Am J Cancer Res 2026;16(5):1791-1804
www.ajcr.us /ISSN:2156-6976/ajcr0170769

Original Article

Reliability of stromal markers multiplex
immunofluorescent staining: pathologist

assessment compared to quantitative image analysis

Lusine Yaghjyan?, Yujing J Heng?, Yaileen D Guzman-Arocho?, Graham Colditz®, Brian Sardella®, Ann Fu?,
Krishna Patel®, Bernard Rosner®, Maisey Ratcliffe!, Rulla M Tamimi®

1Department of Epidemiology, College of Public Health and Health Professions and College of Medicine, University
of Florida, Gainesville, FL, USA; 2Department of Pathology, Beth Israel Deaconess Medical Center and Harvard
Medical School Boston, MA, USA; Division of Public Health Sciences, Washington University School of Medicine
in St. Louis, St. Louis, MO, USA; “Department of Pathology, Inmunology and Laboratory Medicine, College of
Medicine, University of Florida, Gainesville, FL, USA; °Channing Division of Network Medicine, Department

of Medicine, Brigham and Women’s Hospital and Harvard Medical School, Boston, MA, USA; ®Department of
Population Health Sciences, Weill Cornell Medicine, New York, NY, USA

Received December 15, 2025; Accepted February 6, 2026; Epub May 15, 2026; Published May 30, 2026

Abstract: Stroma may play an important role in breast carcinogenesis. There is no data on the expression of stro-
mal markers aSMA, FAP, MMP14, TNC, and s100a6 in the breast tissue of cancer-free women. We compared the
multiplex immunofluorescence (IF) expression assessment for these markers in normal terminal duct-lobular units
(TDLUs) by an expert pathologist with the automated image analysis results and assessed the homogeneity of the
markers across multiple cores pertaining to each woman. We included 73 cancer-free women with biopsy-confirmed
benign breast disease in the Nurses’ Health Study (NHS) and NHSII cohorts. IF was conducted with commercial an-
tibodies (aSMA: 1:400 dilution; FAP: 1:50; MMP14: 1:150; TNC: 1:200; s100a6: 1:300). For each tissue microarray
core, the percent positivity was assessed by the pathologist and inForm v2.6.0. Using the pathologist scores as the
gold standard, correlations between pathologist and inForm scores were evaluated with Spearman correlation (for
categorical positivity: 0, >0 - <1, 1 - 10, >10 - 50, and >50%) and sensitivity/specificity (for binary positivity defined
with 1%, 10% and 25% cut-offs). Pathologist and inForm readings were available for 149 and 134 cores, respec-
tively; 105 cores had both. The correlation in the expression across available cores for a woman (median =3, range
1-6) was strong for FAP, MMP14, and s100a6 (Intra-class correlation [ICC]=0.69, 0.72, 0.63, respectively), moder-
ate for aSMA (ICC=0.35), and poor for TNC (ICC=0.21). Correlation between pathologist and inForm was strong for
s100a6, FAP, and MMP14 (correlation coefficient =0.77, 0.70, and 0.78, respectively) and moderate for acSMA
(0.37) and TNC (0.42). With 1% positivity cut-off, sensitivity was the lowest for TNC (0.30) and ranged between
0.84-0.93 for other markers. Specificity ranged between 0.43-0.98 across all markers with the lowest estimates for
aSMA. Sensitivity declined for all markers while using 10% and 25% cut-offs, while specificity increased. Our find-
ings show that computational assessments for aSMA, FAP, MMP14, TNC, and s100a6 exhibit variable correlations
with manual assessment. These findings support the use of computational platforms for IF evaluation of most, but
not all, stromal markers in large-scale epidemiologic studies and the importance of pilot studies for identification of
appropriate cut-offs for defining staining positivity.
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Introduction dence suggests that local breast tissue micro-

environment and, in particular, stroma, sustain
The human breast is a highly organized, com- normal tissue structure/function via a variety of
plex organ that consists of an epithelial paren- signaling mechanisms that control and regulate
chyma surrounded by stromal cells and extra- normal processes and suppress the expression
cellular matrix that regulate its proliferation, of preneoplastic phenotypes [2-6]. The role of
differentiation, and survival [1]. Emerging evi- stroma in breast tumor development, progres-
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sion, and treatment response, as well as poten-
tial utility for targeted therapies, has been
widely discussed in recent reviews [7-10]. The
resident (normal) fibroblasts are the most
abundant stromal cells [6, 11] with a variety of
functions, including synthesis/remodeling of
extracellular matrix, growth hormone produc-
tion, tissue repair, angiogenesis, and local
immune response via production of chemo-
kines/cytokines [12-17]. However, to date, the
evidence of stromal contributions, and par-
ticularly the role of normal (resident) fibro-
blasts, to early stages of carcinogenesis
remains unknown due to extremely limited
studies with breast tissue from cancer-free
women and a lack of evidence on their expres-
sion in normal breast tissue. Further, no previ-
ous studies have explored the agreement
between pathologist manual readings and
computer-derived expression of stromal mark-
ers, which may have potential implications for
large-scale epidemiological studies focusing
on stromal contributions to breast carcinogen-
esis. To address these knowledge gaps, in the
current study we aimed to: (1) describe the
expression of selected stromal markers in his-
tologically normal breast tissue of cancer-free
women; (2) assess the heterogeneity of stro-
mal markers’ expression across multiple cores
per woman; and (3) compare the immunofluo-
rescent expression assessment for selected
stromal markers by an expert pathologist with
the results from automated image analysis.
The following 5 stromal markers were select-
ed for this study based on their potential utility
for breast cancer risk prediction in women with
benign breast biospes: alpha-smooth muscle
actin (aSMA or ACTA2), fibroblast activation
protein (FAP), matrix metallo-peptidase (MMP-
14), tenascin-C (TNC), and Calcyclin (s100a6).
Understanding the agreement of assessments
from automated platforms with pathologist
assessments can help in selecting the appro-
priate analytic method for evaluation of immu-
noreactivity, particularly in analyses based
on archival formalin-fixed paraffin-embedded
(FFPE) tissues.

Materials and methods
Study population

Previously established nested case-control
study within the Nurses’ Health Study (NHS)
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and Nurses’ Health Study Il (NHSII) cohorts
included cancer-free women with biopsy-con-
firmed benign breast disease (BBD) who were
used for the current analysis [18, 19]. NHS and
NHSII prospective cohorts followed registered
nurses in the United States who were 30-55
years (NHS) or 25-42 years old (NHSII) at enroll-
ment, respectively. After the initial question-
naire, the data on breast cancer risk factors
and any diagnoses of cancer (subsequently
confirmed with medical records) or other dis-
eases (including BBD) were updated via bien-
nial questionnaires [20, 21]. This nested case-
control study and the assessment of BBD have
been described in detail previously [18, 19].

The NHS questionnaires from 1976, 1978, and
1980 asked women whether they had ever
been diagnosed with ‘fibrocystic disease’ or
‘other BBD’ and whether they had been hospi-
talized in relation to this diagnosis. Starting in
1982, the NHS questionnaires asked about a
history of biopsy-confirmed BBD (fibrocystic
disease or other BBD) specifically. The initial
NHS Il questionnaire from 1989 and all bien-
nial questionnaires also asked women to report
any BBD diagnosis and to indicate whether it
was confirmed by biopsy or aspiration.

As reported previously [22, 23], cases were
defined as women with biopsy-confirmed BBD
who later reported a breast cancer diagnosis
during 1976-1998 for the NHS and 1989-
1999 for the NHSII. Using incidence density
sampling, four women with biopsy-confirmed
BBD who were cancer-free at the time of
the matching case’s diagnosis (controls) were
matched to the respective case on year of
benign breast biopsy and year of birth [24]. Our
ability to obtain BBD pathology records and
archived biopsy blocks did not significantly dif-
fer by case and control status. Women with
and without BBD samples had similar distribu-
tions of breast cancer risk factors [25]. Our
study included a single TMA for 73 women with
222 corresponding tissue cores from normal
TDLUs.

The study protocol was approved by the in-
stitutional review boards of the Brigham and
Women’s Hospital and Harvard T.H. Chan
School of Public Health, and those of particip-
ating registries as required. Consent was
obtained or implied by return of question-
naires.
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Benign breast biopsy confirmation

The hematoxylin and eosin (H&E) breast tissue
slides were retrieved for women providing per-
mission to access their biopsy specimens and
were independently reviewed by one of three
pathologists who were blinded to the type of
BBD noted on the original diagnosis [26, 27].
Any slide with either questionable atypia or
atypia was jointly reviewed by two pathologists.
Benign breast biopsy was classified in accor-
dance with the categories of Page et al. [28] as
non-proliferative, proliferative without atypia,
or atypical hyperplasia (ductal or lobular hyper-
plasia) [18].

Tissue microarray (TMA) construction of BBD
samples

Our methods of TMA construction within NHS
and NHSII have been previously described [22,
23]. Briefly, H&E sections of the correspond-
ing FFPE tissue blocks were reviewed by a
single pathologist to annotate areas of histo-
logically normal terminal duct-lobular units
(TDLUs) from which the cores for subsequent
TMA construction would be taken [18]. TMAs
were constructed at the Dana Farber/Harvard
Cancer Center (DF/HCC) Tissue Microarray
Core Facility by obtaining 0.6-mm cores from
normal TDLUs. Up to 3 cores of normal TDLU
for each woman were included in the TMA
blocks. Previous evaluation of our TMA con-
struction methods has confirmed a high suc-
cess rate (76%) of capturing normal TDLUs in
these TMA blocks [29]. The current analysis
focused specifically on the expression of stro-
mal markers in normal TDLU cores, as normal
TDLUs were specifically targeted in the con-
struction of these TMAs within NHS/NHSII and
as normal TDLUs were more relevant for future
planned studies on contributions of stroma to
breast cancer risk focusing on the underlying
changes in the breast tissue happening early in
the process of breast carcinogenesis.

Multiplex immunofluorescence for stromal
markers

In this study, we assessed a single TMA con-
sisting of 222 normal TDLU cores from 73
women. The expression of the stromal markers
was evaluated by an automated multiplex
immunofluorescence (IF) technique. From a
single TMA block, 5-um paraffin section was
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cut and then stained with antibodies for acSMA,
FAP, MMP14, TNC, and s100a6; an additional
marker (cytokeratin, pan Antibody [AE-1/AE-3])
was used to detect epithelial cells for seg-
mentation. The staining was performed at the
University of Florida Pathology Core Lab on
Leica Bond Autostainer according to the previ-
ously standardized protocol with commercial
antibodies (aSMA: Abcam, Cambridge, MA,
Cat# ab5694, RRID: AB_2223021, 1:400 dilu-
tion; FAP: Abcam, Cambridge, MA, Cat#
ab207178, RRID: AB_2864720, 1:50 dilution;
MMP14, Abcam, Cambridge, MA, Cat# ab-
51074, RRID: AB_881234, 1:150 dilution;
TNC, Abcam, Cambridge, MA, Cat# ab108930;
RRID: AB_10865908, 1:200 dilution; s100a6,
Abcam, Cambridge, MA, Cat# ab181975, RRID:
AB_3697229, 1:300 dilution; panCK AE1/AE3,
Novus Bio, Centennial, CO, Cat# NBP2-29429,
RRID: AB_3068002, 1:500 dilution).

Briefly, slides were baked in a 60°C oven for
three hours, then deparaffinized and rehyd-
rated using BOND Dewax Solution and Bond
Wash Buffer. For heat-induced antigen retriev-
al, sections were heated at 98°C using Bond
ER Solution 1 for 20 minutes. Next, slides were
quenched in endogenous peroxidase activity
using Peroxide Block (Leica Biosystems, Deer
Park, IL). Then slides were rinsed in Bond
Wash Buffer and incubated with Opal antibody
Diluent/Block (Akoya Biosciences Marlborou-
gh, MA) for 10 minutes. Primary antibodies
were detected, followed by TSA opal fluoro-
phores (Opal 480, Opal 520, Opal 570, Opal
620, Opal 690, and Opal 780 1:100) for 10
minutes. The slides were counterstained with
spectral DAPI (Akoya Bioscience) and were
mounted with ProLong Diamond Antifade
Mountant (ThermoFisher Scientific, Eugene,
OR). The laboratory implemented standard
quality control procedures.

Image analysis

The TMA was digitized at 20x using the
Phenolmager HT (Akoya Biosciences, Marlbo-
rough, MA) using optimized scanning parame-
ters. Immunoreactivity was manually assessed
by a board-certified pathologist (YDG) using
Phenochart image viewer (Akoya Biosciences).
For manual read, the staining extent in stromal
regions was quantified as percent of the cells
stained positive for each marker out of the stro-
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mal area in each core (0-<1, 1-<10, 10 - <25,
25 - <50, and >50), consistent with our prior
assessment of other tissue markers [30-32].

IF was quantified using an automated image
analysis software, inForm v2.6.0 (Akoya Bio-
sciences) [33]. The inForm operators (BRS
and YJH) selected seven representative tissue
cores to train tissue segmentation, ensuring
inclusion of cores spanning a range of stain-
ing for each of the five stromal markers
(Supplementary Data). Auto fluorescence cor-
rection for this study utilized a negative control
breast cancer tissue section from another Opal
multiplex IF study [34] that was re-scanned
using this current study’s scanning protocol.
PanCK and aSMA expression, and the default
classifier model in inForm (trainable tissue seg-
mentation with a large-scale pattern of seg-
mentation), was used to train the tissue seg-
mentation to segment each core into epithelial
and stromal regions (Supplementary Figure 1).
The minimum positive IF threshold was set by
referencing the pathologist’s manual reads of
those seven cores: panCK >0.1, FAP >0.25,
TNC >0.25, MMP14 >0.3, aSMA >0.17, and
s100a6 >1. These positivity thresholds were
optimized through iterative comparison with
the pathologist’'s manual read, ensuring that
the minimum threshold used reliably captured
marker positivity.

The automated IF quantification (cell-level data
across all the detected cores on the TMA) was
exported as a.csv file, and further data pro-
cessing was conducted in R. PanCK+ cells
were first excluded as these would be epithe-
lial and myoepithelial cells. Next, aSMA+ cells
that were computationally segmented as “epi-
thelial” were excluded as they were likely to be
endothelial cells. The remaining cells were con-
sidered stromal cells, and their total count per
core was used as the denominator for the next
calculation. For each core, the extent of each
stromal marker’s expression was assessed as
a continuous % of cells with positive staining
(across all intensities) for each marker out of
the total number of stromal cells.

Statistical analysis

For analysis, the continuous data from inForm
assessment was categorized as O - <1, 1 -
<10, 10 - <25, 25 - <50, and =50, consistent
with pathologist assessment. Next, as there is
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no standardized criteria for defining binary
staining positivity for the selected markers,
especially in non-malignant breast tissue, and
as previous studies utilizing breast tumor tis-
sue used varying criteria [35-40], we used 1%,
10%, and 25%. Distributions of stromal cell
markers were presented as numbers and per-
centages, by staining assessment approach.

Heterogeneity of the stromal cell markers’
expression across available cores for a woman
was assessed with the intra-class correlation
coefficient and 95% Confidence Interval (95%
Cl), using both continuous as well as categori-
cal expression.

Spearman’s rank-ordered correlation coeffi-
cients were used to examine the correlation
between the pathologist (manual) and inForm
marker expression readings. For binary positiv-
ity variables with various cut-offs (1%, 10%,
and 25%), we calculated sensitivity and speci-
ficity, while using pathologist assessment as a
gold standard. These correlations, as well as
sensitivity and specificity, were also examined
while accounting for correlation across avail-
able cores for a woman in additional analyses
[41].

All analyses were restricted to cores with >50
cells from inForm readings, as done previously
[22, 42]. The analyses were performed using
SAS software (version 9.4, SAS Institute, Cary,
NC, USA).

Results

Representative images of IF-stained cores for
each of the markers by pathologist-assigned
category are shown in Figure 1. Among 222
normal TDLU cores in our study, 178 cores had
readings from either pathologist or inForm.
Pathologist readings were available for 149
cores (67%), and inForm readings were avail-
able for 138 cores (62%) for all markers, corre-
sponding to 68 women. Of inForm readings, 4
cores were further excluded from analyses due
to low cellularity (cell count <50).

Expression of stromal cell markers in normal
TDLUs and heterogeneity across the cores

Distribution of continuous marker expression

from automated assessment is presented in
Table 1. Distribution of categorical expression
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Manual reading score

Stromal 1 to <10% 10 to <25% 25 -<50% >50%

marker

FAP

TNC

NA

MMP14

aSMA

N .\

5s100a6

Figure 1. Representative images of stromal markers with >1% positivity by pathologist-assigned category. Note:
All the images were taken at 10x. To facilitate visualization of tissue architecture, multiplex immunofluorescence
images were converted in InForm software to a digital IHC-like representation, whereby individual IF channels are

rendered as brown chromogen overlaid on the tissue.

results from pathologist and inForm assess-
ment is presented in Table 2. The average num-
ber of cores for each woman was 3 (median 3,
range 1-6). We found strong correlation in the
expression across available cores for a woman
for FAP, MMP14, and s100a6, both for continu-
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ous expression measures (ICC=0.69, 95% CI
0.54, 0.80; ICC=0.72, 95% Cl 0.59, 0.82, and
ICC=0.63, 95% CI 0.46, 0.75, respectively) and
categorical (ICC=0.67, 95% ClI 0.52, 0.78;
ICC=0.68, 95% Cl 0.53, 0.79, and ICC=0.66,
95% Cl 0.51, 0.78, respectively) (Table 3).
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0.43-0.98 across all markers, with
the lowest estimates for aSMA.

Table 1. Distribution of continuous marker staining (% positiv-
ity) in normal TDLU cores assessed with inForm using a single

tissue microarray from Nurses’ Health Study and Nurses’ The results for sensitivity and
Health Study Il specificity remained similar in
Tissue marker/tissue type N Mean (SD) Median Range additional analysis that accounted
oASMA 134  8.44 (7.46) 712  0-55.26 for correlation across available
510086 134 14.25(14.95) 7.62 0-60.59 $OLTS flor a woman (Supplementary
NG 134 045(1.58) 0.00 013.19 Table 1).

FAP 134 14.60(25.33) 3.98 0-100.00 Discussion

MMP14 134 10.90(13.38) 5.49 0-61.81

Abbreviations: aSMA, alpha-smooth muscle actin; FAP, fibroblast activation
protein; MMP14, matrix metallo-peptidase; s100a6, calcyclin; SD, standard
deviation; TNC, tenascin-C; TDLU, terminal duct lobular unit.

Moderate correlation was observed for aSMA
(ICC=0.35 for continuous and ICC=0.38 for cat-
egorical expression) and poor correlation was
observed for TNC (ICC=0.21 for continuous and
0.00 for categorical expression).

Agreement between pathologist and inForm
readings

Of 178 cores with either pathologist or Inform
readings, the pathologist and inForm readings
were available for 105 cores for all markers.
Distribution of continuous inForm readings by
the category of manual assessment is present-
ed in Figure 2.

Overall percent agreement between manual
and inForm scoring was 56% for aSMA, 38%
for FAP, 46% for MMP14, 83% for TNC, and
49% for s100a6. We found a strong correla-
tion between pathologist and inForm readings
for s100a6 (correlation coefficient r=0.77,
95% Cl 0.67; 0.83), FAP (r=0.77, 95% CI 0.59;
0.79), and MMP14 (r=0.78, 95% CI 0.69;
0.85). We found moderate correlations for
aSMA (r=0.37, 95% CI 0.20; 0.53) and for TNC
(r=0.42, 95% CI 0.26; 0.57) (Table 4). These
correlations were attenuated after adjust-
ment for correlation across the cores for a
woman while using 5 expression categories
(Supplemental Table 1).

With 1% positivity cut-off for all markers, sensi-
tivity ranged between 0.84-0.93 for aSMA,
s100a6, FAP and MMP14 and was much
lower (0.30) for TNC. Sensitivity declined for all
markers while using 10% cut-offs (Table 4),
which was furthermore apparent with the use
of 25% cut-offs. Specificity ranged between
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In this study comparing manual
pathologist and computer-auto-
mated assessments of five stro-
mal markers’ expression in cancer-
free women with benign breast biopsies, we
observed moderate to strong correlations
between marker expressions across available
cores for a woman for aSMA, FAP, MMP14,
and s100a6 and poor correlation for TNC
as well as moderate to strong correlation
between pathologist and inForm readings for
all markers.

The role of stroma in breast tumor develop-
ment, progression, and treatment response as
well as potential utility for targeted therapies
has been widely discussed in recent reviews
[7-10]. The resident fibroblasts, the most abun-
dant cells [6, 11], have many functions relevant
to carcinogenesis [12-17] and play a key role in
communicating with surrounding cells during
homeostasis and tissue repair [11], modifying
breast stem cell activity [43, 44], and extracel-
lular matrix remodeling and cancer growth [45].
However, to date, the evidence of stromal con-
tributions to early stages of carcinogenesis and
the expression of stromal markers in normal
TDLUs of cancer-free women remains limited.
Additionally, there are no established cut-offs
for assessment of staining positivity in non-
cancerous breast tissue, with various studies in
tumors using different cut points [35-40]. In
addition, manual assessment of immunoreac-
tivity is semi-quantitative, subjective, labor-
intense, and prone to potential bias as the
pathologist cannot be blinded with respect to
the histology of the evaluated tissue sample.
Previous studies with other breast tissue mark-
ers in tumor tissue have demonstrated that
inter-observer agreement can be influenced by
the type of tissue (whole tissue vs. TMA), opti-
cal vs. digital microscopy, location of the stain-
ing within the cell, and the number and distribu-
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Table 2. Distribution of stromal maker expression assess-
ments from Pathologist and inForm readings in normal TDLU

cores (N of cores, [%])

Tissue marker

Pathologist (n=149)

inForm (n=134)

aSMA
Categorical
0-<1 13 (8.72) 13 (9.70)
1-<10 94 (63.09) 84 (62.69)
10-<25 29 (19.46) 34 (25.37)
25-<50 12 (8.05) 2 (1.49)
>50 1(0.67) 1(0.75)
Binary, with 1% cut-off
<1 13 (8.72) 13 (9.70)
>1 136 (91.28) 121 (90.30)
Binary, with 10% cut-off
<10 107 (71.81) 97 (72.39
>10 42 (28.19) 37 (27.61)
Binary, with 25% cut-off
<25 136 (91.28) 131 (97.76)
>25 13 (8.72) 3(2.24)
s100a6
Categorical
0-<1 24 (16.11) 24 (17.91)
1-<10 32(21.48) 49 (36.57)
10-<25 28 (18.79) 27 (20.15)
25-<50 43 (28.86) 31(23.13)
>50 22 (14.77) 3(2.24)
Binary, with 1% cut-off
<1 24 (16.11) 24 (17.91)
>1 125 (83.99) 110 (82.09)
Binary, with 10% cut-off
<10 56 (37.58) 73 (54.48)
>10 93 (62.42) 61 (45.52)
Binary, with 25% cut-off
<25 84 (56.38) 100 (74.63)
>25 65 (43.62) 34 (25.37)
TNC
Categorical
0-<1 121 (81.21) 123 (91.79)
1-<10 20(13.42) 10 (7.46)
10-<25 4 (2.68) 1(0.75)
25 - <50 0(0) 0(0)
>50 4 (2.68) 0 (0)
Binary, with 1% cut-off
<1 121 (81.21) 123 (91.79)
>1 28 (18.79) 11 (8.21)
Binary, with 10% cut-off
<10 141 (94.63) 133 (99.25)
>10 8 (5.37) 1(0.75)
1797

tion of the cells. In histologically
normal tissues, the typically lower
levels of the marker expression can
further complicate manual assess-
ment and exacerbate observer vari-
ability [46-51]. Automated image
analysis of TMAs offers a unique
opportunity for studying various tis-
sue markers, including stromal
markers, in large-scale epidemio-
logical studies by providing objec-
tive, reliable, and faster assess-
ment of immunofluorescence re-
sults while minimizing pathologist
involvement. In this study, we aim-
ed not only to examine the expres-
sion of five stromal markers across
all available cores for a woman
but also to assess the agreement
between their expression assessed
by a pathologist and by computer-
assisted approaches.

Our findings suggest a strong cor-
relation in the expression across
available cores for a woman for
FAP, MMP14, and s100a6, a mod-
erate correlation for aSMA, and a
poor correlation for TNC. Notably,
of these five markers, FAP, MMP14,
s100a6, and aSMA are localized
in cytoplasm, cellular matrix, or
nucleus, while TNC is secreted into
the extracellular matrix [52] and
appears to have the lowest ex-
pression levels in normal TDLUs.
These biological characteristics
may pose technical challenges for
both manual and automated as-
sessment of staining positivity,
particularly in low-signal contexts,
thereby potentially contributing to
the reduced concordance observ-
ed between the two approaches.
Our data demonstrate that despite
variability in most of these mark-
ers, the correlation across the
cores is reasonably high. Though no
previous studies examined these
correlations, some earlier studies
of other markers found strong cor-
relations across available cores
(2-3 for a woman) for various other
markers [22, 53].
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Tissue marker

Pathologist (n=149)

inForm (n=134)

Binary, with 25% cut-off
<25
>25

FAP

Categorical
0-<1
1-<10
10-<25
25-<50
>50

Binary, with 1% cut-off
<1
>1

Binary, with 10% cut-off
<10
>10

Binary, with 25% cut-off
<25
>25

MMP14

Categorical
0-<1
1-<10
10-<25
25-<50
>50

Binary, with 1% cut-off
<1
>1

Binary, with 10% cut-off
<10
>10

Binary, with 25% cut-off
<25
>25

145 (97.32)
4 (2.68)

25 (16.78)
28 (18.79)
43 (28.86)
26 (17.45)
27 (18.12)

25 (16.78)
124 (83.22)

53 (35.57)
96 (64.43)

96 (64.43)
53 (35.57)

29 (19.46)
46 (30.87)
26 (17.45)
25 (16.78)
23 (15.44)
29 (19.46)
120 (80.54)

75 (50.34)
74 (49.66)

101 (67.79)
48 (32.21)

134 (100.00)
0(0)

32(23.88)
57 (42.54)
24 (17.91)
9(6.72)
12 (8.96)

32 (23.88)
102 (76.12)

89 (66.42)
45 (33.58)

113 (84.33)
21 (15.67)

29.10
31.34

39 (
42 (
35 (26.12
(
(

- = = =

5
15 (11.19
3(2.24)
39 (29.10)
95 (70.90)

81 (60.45)
53 (39.55)

116 (86.57)
18 (13.43)

Abbreviations: aSMA, alpha-smooth muscle actin; FAP, fibroblast activation

protein; MMP14, matrix metallo-peptidase; s100a6, calcyclin; TNC, tenascin-

C; TDLU, terminal duct lobular unit.

Table 3. Intra-class correlation (ICC) in marker expression
across available cores for a woman as assessed by inForm

Tissue marker ICC (95% Cl) (continuous) ICC (95% Cl) (categorical)

aSMA 0.35(0.13, 0.54)
s100a6 0.63 (0.46, 0.75)
TNC 0.21 (0.00, 0.43)
FAP 0.69 (0.54, 0.80)
MMP14 0.72 (0.59, 0.82)

0.38 (0.16, 0.56)
0.66 (0.51, 0.78)
0.00 (0.00, 0.22)
0.67 (0.52, 0.78)
0.68 (0.53, 0.79)

Abbreviations: aSMA, alpha-smooth muscle actin; FAP, fibroblast activation
protein; MMP14, matrix metallo-peptidase; s100a6, calcyclin; SD, standard
deviation; TNC, tenascin-C; TDLU, terminal duct lobular unit.
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We found a moderate to strong cor-
relation between the pathologist
and inForm assessment. Previous
studies have generally shown good
agreement between pathologist-
and computationally generated sc-
ores for a few tumor markers [54-
59]. In a recent study of 17 tissue
markers in breast tumor tissue
from 5,914 NHS and NHSII partici-
pants, the correlations between
pathologist and computerized as-
sessment using another software,
Definiens, ranged from weak to
strong and were >0.55 for 10 of
the 17 examined markers [59]. In
our recent reliability study for stem
cell markers CD44, CD24, and
ALDH1A1, we found moderate to
strong correlations [22]. Similar
strong correlations were observed
by other studies that utilized AQUA
algorithms and automated algo-
rithms designed with MatLab for
tissue marker evaluation [54, 55,
60, 61] as well as studies that us-
ed the Definiens approach in other
tumors [62, 63]. However, whether
this agreement extends to bio-
markers in normal breast TDLUs is
unknown. Our findings in histologi-
cally normal breast tissue are in
line with the previous reports on
other markers, though, to our
knowledge, stromal markers have
not been examined in this capacity
in any prior studies.

Our study is the first to date to
describe the distribution of aSMA,
TNC s100a6, FAP, and MMP14 in
normal TDLUs from cancer-free
women (including their heterogene-
ity across the cores for a woman),
and to examine the agreement
between manual (pathologist) and
automated image analysis with
inForm. We utilized data and sam-
ples from NHS/NHSII cohorts with
more than 30 years of follow-up,
confirmed benign breast disease,
and extensive information on the
risk factors for breast cancer. A
population-based cohort data al-
lowed us to leverage real-world data
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collected from various pathology departments,
with different tissue processing protocols,
making our results more generalizable to a
wider group of researchers. In our study, a sin-
gle expert pathologist performed all manual
readings. We previously reported that quantifi-
cation of immunoreactivity is highly compara-
ble across various software applications (De-
finiens, inForm, and QuPath) [33]. The weaker
correlation for xSSMA is likely due to challenges
in assessing aSMA+ stromal cells amongst
strongly stained endothelial cells; automated
quantification of aSMA+ cells is known to be
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challenging [64]. The difference in autofluores-
cence correction may have contributed to the
discrepancy in TNC evaluation - Phenochart
used by the pathologist to review the slides
removes autofluorescence using a built-in pan-
tissue filter, while in our inForm workflow, we
used a breast tissue negative control to sub-
tract background autofluorescence. Finally,
storage time can potentially affect the marker
expression levels [65]; however, as we com-
pared pathologist vs. inForm results on a core-
by-core basis, the year of sample collection
would not affect our findings. Similarly, as test-
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Table 4. Correlation of stromal marker expression from Pathologist and inForm assessments in 105
normal TDLU cores (Spearman rank correlation coefficient [95% Cl and p-value] for categorical clas-
sification; sensitivity [95% Cl] and specificity [95% CI] for binary variables)

Classification approach

aSMA

s100a6

TNC

FAP

MMP14

Categorical (5 levels)

Rho (95% Cl) 0.37 (0.20; 0.53) 0.77 (0.67; 0.83) 0.43 (0.26; 0.57)

p-value <0.0001 <0.0001 <0.0001
Binary, 1% cut-off

Sensitivity 0.93(0.88; 0.98) 0.92(0.87; 0.98) 0.30 (0.10; 0.50)

Specificity 0.43 (0.06; 0.80) 0.77 (0.54; 1.00) 0.98 (0.94; 1.00)
Binary, 10% cut-off

Sensitivity 0.39(0.22; 0.56) 0.72(0.61; 0.82) 0.25(0.00; 0.67)

Specificity 0.84 (0.75; 0.92) 0.95(0.88; 1.00) 1.00 (1.00; 1.00)
Binary, 25% cut-off

Sensitivity 0.14 (0.00; 0.40) 0.61(0.47; 0.75) NA

Specificity 0.99 (0.97; 1.00) 0.95 (0.89; 1.00) NA

0.70 (0.59; 0.79)
<0.0001

0.84 (0.76; 0.92)
0.58 (0.36; 0.80)

0.51 (0.40; 0.63)
0.97 (0.92; 1.00)

0.40 (0.25; 0.55)
0.98 (0.95; 1.00)

0.78 (0.69; 0.85)
<0.0001

0.84 (0.76; 0.92)
0.83 (0.66; 1.00)

0.74 (0.62; 0.85)
0.90 (0.82; 0.98)

0.44 (0.27; 0.61)
1.00 (1.00; 1.00)

Abbreviations: aSMA, alpha-smooth muscle actin; Cl, confidence interval; FAP, fibroblast activation protein; MMP14, matrix metallo-peptidase;
NA, not available (no observations with TNC inForm score >25%); s100a6, calcyclin; TNC, tenascin-C; TDLU, terminal duct lobular units.

ing heterogeneity across the cores is based on
the cores that were obtained from the same
biopsy sample (i.e., biopsy year), these findings
also would not be affected by the biopsy year.

In conclusion, we described the expression of
aSMA, s100a6, TNC, FAP, and MMP14 in nor-
mal TDLUs of cancer-free women and com-
pared immunoreactivity assessment by pathol-
ogist and computational approach. Our data
indicate that, despite sufficient variability in
the expression of selected stromal markers,
the correlation across the cores for a woman is
reasonably high for most of the markers. Our
findings show that inForm semi-automated
digital image analysis can provide results
that are comparable to those obtained by an
expert pathologist for these stromal markers,
and that cut points for computationally deriv-
ed data may require marker-specific optimiza-
tion. Importantly, any large-scale investigations
would benefit from pilot studies beforehand to
improve agreement with pathologist’s evalua-
tions prior to wider study implementation.
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Reliability study of stromal markers

Supplementary Figure 1. inForm analysis pipeline demonstrating segmentation of epithelial vs. stromal regions.
A. A representative breast tissue core stained for FAP (Opal 480, cyan), tenascin (Opal 520, green), panCK (Opal
570, yellow), MMP14 (Opal 620, orange), a-SMA (Opal 690, red) and S1006A (Opal 780, white). Autofluorescence
has been removed. B. The operator trains the tissue segmentation algorithm. Tissue is segmented into epithelium/
endothelium (red overlay), fibrous stroma (green), and background (yellow). C. Automated cell detection is carried
out by applying color thresholding for the nuclear stain (DAPI). Detected nuclei are indicated in neon green. D.
Integrating positive cell detection and tissue segmentation allows for specific analysis of cells and staining in the

fibrous stroma.

Supplementary Table 1. Correlation of stromal marker expression in 105 normal TDLU cores from

Pathologist and inForm assessments, accounting for correlation across available cores for a woman
(Spearman rank correlation coefficient [95% Cl and p-value] for categorical; sensitivity [95% CI] and
specificity [95% Cl] for binary variables)

Modeling approach aSMA s100a6 TNC FAP MMP14
Categorical (5 levels)
Rho (95% Cl) 0.14 (-0.18,0.43) 0.53(0.12,0.79) 0.28(0.02,0.50) 0.51(0.26,0.69) 0.54(0.19, 0.77)
p-value 0.43 0.053 0.071 0.004 0.029
Binary, 1% as cut-off
Sensitivity 0.93(0.83,0.97) 0.92(0.81,0.97) 0.32(0.16,0.53) 0.83(0.71,0.91) 0.85(0.71,0.93)
Specificity 0.43(0.14,0.77) 0.77 (0.44,0.93) 0.98(0.91,0.99) 0.58(0.35,0.78) 0.83(0.50, 0.96)
Binary, as 10% cut-off
Sensitivity 0.39(0.22,0.59) 0.72(0.56,0.84) 0.25(0.05,0.68) 0.52(0.37,0.67) 0.75(0.62, 0.85)
Specificity 0.83(0.72,0.91) 0.94 (0.80, 0.99) N/A 0.97 (0.82,1.00) 0.92(0.80, 0.97)
Binary, as 25% cut-off
Sensitivity 0.14 (0.02,0.58) 0.61(0.43,0.76) N/A 0.40(0.22,0.61) 0.45(0.33,0.59)
Specificity 0.99 (0.93,1.00) 0.95 (0.85, 0.98) N/A 0.98 (0.90, 1.00) N/A

Abbreviations: aSMA, alpha-smooth muscle actin; Cl, confidence interval; FAP, fibroblast activation protein; MMP14, matrix metallo-peptidase;
NA, not available (no observations with TNC inForm score >25%); s100a6, calcyclin; TNC, tenascin-C; TDLU, terminal duct lobular units.



