [95% CI: 0.53, 0.68], 
P < .001) and accuracy (138 of 181 [76%] vs 106 of 181 [59%], P < .001) than that of the ADC.

Conclusion:  MAP MRI may serve as a better approach than conventional diffusion-weighted imaging in evaluating the TSR of breast carci-
noma.
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compared. The study aimed to determine whether MAP MRI 
metrics have better performance than ADC value in evaluating 
different TSR statuses among participants diagnosed with inva-
sive ductal breast cancer.

Materials and Methods
Two authors (M.W. and X.Y.) are affiliated with Siemens Health-
ineers and contributed as MRI research scientists, offering tech-
nical assistance (ie, debugging of breast MRI sequence) for this 
study under Siemens’ collaborative regulations, without receiv-
ing remuneration or having personal interests tied to the study. 
One author (J.S.), who is not an employee of or consultant for 
Siemens Healthineers, had control of the inclusion of any data 
and information that might present a conflict of interest for those 
authors (M.W. and X.Y.). This prospective study (ClinicalTrials.
gov identifier: NCT05159323) received approval from the in-
stitutional review board of Sun Yat-Sen Memorial Hospital, Sun 
Yat-Sen University (registration no. SYSEC-KY-KS-2021–182). 
All participants provided written informed consent.

Participants
The flowchart of participant selection is shown in Figure 1. From 
August 2021 to October 2022, 281 consecutive participants were 
prospectively recruited from the breast tumor center in our hospi-
tal. All participants underwent breast MRI within a 2-week time-
frame prior to biopsy and surgery. Participants were included if 
they were adults (age ≥ 18 years) and had clinically suspected ma-
lignant breast tumors, based on physical examination and breast 
US or mammography. The exclusion criteria were as follows: (a) 
claustrophobia, renal insufficiency, or previous history of allergic 
reaction to the contrast agents; (b) previous neoadjuvant therapy 
before breast tumor dissection; (c) no surgical resection of breast 
tumor; (d) inadequate MR image quality (eg, artifacts) of MAP 
MR or ADC images; (e) appearance of a non–masslike type tu-
mor at MRI; (f) benign lesions proven with biopsy pathology or 
malignant tumor types other than invasive ductal carcinoma; and 
(g) small range of tumor invasion that was not suitable for patho-
logic evaluation of the TSR. The clinicopathologic information of 
participants was recorded (Appendix S1).

Breast MRI Protocol
Breast MRI was performed with a 3.0-T MRI scanner (MAG-
NETOM Skyra; Siemens Healthcare) with a dedicated 
phased-array bilateral breast coil. The sequences consisted of 
T1-weighted imaging, T2-weighted imaging, diffusion spectral 
imaging, DWI, dynamic contrast-enhanced imaging, and de-
layed contrast-enhanced imaging. Diffusion spectral imaging 
data were acquired using a grid sampling scheme with nine b 
values (0, 200, 450, 650, 900, 1100, 1350, 1800, and 2000 
msec/mm2) along two, six, 12, eight, six, 24, 24, 12, and six 
directions, respectively. The details of diffusion spectral imag-
ing and other sequences are presented in Appendix S1.

Breast MRI Morphologic Assessment
MRI morphologic findings, including tumor size (long di-
ameter), fibroglandular tissue (almost entirely fat or scattered 

dynamics of TSR status during treatment is highly desirable for 
breast cancer therapy.

To date, the apparent diffusion coefficient (ADC) derived 
from conventional diffusion-weighted imaging (DWI) and fast 
signal fraction derived from the biexponential model were found 
to be correlated with the collagen content in benign, malignant, 
and normal breast tissue (14). ADC was also found to be associ-
ated with stromal density in fibroadenomas (15) and TSR status 
in estrogen receptor (ER)–positive invasive ductal breast carci-
noma (16). Notably, the conventional DWI model presumes 
that the random motion of water molecules is based on Gaussian 
distribution without any restriction (17). However, water mol-
ecule diffusion within breast lesions is constrained and deviates 
from a Gaussian distribution, attributed to the intricate nature 
of the tumor microenvironment (17,18). The non-Gaussian dif-
fusion model, mean apparent propagator (MAP) MRI, offers 
new insights into the intricate and heterogeneous characteristics 
of tissue microstructure with a variety of quantitative metrics 
(19–23). Previously, the quantitative metrics derived from MAP 
MRI have been reported to be helpful in characterizing brain 
microstructural changes (22,23) and glioma (24–26). However, 
the diagnostic performance of the ADC value and whether the 
diffusion metrics derived from MAP MRI outperform ADC in 
evaluating the TSR status in breast cancers remains unknown.

We hypothesized that MAP MRI could help detect the in-
tricate and heterogeneous nature of the tissue microstructure 
in invasive breast cancers and that diffusion metrics from MAP 
MRI can reflect the TSR status of invasive ductal breast carci-
noma. In this study, MAP MRI metrics and conventional ADC 
value were measured in participants with invasive ductal breast 
carcinoma, and their performances in quantifying the TSR were 

Abbreviations
ADC = apparent diffusion coefficient, AUC = area under the 
receiver operating characteristic curve, DWI = diffusion-weighted 
imaging, ER = estrogen receptor, HER2 = human epidermal growth 
factor receptor 2, MAP = mean apparent propagator, OR = odds 
ratio, TSR = tumor-stroma ratio

Summary
The mean apparent propagator MRI quantitative metric, radial 
non-Gaussianity, combined with lymphovascular invasion had higher 
performance than the apparent diffusion coefficient value from con-
ventional diffusion-weighted imaging in assessing the tumor-stroma 
ratio in invasive ductal breast carcinoma.

Key Points
	■ Mean apparent propagator (MAP) MRI metrics and the apparent 

diffusion coefficient (ADC) value significantly differed between 
high and low tumor-stroma ratio (TSR) breast carcinomas (P < 
.001 to P = .01).

	■ Radial non-Gaussianity from MAP MRI combined with lympho-
vascular invasion had better performance than the ADC value in 
distinguishing high and low TSR in luminal A breast carcinomas 
(area under the receiver operating characteristic curve, 0.79 [95% 
CI: 0.71, 0.87] vs 0.58 [95% CI: 0.48, 0.67] and accuracy, 79 of 
111 [71%] vs 64 of 111 [58%], respectively).

Keywords
MR Diffusion-weighted Imaging, MR Imaging, Breast, Oncology
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3.6.0; http://www.itksnap.org/pmwiki/pmwiki.php). The 12th 
phase of dynamic contrast-enhanced images was used as a ref-
erence to place the region of interest on MAP and ADC maps 
(28). A freehand region of interest was delineated along the 
profile of the breast mass, excluding the adjacent edema or 
normal breast fibroglandular tissue, on the maximal section 
of the MAP non-Gaussianity map and then automatically 
copied to seven other MAP maps (Fig S1). The ADC value 
was measured on the ADC map. Two radiologists (Y.Q. [ra-
diologist 1] and X.Z. [radiologist 2], with 8 and 10 years, re-
spectively, of experience in breast MRI diagnosis) performed 
independent measurements of the diffusion metrics. After 
3 weeks, radiologist 1 measured the diffusion MRI metrics 
in 50 randomly selected cases again to assess the intrareader 
reproducibility. Both radiologists were unaware of the clini-
copathologic information and the US and mammographic 
findings. The mean value of each diffusion metric assessed 
by both radiologists was calculated for further analysis. The 
largest mass was selected as the target tumor in case of multi-
centric or multifocal lesions.

Pathologic Assessment
The surgically resected breast tumors were processed for hematox-
ylin-eosin staining to assess the TSR status and predominant stro-
mal type, as previously described (16) (Fig 2, Appendix S1). Ac-
cording to the pathologic results, participants were divided into the 
high-TSR group (stromal component percentage < 50%, stroma 
poor) and the low-TSR group (stromal component percentage ≥ 
50%, stroma rich) (9,16). For the predominant stromal type, tu-
mors were classified into three categories: collagen-predominant, 
lymphocyte-predominant, and fibroblast-predominant (16). Two 
pathologists (Y.L. [pathologist 1] and Q.L. [pathologist 2], with 9 
and 4 years of experience, respectively, in pathologic evaluation for 

fibroglandular tissue/heterogeneous fibroglandular tissue or 
extreme fibroglandular tissue), background parenchymal 
enhancement (minimal or mild/moderate or marked), back-
ground enhancement distribution (symmetry/asymmetry), 
tumor number (single/multiple), tumor margin (spiculated/
nonspiculated), tumor internal enhancement characteristics 
(homogeneous/heterogeneous), and tumor enhancement 
curve (persistent or plateau/washout), were assessed by two 
radiologists (Y.Q. and Z.Y., with 8 and 13 years of experi-
ence, respectively, in breast MRI) following the Breast Im-
aging Reporting and Data System Atlas 5th edition (27). 
Disagreements between the two radiologists for categorical 
findings were resolved by a third radiologist (J.S., with 23 
years of experience in breast MRI).

Diffusion MRI Data Analysis
The diffusion spectral imaging data were imported into Neu-
DiLab, in-house–developed software built upon the open 
source Diffusion Imaging in Python tool (https://nipy.org/
packages/dipy/index.html) to calculate MAP metrics. Eight sets 
of quantitative parametric maps from the MAP model, in-
cluding non-Gaussianity, axial non-Gaussianity, radial non-
Gaussianity, mean-squared displacement, q-space-inverse 
variance, return-to-origin probability, return-to-plane prob-
ability, and return-to-axis probability were obtained (21). The 
calculation of MAP MRI metrics is presented in Appendix S1 
and Table S1. Conventional DWI data were processed using 
built-in software on the MRI scanner. The ADC maps de-
rived from DW images were obtained automatically.

Diffusion MRI Metrics Measurement
The diffusion MRI metrics of tumors were measured on MAP 
maps and ADC maps using the ITK-SNAP software (version 

Figure 1:  The flowchart of participant selection for this study. ADC = apparent diffusion coefficient, DSI = diffusion spectral imaging, DWI = 
diffusion-weighted imaging, H&E = hematoxylin-eosin, MAP = mean apparent propagator.
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Results

Clinicopathologic Characteristics and MRI Morphologic 
Findings of Participants
In total, 181 female participants (mean age, 49 years ± 10 [SD]) 
with 181 invasive ductal breast carcinomas were included in 
this study. The clinicopathologic characteristics between high-
TSR and low-TSR groups are summarized in Table 1. The 
MRI morphologic findings between high-TSR and low-TSR 
groups are summarized in Table S2. There was a significant dif-
ference in the lymphovascular invasion (P = .03) and breast 
tumor number at MRI (P = .04) between groups. No evidence 
of a difference was found in other clinicopathologic character-
istics and MRI morphologic findings between the two groups 
(P = .11 to .94). Univariable logistic regression analysis (Table 
2) showed that lymphovascular invasion (odds ratio [OR] = 
2.33, P = .03) and breast tumor number at MRI (OR = 2.96, 
P = .04) were associated with the TSR status. No other clinico-
pathologic characteristics or MRI morphologic findings were 
associated with TSR status (OR = 0.58 to 2.19, P = .11 to .88).

Diffusion MRI Metrics in Different Pathologic Categories
The intraclass correlation coefficient of inter- and intra-
reader reliability for measuring diffusion MRI metrics 
ranged from 0.89 to 0.96 and 0.96 to 0.98, respectively. 
The κ values for assessing the reproducibility of the TSR 
statuses and predominant stromal types between the two 
pathologists were 0.96 and 0.94, respectively. Diffusion 
MRI metrics in different TSR statuses and predominant 
stromal types are shown in Table S3. The correlation be-
tween different diffusion MRI metrics is shown in Figure 
S2. Six MAP MRI quantitative metrics, including MAP 
non-Gaussianity (mean, 0.26 ± 0.004 vs 0.22 ± 0.004), 
MAP axial non-Gaussianity (mean, 0.21 ± 0.004 vs 0.17 ± 
0.004), MAP radial non-Gaussianity (mean, 0.15 ± 0.003 
vs 0.12 ± 0.003), MAP return-to-origin probability (mean, 
2.51 ± 0.10 vs 1.63 ± 0.07), MAP return-to-plane probabil-
ity (mean, 5.08 ± 0.07 vs 4.47 ± 0.06), and MAP return-
to-axis probability (mean, 3.74 ± 0.10 vs 2.80 ± 0.08), were 
significantly higher in the low-TSR group than those in the 
high-TSR group (all P < .001). Another two MAP MRI 

breast tumors) independently evaluated the pathologic character-
istics of breast carcinoma on a microscope (BX53; OLYMPUS). 
Disagreements between these two pathologists were resolved by 
consensus with another senior pathologist (Lijuan Bian [patholo-
gist 3], with 16 years of experience in pathologic evaluation for 
breast tumors). All three pathologists were aware of the pathologic 
results of breast carcinoma but were blinded to the radiologic find-
ings and diffusion metrics.

Statistical Analysis
Continuous data are presented as means ± SDs. The intra-
class correlation coefficient was used to evaluate the inter- 
and intrareader reliability for measuring diffusion metrics. 
The κ test was used to assess the concordance between two 
pathologists (pathologist 1 and pathologist 2) for patho-
logic assessment. Two-tailed Mann-Whitney U and Krus-
kal-Wallis tests were used for two-group and multiple-group 
comparisons, respectively. Univariable and multivariable 
logistic regression analyses were conducted to identify inde-
pendent variables derived from MAP metrics, ADC value, 
clinicopathologic characteristics, and MRI findings for dis-
tinguishing between high-TSR and low-TSR tumors. These 
statistical analyses were performed using SPSS (version 
26.0; IBM).

The diagnostic performance of the diffusion MRI met-
rics, clinicopathologic characteristics, and MRI morphologic 
findings were assessed through the area under the receiver 
operating characteristic curve (AUC), sensitivity, specificity, 
and accuracy. The optimal thresholds for the diffusion MRI 
metrics were determined using the maximum Youden index. 
The AUC comparison between the MAP metrics, either alone 
or combined with clinicopathologic characteristics and MRI 
morphologic findings, and the ADC value was conducted us-
ing the DeLong test. The McNemar test was employed to 
compare sensitivity, specificity, and accuracy between the 
MAP metrics alone or combined with clinicopathologic 
characteristics and MRI morphologic findings and the ADC 
value. These statistical analyses were performed using R sta-
tistical software (version 4.2.2; http://www.r-project.org). P 
value less than .05 was considered to indicate a statistically 
significant difference.

Figure 2:  Photomicrographs show sections of invasive ductal breast carcinomas. (A) Section with a low tumor-stroma ratio equal to approximately 10% (the stroma 
component represented a collagen-dominant tumor and is estimated to be 90%, which is defined as stroma rich). (B) Section with a tumor-stroma ratio equal to approxi-
mately 80% (the stroma component represents a lymphocyte-dominant tumor and is estimated to be 20%, which is defined as stroma poor). (C) Section with a tumor-stroma 
ratio equal to approximately 70% (the stroma component represents a fibroblast-dominant tumor and is estimated to be 30%, which is defined as stroma poor). Bar = 100 
μm. (Hematoxylin-eosin stain; original magnification, ×200.)

http://radiology-ic.rsna.org
http://www.r-project.org


Radiology: Imaging Cancer Volume 6: Number 4—2024  ■  radiology-ic.rsna.org� 5

Zhang and Qiu et al

ADC values (mean, 981.99 ± 21.54 vs 1050.10 ± 19.26) 
were significantly lower in the low-TSR group than those in 
the high-TSR group (P < .001 to P = .01). No evidence of 

quantitative metrics (ie, MAP mean-squared displacement 
[mean, 23.21 ± 4.69 vs 27.47 ± 4.16] and MAP q-space-
inverse variance [mean, 88.35 ± 4.03 vs 131.23 ± 4.88]) and 

Table 1: Clinicopathologic Characteristics of High-TSR Group and Low-TSR Group in Participants with 
Breast Carcinomas

Parameter

TSR Status

High TSR (Stroma Poor)
(n = 79)

Low TSR (Stroma Rich)
(n = 102)

Age (y)* 48 ± 10 (24–75) 49 ± 11 (25–75)
Race/ethnicity
  Asian 79/79 (100) 102/102 (100)
Family history
  Yes 2/79 (3) 3/102 (3)
  No 77/79 (97) 99/102 (97)
Laterality
  Left 38/79 (48) 46/102 (45)
  Right 41/79 (52) 56/102 (55)
Molecular subtype
  Luminal A 44/79 (56) 67/102 (66)
  Luminal B 17/79 (22) 20/102 (20)
  HER2 positive 11/79 (14) 6/102 (6)
  Basal 7/79 (8) 9/102 (8)
HER2 expression
  Positive 27/79 (34) 26/102 (26)
  Negative 52/79 (66) 76/102 (74)
ER/PR status
  Positive 18/79 (23) 15/102 (15)
  Negative 61/79 (77) 87/102 (85)
Ki-67 level
  High (>20%) 59/79 (75) 78/102 (76)
  Low (≤20%) 20/79 (25) 24/102 (24)
Predominant stromal type
  Collagen 50/79 (63) 69/102 (68)
  Fibroblast 22/79 (28) 29/102 (28)
  Lymphocyte 7/79 (9) 4/102 (4)
Degree of tumor differentiation
  Well differentiated 39/79 (49) 47/102 (46)
  Moderately differentiated/poorly differentiated 40/79 (51) 55/102 (54)
Lymphovascular invasion
  Yes 12/79 (15) 30/102 (29)
  No 67/79 (85) 72/102 (71)
Nottingham grade
  I/II 34/79 (43) 53/102 (52)
  III 45/79 (57) 49/102 (48)
Pathology-determined axillary lymph node metastasis
  Yes 28/79 (35) 48/102 (47)
  No 51/79 (65) 54/102 (53)

Note.—Data are numbers of participants, with percentages in parentheses, unless otherwise noted. ER = estrogen recep-
tor, HER2 = human epidermal growth factor receptor 2, PR = progesterone receptor, TSR = tumor-stroma ratio.
* Data are mean values ± SDs.

http://radiology-ic.rsna.org
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a difference was observed in all the MAP MRI metrics and 
ADC values across tumors with different predominant stro-
mal types (P = .05 to .88). The diffusion MRI metrics in the 
high- and low-TSR groups are presented as box plots (Fig 
3) and pseudocolorized maps (Figs 4, 5). The comparison of 
MAP MRI metrics and ADC value in different molecular 
subtypes, including luminal A, luminal B, human epidermal 
growth factor receptor 2 (HER2)–positive, and basal breast 
cancers, are presented in Tables S4–S7, respectively.

Performance of Diffusion MRI Metrics, Pathologic 
Characteristics, and MRI Morphologic Findings in 
Discriminating Low-TSR and High-TSR Tumors
The AUCs of the diffusion MRI metrics, pathologic characteris-
tics, and MRI morphologic findings in discriminating low- and 
high-TSR tumors are shown in Table 3. Among them, MAP ra-
dial non-Gaussianity had the highest AUC of 0.80 (95% CI: 
0.73, 0.85), which was higher than that of the ADC value (0.61 
[95% CI: 0.53, 0.68], P < .001). Multivariable logistic regression 

Table 2: Univariable and Multivariable Logistic Regression Analyses of MAP MRI Quantitative Metrics, 
ADC Value, Clinicopathologic Characteristics, and MRI Findings in Discriminating High-TSR and Low-TSR 
Breast Carcinomas

Variable β Value Odds Ratio P Value

Univariable logistic regression
  MAP_NG −1.26 0.29 (0.19, 0.43) <.001*
  MAP_NGAx −1.26 0.28 (0.19, 0.43) <.001*
  MAP_NGRad −1.32 0.27 (0.18, 0.41) <.001*
  MAP_MSD 1.03 2.80 (1.92, 4.09) <.001*
  MAP_QIV 1.13 3.11 (2.08, 4.64) <.001*
  MAP_RTOP −1.34 0.26 (0.16, 0.42) <.001*
  MAP_RTPP −1.05 0.35 (0.24, 0.52) <.001*
  MAP_RTAP −1.26 0.28 (0.18, 0.44) <.001*
  ADC .88 2.41 (1.11, 5.25) .03*
  Age .02 1.02 (0.99, 1.05) .29
  Family history of breast carcinoma .14 1.15 (0.19, 7.06) .88
  Laterality .12 1.13 (0.63, 2.03) .69
  HER2 expression −.42 0.66 (0.35, 1.25) .20
  ER/PR status −.54 0.58 (0.27, 1.25) .17
  Ki-67 status .10 1.10 (0.56, 2.18) .78
  Degree of tumor differentiation .13 1.14 (0.63, 2.06) .66
  Lymphovascular invasion .84 2.33 (1.10, 4.91) .03*
  Nottingham grade −.36 0.70 (0.39, 1.26) .23
  Pathology-determined axillary lymph node metastasis .30 1.35 (0.78, 2.32) .29
  Tumor size at MRI (mm) −.01 0.99 (0.97, 1.01) .23
  Breast fibroglandular tissue at MRI −.51 0.60 (0.32, 1.11) .11
  Breast background parenchymal enhancement at MRI −.28 0.75 (0.28, 2.00) .57
  Breast background enhancement distribution at MRI .64 1.89 (0.58, 6.18) .30
  Breast tumor number at MRI 1.09 2.96 (1.04, 8.41) .04*
  Breast tumor margin at MRI .78 2.19 (0.69, 6.96) .19
  Breast tumor internal enhancement at MRI .26 1.30 (0.08, 21.03) .86
  Breast tumor enhancement curve at MRI 1.26 1.26 (0.66, 2.42) .48
Multivariable logistic regression
  MAP_NGRad −1.33 0.27 (0.17, 0.41) <.001*
  Lymphovascular invasion .87 2.39 (1.01, 5.64) .047*

Note.—Data in parentheses are 95% CIs. ADC = apparent diffusion coefficient, ER = estrogen receptor, HER2 = hu-
man epidermal growth factor receptor 2, MAP = mean apparent propagator, MSD = mean-squared displacement, NG 
= non-Gaussianity, NGAx = axial non-Gaussianity, NGRad = radial non-Gaussianity, PR = progesterone receptor, QIV = 
q-space-inverse variance, RTAP = return-to-axis probability, RTOP = return-to-origin probability, RTPP = return-to-
plane probability, TSR = tumor-stoma ratio.
* P < .05 indicates a significant difference.

http://radiology-ic.rsna.org
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analysis showed that MAP radial non-Gaussianity (OR = 0.27, 
P < .001) and lymphovascular invasion (OR = 2.39, P = .047) 
were the independent variables for discriminating different TSR 
statuses (Table 2). Compared with MAP radial non-Gaussianity 
alone, MAP radial non-Gaussianity combined with lymphovas-
cular invasion showed a comparable AUC (0.81 [95% CI: 0.74, 
0.87] vs 0.80 [95% CI: 0.73, 0.85], P = .30) in discriminating 
different TSR statuses. The combination of MAP radial non-
Gaussianity with lymphovascular invasion had a higher AUC 
(0.81 [95% CI: 0.74, 0.87] vs 0.61 [95% CI: 0.53, 0.68], P < 

.001) (Fig 6), specificity (82 of 102 [80%] vs 49 of 102 [48%], 
P < .001), and accuracy (131 of 181 [76%] vs 106 of 181 [59%], 
P < .001) but a comparable sensitivity (56 of 79 [71%] vs 57 of 
79 [72%], P = .86) compared with the ADC value. A stratified 
analysis based on different molecular subtypes of breast carci-
noma in discriminating the low- and high-TSR tumors was per-
formed using the combination of MAP radial non-Gaussianity 
and lymphovascular invasion (Table 4). In luminal A invasive 
ductal breast carcinoma, MAP radial non-Gaussianity combined 
with lymphovascular invasion had a higher AUC (0.79 [95% CI: 

Figure 3:  Box plots show mean apparent propagator (MAP) MRI quantitative metrics and apparent diffusion coefficient (ADC) values in low–tumor-stroma ratio (TSR) 
and high-TSR tumors. * indicates statistical significance. MSD = mean-squared displacement, NG = non-Gaussianity, NGAx = axial non-Gaussianity, NGRad = radial non-
Gaussianity, QIV = q-space-inverse variance, RTAP = return-to-axis probability, RTOP = return-to-origin probability, RTPP = return-to-plane probability.
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0.71, 0.87] vs 0.58 [95% CI: 0.48, 0.67], P < .001), sensitivity 
(38 of 44 [86%] vs 30 of 44 [68%], P = .04), and accuracy (79 of 
111 [71%] vs 64 of 111 [58%], P = .04), while having a compa-
rable specificity (41 of 67 [61%] vs 34 of 67 [51%], P = .22) in 
discriminating high-TSR and low-TSR tumors compared with 

the ADC value. No evidence of a difference was found in the 
AUC, sensitivity, specificity, and accuracy between MAP radial 
non-Gaussianity combined with lymphovascular invasion and 
the ADC in discriminating high-TSR and low-TSR tumors in 
other subtypes of breast cancer (P = .05 to P > .99).

Figure 4:  Images show invasive ductal carcinoma of the left breast in a 49-year-old woman. (A) Axial dynamic contrast-enhanced (DCE) MR image in 
the 12th phase (arrowhead) and (B–I) axial mean apparent propagator (MAP) MRI maps, including (B) non-Gaussianity (NG), (C) axial non-Gaussianity 
(NGAx), (D) radial non-Gaussianity (NGRad), (E) mean-squared displacement (MSD), (F) q-space-inverse variance (QIV), (G) return-to-origin probability 
(RTOP), (H) return-to-plane probability (RTPP), and (I) return-to-axis probability (RTAP), show an irregular mass. A region of interest (ROI) was manually 
delineated along the left breast mass profile on the MAP NG map and then copied to other MAP MRI maps. (J) Axial apparent diffusion coefficient (ADC) 
map from diffusion-weighted imaging (DWI) shows the same irregular mass of the left breast. The mean NG, NGAx, NGRad, MSD, QIV, RTOP, RTPP, RTAP, 
and ADC values within the indicated left breast mass ROI are 0.31, 0.25, 0.18, 21.71 × 10−5 mm2, 75.63 × 10−10 mm5, 3.47 × 105 mm−3, 5.57 × 101 mm−1, 
4.75 × 103 mm−2, and 759.75 × 10−3 mm2/sec, respectively. (K) Hematoxylin-eosin–stained (H&E) section of invasive ductal breast carcinomas at ×200 
magnification. Section shows a low tumor-stroma ratio equal to approximately 30% (the stroma component represents a collagen-dominant tumor type and is 
estimated to be 70%, which is defined as stroma rich). The units of line segments in A–J are millimeters, there is no unit for color bars in B–D, and the units of 
color bars in E–J are 10−5 mm2, 10−10 mm5,105 mm−3, 101 mm−1, 103 mm−2, and 10−3 mm2/sec, respectively.
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Discussion
Our study results demonstrated that MAP MRI quantitative 
metrics differed in invasive ductal breast carcinomas with low 
or high TSR. Radial non-Gaussianity (OR = 0.27) and lympho-
vascular invasion (OR = 2.39) were independent factors with 

higher diagnostic performance than the conventional ADC 
value (AUC, 0.81 [95% CI: 0.74, 0.87] vs 0.61 [95% CI: 0.53, 
0.68]) in differentiating the low- and high-TSR tumors, particu-
larly in luminal A invasive ductal breast carcinoma (AUC, 0.79 
[95% CI: 0.71, 0.87] vs 0.58 [95% CI: 0.48, 0.67]).

Figure 5:  Images show invasive ductal carcinoma of the right breast in a 48-year-old woman. (A) Axial dynamic contrast-enhanced (DCE) MR image 
in the 12th phase (arrowhead) and (B–I) axial mean apparent propagator (MAP) MRI maps, including (B) non-Gaussianity (NG), (C) axial non-Gauss-
ianity (NGAx), (D) radial non-Gaussianity (NGRad), (E) mean-squared displacement (MSD), (F) q-space-inverse variance (QIV), (G) return-to-origin prob-
ability (RTOP), (H) return-to-plane probability (RTPP), and (I) return-to-axis probability (RTAP), show an irregular mass. A region of interest (ROI) is manually 
delineated along the right breast mass profile on the NG map and then copied to other MAP MRI maps. (J) Axial apparent diffusion coefficient (ADC) map 
from diffusion-weighted imaging (DWI) shows the same irregular mass of the right breast. The mean NG, NGAx, NGRad, MSD, QIV, RTOP, RTPP, RTAP, and 
ADC values within the indicated right breast mass ROI are 0.23, 0.19, 0.13, 25.11 × 10−5 mm2, 94.92 × 10−10 mm5, 1.81 × 105 mm−3, 4.68 × 101 mm−1, 
3.05 × 103 mm−2, and 971.61 × 10−3 mm2/sec, respectively. (K) Hematoxylin-eosin–stained (H&E) section of invasive ductal breast carcinomas at ×200 
magnification. Section shows a high tumor-stroma ratio equal to approximately 70% (the stroma component represents a fibroblast-dominant tumor type and 
is estimated as 30%, which is defined as stroma poor). The units of line segments in A–J are millimeters, there is no unit for color bars in B–D, and the units of 
color bars in E–J were 10−5 mm2, 10−10 mm5, 105 mm−3, 101 mm−1, 103 mm−2, and 10−3 mm2/sec, respectively.
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Table 3: Diagnostic Performance of Diffusion MRI Quantitative Metrics, Pathologic Characteristics, and MRI Findings in 
Discriminating High-TSR and Low-TSR Breast Carcinomas

Variables Threshold AUC Sensitivity (%) Specificity (%) Accuracy (%)

MAP_NG 0.23 0.79
[0.72, 0.84]

71 (56/79)
[60, 81]

77 (78/102)
[67, 84]

74 (134/181)
[67, 80]

MAP_NGAx 0.19 0.79
[0.72, 0.85]

70 (55/79)
[58, 80]

77 (78/102)
[67, 84]

74 (134/181)
[67, 80]

MAP_NGRad 0.13 0.80
[0.73, 0.85]

72 (57/79)
[61, 82]

75 (77/102)
[66, 83]

74 (134/181)
[67, 80]

MAP_MSD (×10−5 mm2) 21.71 0.75
[0.68, 0.81]

95 (75/79)
[88, 99]

44 (45/102)
[34, 54]

66 (120/181)
[59, 73]

MAP_QIV (×10−10 mm5) 114.70 0.79
[0.72, 0.84]

62 (49/79)
[50, 73]

82 (84/102)
[74, 89]

73 (133/181)
[66, 80]

MAP_RTOP (×105 mm−3) 1.91 0.79
[0.72, 0.84]

76 (60/79)
[65, 84]

71 (72/102)
[61, 80]

73 (132/181)
[66, 79]

MAP_RTPP (×101 mm−1) 4.63 0.77
[0.70, 0.83]

66 (52/79)
[54, 76]

77 (79/102)
[68, 85]

72 (131/181)
[65, 79]

MAP_RTAP (×103 mm−2) 2.84 0.78
[0.71, 0.84]

60 (47/79)
[48, 70]

85 (87/102)
[77, 93]

74 (134/181)
[67, 80]

ADC (×10−3 mm2/sec) 949.36 0.61
[0.53, 0.68]

72 (57/79)
[61, 82]

48 (49/102)
[38, 58]

59 (106/181)
[51, 66]

Lymphovascular invasion … 0.57
[0.50, 0.64]

85 (67/79)
[75, 92]

29 (30/102)
[21, 39]

54 (97/181)
[46, 60]

Breast tumor number at 
MRI

… 0.55
[0.48, 0.63]

94 (74/79)
[86, 98]

17 (17/102)
[10, 25]

50 (91/181)
[43, 58]

Note.—Data in parentheses are numerators and denominators; data in brackets are 95% CIs. ADC = apparent diffusion coefficient, AUC 
= area under the receiver operating characteristic curve, MAP = mean apparent propagator, MSD = mean-squared displacement, NG = 
non-Gaussianity, NGAx = axial non-Gaussianity, NGRad = radial non-Gaussianity, QIV = q-space-inverse variance, RTAP = return-to-axis 
probability, RTOP = return-to-origin probability, RTPP = return-to-plane probability, TSR = tumor-stroma ratio.

Figure 6:  The receiver operating characteristic curves of the mean apparent propagator radial non-Gaussianity (MAP_NGRad), MAP_NGRad combined with lympho-
vascular invasion, and apparent diffusion coefficient (ADC) values for discrimination of high–tumor-stroma ratio tumors and low–tumor-stroma ratio tumors in (A) the entire 
data set and (B) the stratified data set of luminal A breast cancer. AUC = area under the receiver operating characteristic curve.
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Diffusion MRI could quantitatively measure the restricted 
and hindered diffusion of water molecules, which has been 
used for noninvasively characterizing the tissue microstructure 
and cytoarchitecture of breast tumors (17,18,29). Conven-
tional DWI, as a simple monoexponential model, has been 
widely used to discriminate between benign and malignant 
breast tumors by probing tumor cellularity with the derived 
ADC value (30,31). However, the conventional DWI model 
assumes a Gaussian diffusion distribution, which weakens the 
ability of DWI to depict intricate tissue microstructures (32). 
Thus, several non-Gaussian diffusion MRI models were devel-
oped and found to be sensitive to microstructural heterogene-
ity in tumor tissues in which the diffusion of water molecules 
does not follow a Gaussian distribution (32). Previously, some 
parameters derived from the non-Gaussian diffusion models 
have been used to assess the breast tumoral structure and prog-
nosis of patients with breast cancer (14,33,34). For example, 
Du et al (33) found that the metrics (ie, Dm, α, and β) from 
the non-Gaussian continuous-time random-walk model could 
be used to differentiate malignant and benign breast lesions 
with an AUC of 0.985 and a diagnostic accuracy of 94.23%. 
Honda et al (34) reported that higher kurtosis from a non-
Gaussian diffusion may serve as a biomarker to help predict 
the distant metastasis–free survival of patients with breast can-
cer. In addition, the stromal collagen content in breast tumors 
was found to be associated with the fast signal fraction from 
a biexponential diffusion model (14). MAP MRI is a recently 
introduced technique to estimate the diffusion probability 
density function, allowing for the calculation of zero-displace-
ment and non-Gaussianity metrics, which better characterize 
tissue microstructure compared with conventional diffusion 
MRI models (22,35). Whereas, the use of MAP MRI metrics 
has been reported only in a single study of breast cancer, dem-
onstrating that MAP MRI metrics may be used to preopera-
tively predict HER2 expression (36). Our study showed that 
all eight MAP MRI metrics differed between high-TSR and 
low-TSR tumors, suggesting the potential of the MAP MRI 
metrics in discriminating between these breast tumor types.

Previously, the ADC value from conventional DWI was 
reported to be associated with different TSR statuses in ER-
positive breast carcinoma (16). The authors suggested that 
high-TSR tumors had greater breast cancer cellularity than 
low-TSR tumors, resulting in decreased ADC values in high-
TSR tumors in ER-positive invasive ductal breast carcinoma 
(16). However, the diagnostic performance of ADC was not 
determined in that study (16). In our study, all four molecular 
types of breast cancer were included. Our study demonstrated 
no evidence of a difference in the ADC value between the 
high-TSR and low-TSR tumors in luminal A, luminal B, and 
HER2-positive breast cancers. This result is similar to that re-
ported by Yamaguchi et al (37). However, our study showed 
that low-TSR tumors had lower ADC values than those of 
high-TSR tumors in basal breast cancers. This finding is con-
trary to that reported in ER-positive invasive ductal breast 
carcinoma, where high-TSR tumors were found to have a 
lower ADC value (16). The discrepancy may indicate the high 
heterogeneity of the stromal components in certain molecular 
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types of breast cancer; thus, the ADC value derived from the 
Gaussian-based diffusion model may be limited in assessing the 
TSR among different breast cancer subtypes due to the high 
microstructural heterogeneity in certain invasive breast cancers 
(38,39). ADC value derived from conventional DWI may be 
inadequate to serve as a robust biomarker in predicting the TSR 
status in all breast cancer subtypes.

In our study, for the first time, we use MAP MRI metrics 
to assess TSR status in breast cancer. MAP non-Gaussianity, 
MAP axial non-Gaussianity, MAP radial non-Gaussianity, 
MAP return-to-origin probability, MAP return-to-plane prob-
ability, and MAP return-to-axis probability were lower, while 
the MAP mean-squared displacement and MAP q-space-in-
verse variance were higher in high-TSR tumors compared with 
low-TSR tumors. The higher MAP non-Gaussianity, MAP 
axial non-Gaussianity, and MAP radial non-Gaussianity val-
ues in low-TSR tumors may indicate a higher degree of struc-
tural complexity and heterogeneity in low-TSR tumors than 
in high-TSR tumors. The higher MAP return-to-origin prob-
ability, MAP return-to-plane probability, and MAP return-
to-axis probability in low-TSR tumors may indicate the more 
obvious restriction of water molecules resulting from greater 
microstructural complexity and more diffusion barriers in low-
TSR tumors than in high-TSR tumors. Notably, collagen fi-
bers and fibroblasts are major barriers to molecular diffusion 
in the stroma (40,41). In our study, most participants (170 of 
181, 94%) were diagnosed with collagen- and fibroblast-dom-
inant breast tumors. Thus, more collagen fibers and fibroblasts 
might lead to greater diffusion restriction in low-TSR tumors, 
contributing to lower MAP mean-squared displacement values 
(21). MAP q-space-inverse variance exhibits high sensitivity to 
slow diffusion compartments or instances of restricted diffu-
sion (42). The decreased MAP q-space-inverse variance in the 
low-TSR tumor may be associated with the more prominent 
slow diffusion component in low-TSR tumors (42).

Our study showed that among the MAP MRI metrics, MAP 
radial non-Gaussianity had the highest AUC of 0.80 in differen-
tiating the low-TSR and high-TSR tumors. The AUC of MAP 
radial non-Gaussianity was significantly higher than that of the 
ADC value (0.80 [95% CI: 0.73, 0.85] vs 0.61 [95% CI: 0.53, 
0.68]). This indicates that MAP MRI might serve as a better 
noninvasive imaging technique to predict TSR status in breast 
cancer. Previously, no difference was found in ER status, pro-
gesterone receptor status, HER2 expression, Ki-67 level, histo-
logic grade, and lymph node metastasis between low-TSR and 
high-TSR breast cancers (37). Similar findings were also found 
in our study. Moreover, our study showed that MAP radial non-
Gaussianity and lymphovascular invasion were both indepen-
dent variables in differentiating low-TSR and high-TSR breast 
cancers. The combination of MAP radial non-Gaussianity with 
lymphovascular invasion showed a higher AUC and accuracy 
compared with the ADC value (0.81 [95% CI: 0.74, 0.87] vs 
0.61 [95% CI: 0.53, 0.68]; 138 of 181 [76%] vs 106 of 181 
[59%], respectively) in discriminating low-TSR and high-TSR 
breast cancers. Further stratified analysis based on different 
molecular subtypes of breast carcinoma showed that the com-
bination of MAP radial non-Gaussianity and lymphovascular 

invasion also had a higher AUC and accuracy (0.79 [95% CI: 
0.71, 0.87] vs 0.58 [95% CI: 0.48, 0.67] and 79 of 111 [71%] 
vs 64 of 111 [58%], respectively) than ADC in luminal A breast 
carcinoma. However, the addition of lymphovascular invasion to 
MAP radial non-Gaussianity did not improve performance, as 
comparable AUC and accuracy were found between MAP radial 
non-Gaussianity alone and the combination of MAP radial non-
Gaussianity with lymphovascular invasion (0.80 [95% CI: 0.73, 
0.85] vs 0.81 [95% CI: 0.74, 0.87] and 134 of 181 [74%] vs 
138 of 181 [76%], respectively). These findings suggest that one 
of the MAP MRI metrics, namely MAP radial non-Gaussianity, 
could be better than the ADC value for determining TSR status. 
It is known that the ADC value reflects the cellularity of the 
tumor. However, DWI is a random model without diffuse infor-
mation of orientations and compartments; it cannot reflect cyto-
architecture details such as cell size and shape of tumor cells (19). 
Comparatively, MAP MRI is a diffusion-weighted MRI frame-
work for accurately characterizing and quantifying anisotropic 
diffusion properties at large, as well as small levels of diffusion 
sensitivity, which can more accurately quantify the diffusion in 
complex microstructures (eg, multiple orientations, restrictions, 
and compartments) (19,22). As the cell type, size, and shape 
differ between the parenchyma and stroma components within 
tumors (2), it is reasonable that the MAP MRI metric is superior 
to the ADC value in helping discriminate the different TSR sta-
tuses. MAP MRI metrics may be clinically relevant if integrated 
into the clinical workup of invasive breast cancer.

There were several limitations to our study. First, only par-
ticipants with a pathologic subtype of invasive ductal breast 
carcinoma were included. The tumor stroma components may 
vary from different pathologic subtypes. The therapeutic or 
prognostic implications of the TSR are mainly determined in 
invasive breast cancer. The value of MAP MRI in predicting 
TSR in other pathologic types, such as invasive lobular car-
cinoma, remains to be determined in future studies. Second, 
our stratified analysis showed that the combination of a single 
MAP MRI metric with a pathologic feature was better than 
the ADC value in differentiating the high-TSR and low-TSR 
breast cancers in luminal A invasive ductal breast carcinoma. 
Whether it can outperform the ADC value from conventional 
DWI in other molecular types of breast cancer remains to be 
determined in future studies with a larger cohort of patients. 
Third, 50% was selected as the cutoff value to classify high-
TSR and low-TSR tumors, which was based on previous stud-
ies (10–12). Fourth, the survival data of participants were not 
available in this prospective study, and further studies are war-
ranted to determine the value of MAP MRI in predicting out-
comes in patients with breast cancer.

In conclusion, our study demonstrated that MAP MRI 
could serve as an approach to noninvasively characterize the 
microstructures of breast tissue and the TSR in invasive ductal 
breast carcinoma. The combination of one MAP MRI metric 
(ie, radial non-Gaussianity) and a single pathologic feature (ie, 
lymphovascular invasion) had higher performance than the 
ADC value from conventional DWI in discriminating high- 
and low-TSR breast cancers, particularly in luminal A invasive 
ductal breast carcinoma.
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