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Use of High-Resolution Full-Field Optical Coherence 
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Diagnosis During Breast Cancer Surgery
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BACKGROUND: Although traditional intraoperative assessments (ie, frozen sections) may lower reoperation rates in patients with breast 

cancer, time/tissue limitations and accuracy concerns have discouraged their routine clinical use. Full-field optical coherence tomog-

raphy (FFOCT) and dynamic cell imaging (DCI) are novel optical imaging techniques offering rapid histologic approximations that are 

unfettered by requisite handling steps. This study was conducted to determine the feasibility and diagnostic utility of FFOCT and DCI 

in examining breast and lymph node specimens during breast cancer surgery. METHODS: FFOCT and DCI were applied to normal and 

cancerous breast tissue, benign breast lesions, and resected axillary lymph nodes. The tissues were then subjected to conventional 

processing and staining (hematoxylin-eosin) for purposes of comparison. RESULTS: A total of 314 specimens, including 173 breast 

 biopsies (malignant, 132; benign/normal, 41) and 141 resected lymph nodes (tumor-positive, 48; tumor-negative, 93), were obtained from 

158 patients during breast surgery for prospective imaging evaluations. In breast cancer diagnosis, the minimum sensitivities (FFOCT, 

85.6%; DCI, 88.6%) and specificities of optical imaging (FFOCT, 85.4%; DCI, 95.1%) were high, although they diverged somewhat in nodal 

 assessments (FFOCT sensitivity, 66.7%; FFOCT specificity, 79.6%; DCI sensitivity, 83.3%; DCI specificity, 98.9%). CONCLUSIONS: These 

timely and tissue-sparing optical imaging techniques proved highly accurate in diagnosing breast cancer and nodal metastasis. They 

compare favorably with routine histologic sections and demonstrate their promise in this setting. Cancer 2020;126:3847-3856. © 2020 

American Cancer Society. 

KEYWORDS: breast neoplasms, dynamic cell imaging, intraoperative assessment, optical coherence tomography, sentinel lymph node 

biopsy.

INTRODUCTION
Traditional intraoperative diagnosis with a frozen section is not routinely implemented in clinical practice because of the 
time/tissue required and accuracy concerns.1,2 However, such confirmation has remained attractive to clinicians hoping 
to lower reoperation rates.3-5

Optical coherence tomography (OCT) is a nondestructive imaging technology using light interference to depict 
the internal microstructural details of tissues.6-8 Because the optical properties of cellular nuclei are altered by size and 
textural changes, tumorous and normal tissues may be distinguished on this basis.9,10 From an oncologic perspective, 
simple optical scanning enables rapid histologic approximations without conventional tissue processing, sectioning, and 
staining. Full-field optical coherence tomography (FFOCT) is a variant of OCT that offers enhanced resolution,11,12 and 
dynamic cell imaging (DCI), a novel OCT metric complementary to FFOCT, allows the capture of interferogram videos 
in which cellular contours are defined and metabolic indices are quantifiable.13 The dynamics of cellular metabolism are 
then chronicled for an entirely new approach to tissue assessment.13

A number of investigative teams have recently experimented with OCT or FFOCT in various diagnostic capacities 
aimed at brain tumors, pancreatic cancer, lung cancer, and breast lumpectomy margins, and they have reported satisfac-
tory preliminary results.14-16 DCI has also shown merit in gauging the cell viability of fresh tissues, such as animal retinal 
explants.17 However, the prospect of tumor diagnosis via DCI has yet to be explored.

Herein, we address the feasibility and diagnostic utility of FFOCT and DCI in assessing breast lesions and lymph 
node specimens during breast cancer surgery.
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MATERIALS AND METHODS

Light-CT System
The optical scanner (Light-CT; LLTech, Paris, France) 
used for FFOCT and DCI11 houses a Linnik interferom-
eter with incoherent illumination. Its object arm holds 
the sample to be imaged, and in the other arm, a refer-
ence mirror is mounted. The en face acquisition of im-
ages by FFOCT and DCI relies on a scanning unit of 
1.24  mm  ×  1.24  mm. In areas selected, one unit after 
another is scanned for eventual compilation, and this pro-
vides a larger field of view. FFOCT requires ~2 seconds 
per unit, as opposed to ~11 seconds for DCI. The  native 
thickness and device resolution is 1  μm. Such systems 
are capable of optical slicing beneath tissue surfaces at  
selected depths.

Sample Acquisition and Imaging Process
The local ethics committee of Peking University People’s 
Hospital approved the study protocol, which was registered 
at ClinicalTrials.gov (NCT03791853). Only patients with 
surgically treated breast disease qualified for the study, and 
all granted informed consent before surgical intervention. 
Benign and malignant breast tissues were obtained from 
resected specimens, and 1 or 2 blocks were obtained for 
each sample. The tissue blocks were then simply trimmed 
to achieve flat surfaces with the thickness limited to 5 
mm and the size limited to 25 mm × 25 mm (typically a 
10 mm × 10 mm area). Lymph nodes collected during sen-
tinel lymph node biopsy or axillary clearance were bisected 
on the long axis to present a smooth, fresh tissue surface. 
All test samples were immersed in a saline solution imme-
diately or within minutes after excision for optical scanning 
(FFOCT and DCI) before histopathologic processing.

Technically, optical scanning may involve a series 
of 200 layers at a slice thickness of 1  μm. However, 
to approximate histologic counterparts and expedite 
procedures, we chose to scan single layers at depths 
of 10  μm. In the course of the optical analysis (via 
Light-CT), no tissue destruction or contrast agents 
were involved. Each specimen was marked with ink (12 
o’clock) at completion and was pinned to a foam board 
for the matching of optical images with histologic 
preparations. The tissues were then subjected to routine 
processing and paraffin embedding. A schematic of the 
steps taken is shown in Figure 1.

Tissue Processing and Optical/Histologic 
Image Matching
Paraffin-embedded tissue samples were subsequently 
sectioned for hematoxylin-eosin (H & E)–stained slide 

preparations to match in large part with optical images.  
The workflow designed for this purpose entailed strict 
specimen orientation and sectioning. Inked edges of 
scanned specimens served for orientation, with each 
sample pinned/blocked en bloc onto a small foam board 
before formalin fixation. A pathology technician then  
positioned processed specimens in embedding molds and 
placed scanned surfaces faceup (as in sample holders). 
The technicians were trained to trim judiciously when 
they were preparing slides to minimize tissue exhaustion. 
In the hands of highly experienced technicians, trimming 
was limited to ~10  µm, the scanning depth typically 
adopted for optical image acquisition. Ultimately, both 
optical and histologic images were manually aligned by 
experienced physicians for comparison.

Imaging Evaluations
Proprietary software (LLTech) was used to view all 
FFOCT and DCI studies. Two experienced patholo-
gists (Y.Y.Z. and Y.T.M.) were tasked with establish-
ing imaging correlates of histologic findings in breast 
tissue and lymph nodes. In the review of FFOCT and 
DCI scans, the architectural hallmarks of abnormal 
and normal tissue components (breast and nodal) were 
identified. Related physiologic and pathologic changes, 
forming the basis for breast and nodal diagnostic crite-
ria, were amassed largely through observation and feed-
back. Malignant or suspicious breast samples showed 
clustering or focal hypo-intensity (with or without  
irregular margins) by FFOCT, with distortion or  
abnormal scattering of collagen fibers. Clustered or lin-
early arranged active cells visible by DCI proliferated 
atypically. In lymph nodes, FFOCT features included a 
loss of normal structure (especially at the cortex), cap-
sular disruption, hilar abnormalities or absence, and 
abnormal scattering of collagen fibers. The clustering 
of active atypical cells by DCI was suspicious or indica-
tive of metastasis. A scoring system, based on the afore-
mentioned imaging features, was subsequently devised 
to categorize breast tissue and lymph nodes as follows: 
0, benign/normal; 1, probably benign; 2, highly suspi-
cious; and 3, probably malignant.

Two breast surgeons (H.P.Y. and S.W.Z.) who 
trained for 3 hours in imaging diagnosis (by pathologists) 
were asked to review and independently assess breast 
and lymph node samples subjected earlier to FFOCT 
and DCI. Scores of 2 or 3 were considered positive for  
malignancy, with 0 and 1 equated with negative outcomes. 
Histologic assessments of pathologists were referenced  
as gold standards in determining diagnostic accuracy 
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(ie, sensitivity, specificity, false-negative rate [FNR], and 
false-positive rate [FPR]). Receiver operating characteris-
tic curve analysis was invoked to compare performances 
of FFOCT and DCI. To gauge diagnostic agreement 
between surgeons, Cohen’s κ statistic was applied, with 
values greater than 0.75 indicating excellent agreement, 
values of 0.4 to 0.75 denoting moderate to good concor-
dance, and values less than 0.4 considered poor.

RESULTS
A total of 314 specimens, including 173 breast biopsies 
(malignant, 132; benign/normal, 41) and 141 resected 
lymph nodes (tumor-positive, 48; tumor-negative, 93), 
were obtained from 158 patients for examination. The 
average acquisition time was 16 ± 13 minutes. Specimen 
characteristics are shown in Table 1.

In FFOCT and DCI studies, the normal compo-
nents of breast tissue (fat, collagen, mammary ducts, 
and lobules) were easily recognized and corresponded 
to histologic counterparts (Fig. 2A-C). Normal breast 
lobules showed moderate signal intensity in FFOCT 
images and approximated arrangements seen in histo-
logic sections, with a higher backscattering signal of 
gray-white color by collagen bundles. In DCI mode, 
normal breast lobular cells were quite visible and formed 
double layers as expected. Living cells were small, green, 
and rounded, with collagen fibers appearing white or 
blue; both were easily distinguished. Similar to the 
histologic appearance, ductal lumens appeared nearly 
black by FFOCT amid the hyperscattering of collage-
nous trabeculae. Ductal cells were also well defined by 
DCI. Both FFOCT and DCI showed honeycombed 

Figure 1. Experimental flow chart. Various tissues acquired during breast surgery were studied by FFOCT and DCI with matched H & E  
tissue sections for comparison. Diagnostic criteria generated thereby served to assess diagnostic accuracy. DCI indicates dynamic 
cell imaging; FFOCT, full-field optical coherence tomography.
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patterns of hyposcattering signal when adipose tissue 
was scanned.

In pathologic states, tissue landscapes were altered 
accordingly, with encroachment by in situ (Fig. 2D-F) or 
invasive breast cancer (Fig. 2G-I) seen as focal or rounded 
hypo-intensity by FFOCT or as easily distinguished ma-
lignant cells (ie, large and bright yellow with dark-staining 
nuclei) by DCI. It is important to note that the disarray 
and disappearance of normal structures were the most im-
pressive finding in FFOCT images.

The structural details of lymph nodes (Fig. 3A-C), 
including membranous capsules, lymphoid follicles, hilar 
areas, and collagen fibers, were clearly demonstrated by 
FFOCT and DCI. Normally configured follicles appeared 
gray in FFOCT images and were marked by a low scattering 
signal. Signaling in surrounding fibers was similar to that 
in breast tissue. Numerous closely packed lymphocytes, 
smaller than breast lobular cells, were discernible by DCI.

In tumor-bearing lymph nodes, lymphoid follicles 
and other normal components were lacking. Fibrous tan-
gles, tissue disarray, and focal hypo-intensity observed by 
FFOCT were strongly indicative of metastasis. By DCI, 
nodal metastases were characterized by the fibrous encir-
cling of malignant cells, as alluded previously (Fig. 3D-F).  
Other pathologic features, such as microcalcifications, 
were encountered on occasion.

The potential use of FFOCT or DCI for margin 
assessment was preliminarily explored in an illustra-
tive patient (Fig. 4). Margin distances determined by 
FFOCT, DCI, and H & E–stained sections were well 
matched.

The 2 trained surgeons, having read and scored 
all FFOCT and DCI studies on the basis of crite-
ria that we devised, were evaluated back to back for  
diagnostic accuracy. In diagnosing breast malignancies, 
outcomes were as follows: 91.7% versus 88.6% for sen-
sitivity, 95.1% versus 97.6% for specificity, 8.3% ver-
sus 11.4% for FNR, and 4.9% versus 2.4% for FPR by 
DCI and 88.6% versus 85.6% for sensitivity, 87.8% 
versus 85.4% for specificity, 11.4% versus 14.4% for 
FNR, and 12.2% versus 14.6% for FPR by FFOCT. 
In diagnosing nodal metastases, outcomes were as fol-
lows: 91.7% versus 83.3% for sensitivity, 98.9% ver-
sus 98.9% for specificity, 8.3% versus 16.7% for FNR, 
and 1.1% versus 1.1% for FPR by DCI and 81.3% 
versus 66.7% for sensitivity, 79.6% versus 90.3% for 
specificity, 18.7% versus 33.3% for FNR, and 20.4% 
versus 9.7% for FPR by FFOCT. Data on diagnostic 
accuracy are shown in Table 2. The receiver operating 
characteristic curves of both surgeons for breast and 
nodal diagnoses are plotted as Figure 5. The κ values, 
reflecting diagnostic consistency, were 0.82 (DCI) and 
0.90 (FFOCT) for breast specimens and 0.90 (DCI) 
and 0.62 (FFOCT) for lymph nodes.

DISCUSSION
Breast cancer is the most commonly diagnosed malig-
nancy and the second leading cause of cancer-associated 
deaths among women.18 The concept of intraopera-
tive assessment during breast surgery has long been an  
attractive but controversial option for clinicians.3-5,19 At 
present, frozen sections and cytologic imprints require ex-
perienced pathologists for hands-on sample preparation 
and interpretation; this necessitates close interdepartmen-
tal cooperation and prolongs operative/anesthesia times. 
The embedding and trimming entailed may also exhaust 
or alter precious tissue needed for routine specimen analy-
sis and documentation.20

Measures that address this dilemma must meet the 
following requirements: 1) adequate tissue resolution 
depicting microstructural details, 2) a high degree of ac-
curacy in distinguishing malignant and benign tissues,  
3) noncumbersome technology enabling rapid intraoper-
ative diagnoses, and 4) no tissue waste. A variety of tech-
niques, including conventional ultrasound and radiography, 
have been investigated as alternatives. The chief disadvan-
tage is that they lack sufficient resolution at a microscopic 
level.21 Some emerging optical technologies, such as radiof-
requency spectroscopy and Raman spectroscopy, have ten-
tatively qualified as reasonable substitutes22-26 and shown 
acceptable sensitivities and specificities. Unfortunately, 

TABLE 1. Characteristics of Analyzed Specimens

Tissue Type/Diagnosis No. (%)

Breast biopsies imaged 173
Normal tissue 23 (13.3)
Benign lesions 18 (10.4)

Inflammation 2
Atypical hyperplasia 7
Fibroadenoma/benign phyllodes tumor 8
Apocrine adenoma 1

Malignant lesions 132 (76.3)
Invasive ductal carcinoma 92
Invasive lobular carcinoma 11
DCIS 11
LCIS 3
Mucinous carcinoma 5
Others 10

Lymph nodes imaged 141
Tumor present 48 (34)

Isolated cells 0
Micrometastasis 1 (0.7)
Macrometastasis 47 (33.3)

Tumor absent 93 (66.0)

Abbreviations: DCIS, ductal carcinoma in situ; LCIS, lobular carcinoma in situ.
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inadequate scanning depth and lengthy time requirements 
have remained problematic.

OCT is a novel and promising nondestructive tissue 
imaging technology. FFOCT has been used to differen-
tiate benign and malignant breast tissues and provides a 
platform for diagnostic decision making. Its sensitivity 
and specificity are roughly 90% and 75%, respectively.11 
In our study, FFOCT performed similarly, and DCI 
demonstrated superior sensitivity and specificity, with 
both exceeding 90%. We also examined margins in a 
representative patient and showed comparable determi-
nations for FFOCT, DCI, and H & E–stained sections, 
although a larger patient sampling must be tested to con-
firm these promising results.

Ordinary OCT has been used satisfactorily to de-
tect tumor metastases in lymph nodes (sensitivity, 58.8%; 
specificity, 81.4%).27 With its higher resolution, FFOCT 

was used by Grieve et al28 to assess 71 axillary lymph 
nodes in 38 patients, and they achieved high diagnos-
tic accuracy (sensitivity, 92%; specificity, 83%) with the 
help of pathologists and an imaging expert. In the current 
study, we introduced DCI to visualize tissues on a cellular 
scale with metabolic features coupled with the morpho-
logic imaging of FFOCT. This improved both sensitivity 
and specificity.

Although the time required for FFOCT or DCI ap-
proaches that of frozen sections, the steps are certainly not 
as tedious: No freezing, sectioning, or staining is needed. 
It is also worth mentioning that the efforts aimed at effec-
tive new treatments for patients with breast cancer have 
increased tissue-based research demands (as in genetic 
profiling) and created competition for finite quantities of 
tissue. However, there is no tissue consumed during the 
rapid acquisition of images by FFOCT or DCI.

Figure 2. Optical (FFOCT and DCI) and histologic images of normal breast tissue, ductal carcinoma in situ, and infiltrating ductal 
carcinoma: (A-C) benign breast lobule (note the characteristic chrysanthemum-like, dual-layered cell structure), (D-E) representative 
views of ductal carcinoma in situ showing intraductal hypo-intensity and clustered bright yellow cells (within the duct) by DCI, and 
(G-F) typical infiltrating ductal carcinoma visible as local hypo-intensity on FFOCT and nested cells with malignant features (H & E 
stain). DCI indicates dynamic cell imaging; FFOCT, full-field optical coherence tomography.
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Figure 3. Representative images of tumor-free and tumor-bearing lymph nodes: (A-C) normal nodal structure with a visible capsule, 
lymphoid follicles, hilum, and collagenous fibers and (D-F) nodal metastasis shown by full-field optical coherence tomography and 
dynamic cell imaging with cancerous nests similar to those in histologic sections.

Figure 4. Margin assessment during breast-conserving surgery (illustrative case): the same block assessed with (A) full-field optical 
coherence tomography, (B) dynamic cell imaging, and (C) histologic sections (H & E stain) with margins of 6.2, 6.8, and 7.6 mm, 
respectively.

TABLE 2. Diagnostic Accuracy of Surgeons in Assessing Optical Images

Specimen Investigator Model Sensitivity, % Specificity, % FNR, % FPR, % AUC

Breast Surgeon 1 DCI 91.7 95.1 8.3 4.9 0.96
FFOCT 88.6 87.8 11.4 12.2 0.90

Surgeon 2 DCI 88.6 97.6 11.4 2.4 0.96
FFOCT 85.6 85.4 14.4 14.6 0.87

Lymph node Surgeon 1 DCI 91.7 98.9 8.3 1.1 0.98
FFOCT 81.3 79.6 18.7 20.4 0.84

Surgeon 2 DCI 83.3 98.9 16.7 1.1 0.93
FFOCT 66.7 90.3 33.3 9.7 0.82

Abbreviations: AUC, area under the receiver operating characteristic curve; DCI, dynamic cell imaging; FFOCT, full-field optical coherence tomography; FNR, false-
negative rate; FPR, false-positive rate.
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Through this proof-of-concept study, we have demon-
strated the diagnostic utility of a combined FFOCT/DCI 
nonhistologic optical model. Surgeons given short-term 

training achieved diagnostic accuracy comparable to that 
achievable with frozen sections.29 Both the morphology 
of cells and their arrangement are visible by DCI, and 

Figure 5. Receiver operating characteristic curves of the performance of surgeons in assessing breast lesions and nodal status. 
AUC indicates area under the receiver operating characteristic curve; DCI, dynamic cell imaging; FFOCT, full-field optical coherence 
tomography.
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sometimes nuclei can be seen; this affords close histologic 
approximations and an appreciable level of consistency. 
Further interpretative efforts and technologic advances, par-
ticularly by way of artificial intelligence, may confer better 
results.

False diagnoses are the greatest concern in evaluating 
the merits of a new technique. Herein, in this study, the 
FNRs of 8.3% and 11.4% for breast tissue as well as 8.3% 
and 16.7% for lymph nodes were comparable to figures 
reported for most frozen-section usage in research.30,31 
DCI helped to reduce the FNR under 10%, which was 
acceptable by intraoperative clinical practice.

False-positive diagnoses should be more carefully 
weighted because of the consequences of unnecessarily 
aggressive breast or axillary surgery; ordinary OCT and 
FFOCT had FPRs of approximately 20%, which was 
much higher than that for frozen sections, which was re-
ported to be less than 1%. In our study, we achieved FPRs 
of 1.1% to 4.9% when DCI was used. There were 1 and 2 
false-positive cases, respectively, for the 2 surgeons at the 
early stage of the study. A specimen typifying false posi-
tivity of a breast tissue diagnosis is shown in Figure 6A-C. 
One plausible explanation for such an error may be the 
difficulty in distinguishing ductal epithelial hyperplasia 
and carcinoma, which were similar in corresponding his-
tology without further immunohistochemistry testing. 

The clustering of cells and somewhat heightened metab-
olism were imaging features common to both but more 
closely resembling normal breast in cellular details and 
tissue architecture. With further experience, all other 
patients with benign hyperplasia were correctly assessed 
as we categorized such cases as a finding with low sus-
picion. We also mistook 1 case of an active-appearing 
lymph node for metastasis (Fig. 6D-F). When taking a 
closer eye at the clustered active cells, which caused a false 
diagnosis in this case, we found that the size of the bright 
“suspicious” cells was much smaller than the size of those 
in other metastatic nodes and much closer to the size of 
normal lymph cells. We hypothesized that reactive lym-
phoid hyperplasia due to prior open biopsy might be the 
reason for the increase of the cell viability in this special 
case. The sample size of the current study was not large 
enough to enable us to define definitive criteria for recog-
nizing the optical characteristics of lymphocytes in special 
scenarios such as a history of prior surgery, chemotherapy, 
or comorbid autoimmune disease (eg, systemic lupus er-
ythematosus) in this preliminary study. We hope to opti-
mize the current criteria to avoid false-positive cases in a 
further, larger cohort.

There were certain limitations to this ex vivo study. 
First, histologic or cytologic pleomorphism, marked by 
variability in size, shape, and staining of cells and/or 

Figure 6. Representative false-positive breast and lymph node diagnoses: (A-C) dense cellularity of a normal lobule mistaken for 
a proliferative lesion and (D-F) false positivity of a lymph node attributable to DCI-detected clustered active cells, which were not 
enlarged (an established criterion thereafter).
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nuclei, is a critical determinant in the traditional realm 
of pathology. Such pleomorphism is inherently difficult 
to recognize during optical imaging. However, pleomor-
phism depicted through color (hue) and saturation of cells 
reflecting metabolic status are otherwise captured on DCI 
and are thought to be useful in differentiating benign and 
malignant cells and a compensation for the morphologic 
limitation. Similarly, myoepithelial cells are not easily 
recognized by optical imaging, and this precludes the 
separation of in situ and invasive carcinomas, although 
such a distinction is not required by current guidelines for 
breast-conserving therapy. Second, the color of cells and 
their visualization in the DCI model depend on cellular 
metabolic rates, which are influenced by the time from 
resection to scanning, neoadjuvant treatment, and tissue 
type.13 As a remedy, repeatable comprehensive diagnostic 
criteria must be formulated and validated in a large-scale 
clinical trial. Another weakness is the lack of head- 
to-head comparisons between imaging (FFOCT/DCI) 
and histologic assessments of surgical margins and senti-
nel lymph nodes. Because of the less conspicuous nature 
of malignant cells found beyond the confines of primary 
growth, it is unclear whether the present level of accuracy 
is achievable in an actual clinical trial. Optimization of 
FFOCT/DCI may help to compensate for this shortcom-
ing in the future. Finally, the identification and evalua-
tion of the histologic structure and cell morphology are 
traditionally considered a specialty of pathologists and re-
quire detailed training. This work underscores the rather 
short learning curve for optical diagnosis and the roles of 
FFOCT and DCI as adjuncts to traditional pathology. 
However, the definite learning curves for pathologists and 
surgeons should be carefully researched in further studies.

Despite some restrictions in this study, we have con-
cluded that diagnosis via optical imaging (ie, FFOCT and 
DCI) shows high accuracy for breast cancer and demon-
strates promising potential for intraoperative diagnosis 
during breast surgery. Also, we want to emphasize that 
we have aimed only at introducing a novel intraoperative 
diagnosis option to aid surgeons with decisions in the the-
ater and that we have not intended to provide a substitute 
for traditional pathologic diagnosis. The actual value and 
clinical indications of these new tools should be validated 
in larger and multicenter trials.
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