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ABSTRACT

Background. A multicenter, prospective, blinded study

was performed to test the feasibility of using a handheld

optical imaging probe for the intraoperative assessment of

final surgical margins during breast-conserving surgery

(BCS) and to determine the potential impact on patient

outcomes.

Methods. Forty-six patients with early-stage breast cancer

(one with bilateral disease) undergoing BCS at two study

sites, the Johns Hopkins Hospital and Anne Arundel

Medical Center, were enrolled in this study. During BCS,

cavity-shaved margins were obtained and the final margins

were examined ex vivo in the operating room with a probe

incorporating optical coherence tomography (OCT) hard-

ware and interferometric synthetic aperture microscopy

(ISAM) image processing. Images were interpreted after

BCS by three physicians blinded to final pathology-re-

ported margin status. Individual and combined

interpretations were assessed. Results were compared to

conventional postoperative histopathology.

Results. A total of 2,191 images were collected and

interpreted from 229 shave margin specimens. Of the eight

patients (17 %) with positive margins (0 mm), which

included invasive and in situ diseases, the device identified

all positive margins in five (63 %) of them; reoperation

could potentially have been avoided in these patients.

Among patients with pathologically negative margins

([0 mm), an estimated mean additional tissue volume of

10.7 ml (approximately 1 % of overall breast volume)

would have been unnecessarily removed due to false

positives.

Conclusions. Intraoperative optical imaging of specimen

margins with a handheld probe potentially eliminates the

majority of reoperations.

Breast-conserving surgery (BCS) is the standard-of-care

surgical intervention for early-stage cancer. Margin status

in BCS indicates the completeness of tumor resection and

is an important factor for ensuring local control.1 A recent

28,162-patient meta analysis indicated that achieving

negative margins is associated with a twofold decrease in

ipsilateral tumor recurrence.2

Reoperation is estimated to occur in 23–38 % of BCS

patients due to close/positive histologic margins found in

postoperative pathology, although significant variability

exists3 and some locations have reported lower numbers.3–5

Improved intraoperative assessment may reduce these rates

by providing feedback during BCS. Existing intraoperative

techniques, such as touch smear/imprinting cytology and

frozen-section analysis, have variable accuracy depending

on institution, add considerable time (up to 55 min) to the

BCS duration, and are not available in some locations.6–9

Intraoperative ultrasound is more time-efficient but poorly

detects ductal carcinoma in situ (DCIS).9 Radiofrequency

(RF) spectroscopy is a comparatively new technique that

analyzes the main BCS specimen using changes in RF

impedance spectra and signature matching algorithms to

give a ‘‘yes–no’’ determination of cancer presence in a
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region.10,11 Several additional technologies, including

spectroscopic optical, fluorescence, X-ray, and high-fre-

quency ultrasound techniques, are being investigated.8,12

Optical coherence tomography (OCT) with interfero-

metric synthetic aperture microscopy (ISAM) provides

high-resolution, cross-sectional optical images of micro-

scopic tissue structure in real time using near-infrared

light.13–15 OCT, which is commonly used in ophthalmol-

ogy, generates images that are similar in appearance to

ultrasound but with much higher resolution (\20 lm) and

shallower imaging depth (2–3 mm). In a pilot 37-patient

trial, OCT images of tumor tissue displayed a high density

of small scatterers with irregular morphology relative to

normal breast tissue; the sensitivity and specificity of OCT

to identify positive margins in a single region of the main

BCS specimen were 100 and 82 %, respectively.16

This study is an IRB-approved, multicenter, prospective,

blinded study (clinicaltrials.gov NCT10699867) to assess

the feasibility of intraoperative margin assessment using a

handheld optical imaging probe and to demonstrate the

potential impact on reoperation rates and volume of tissue

removed.

METHODS

Women older than age 18 years, scheduled to undergo

BCS for histologically diagnosed carcinoma of the breast,

were recruited from two sites in 2012 and 2013: the Johns

Hopkins Hospital (Baltimore, MD) and the Anne Arundel

Medical Center (Annapolis, MD). Patients were excluded if

they had multicentric disease, T4 tumors, or breast

implants. Patients also were excluded if they had under-

gone neoadjuvant systemic therapy, had previous radiation

or open surgical procedures in the same quadrant of the

operated breast, were pregnant, or were lactating. Study

coordinators screened patients from the surgical calendar

and coordinated with surgeons to determine eligibility. All

patients completed the informed consent process prior to

participation.

During standard-of-care BCS, the main lesion was

excised with a rim of grossly normal tissue. Cavity shaving

of each margin, a routinely used technique, was subse-

quently performed.9,17,18 Shave specimens, which were

employed to reduce pathology disorientation and stan-

dardize specimen handling procedures, were evaluated

with the handheld imaging probe on the final margin (i.e.,

the true margin or new margin).19 At least four images per

specimen were acquired in regions most suspicious for

disease, as identified using the image data. Specimens were

marked with sutures or ink to indicate final margin orien-

tation before submission to pathology for standard-of-care

gross and histology evaluation. Specimens with fewer than

four images were excluded from the final analysis, because

the data were deemed insufficient to cover the entire

specimen.

The device used in this study (Fig. 1) employed OCT

hardware, including a swept-source near-infrared laser and

a handheld probe containing custom focusing optics and a

microelectromechanical mirror system to scan the light

across the tissue (1300 nm center wavelength, \15 lm

resolution, 9-mm scan length,[2.3 cm/s scan speed). The

device also incorporated ISAM software to provide uni-

form resolution over the entire image.20

De-identified images were interpreted after surgery by

surgeon, pathologist, and radiologist readers who scored

the images based on shadowing, brightness, and texture

features previously identified as being indicative of

tumor.16 Training was completed using representative

images showing normal (15 images from four patients) and

tumor-bearing specimens (18 images from 5 patients,

including invasive lobular carcinoma, invasive ductal car-

cinoma, and DCIS), which were available for comparison

during image interpretation. Physicians were blinded to

results of the pathology specimen examination during

image review; preoperative diagnoses were available as

they would typically be in a clinical setting. Images were

grouped by patient, displayed on a computer monitor

(61 cm, 1920 9 1080 pixels, luminance 300 cd/m2) and

scored from 0 to 10 for the presence of tumor. The scoring

scale, similar to those used in ultrasound studies, was used

to classify the images as incomplete (0), containing benign

tissue only (1–4), containing suspicious structures (5), or

containing tumor (6–10).21,22

For each image, the median of the three reviewer scores

(consensus score) was used. For each shave specimen, from

which at least four images were acquired, the maximum

score among all images (specimen score) was used as a

summary measure. The specimen score represents the

likelihood of identifying tumor in the specimen. Four total

specimen scores were calculated: the pathologist score,

surgeon score, radiologist score, and consensus score

(Fig. 2).

Patient-level analyses were performed to determine the

projected impact on patient outcomes had the device results

been available during surgery for interventional decision-

making. The percentage of patients correctly identified as

having positive/close margins was calculated as Nþ
ID=N

þ,

where Nþ
ID is the number of patients with all positive/close

margins correctly identified by the device and Nþ is the

number of patients with at least one positive/close margin.

The mean number of false positive specimens (margin-

negative specimens identified as margin positive by the

device) was calculated across patients. For analysis pur-

poses, margin status was divided into four categories
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according to the tumor distance from the surface: 0 mm

(positive margin), \1 mm, \2 mm (close margin), or

C2 mm (negative margin). Analyses were repeated for

each category.

Sensitivity and specificity of the device, when compared

to pathology, were calculated for all combinations of

margin distance and image rating threshold (0–10) to

construct receiver operating characteristic (ROC) curves.

The area under each ROC curve (AUC) was computed for

comparison purposes.23,24 Statistical analyses were per-

formed using Stata 12.1 (StataCorp LP, College Station,

TX); lroc and roccomp commands were used to compute

and compare AUCs.

To measure the image score rating agreement between

the three physicians, intraclass correlation coefficients

(ICCs) were calculated using a two-way, mixed-effects

model.25 Because there was no ‘‘gold standard’’ rating in

this study, the consistency of agreement rather than abso-

lute agreement was analyzed. Average ICCs were reported

based on the reviewer rating for each image; this is

equivalent to Cronbach’s alpha.26

Finally, a non-randomness analysis was performed to

verify that the device results are correlated to the specimen

pathology results. A Monte Carlo simulation (N = 1 mil-

lion) was performed in which image scores for each reader

were randomized and the AUC was computed for each

permutation. The probability that the AUC output from a

random score distribution would equal physician consensus

performance was computed.

RESULTS

Forty-seven patients were enrolled in this study. Of

these, one patient had bilateral BCS and one patient (6

FIG. 1 Optical coherence

tomography imaging system

with a handheld probe (a) was

used to intraoperatively evaluate

excised shave specimens (b)

FIG. 2 Representative images from

this study. The top image shows regions

of normal fibrofatty breast tissue with

well-defined boundaries, linear

structures, and regular texture. The

middle image of ductal carcinoma

in situ shows a small central region

(arrow) with irregular texture and

significant shadowing. The bottom

image of invasive ductal carcinoma

(arrows) shows a significant region

with irregular texture and poorly

defined boundaries
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shave specimens) was excluded due to insufficient images

in all specimens (1 image acquired per specimen due to

researcher misunderstanding of the protocol). Three addi-

tional specimens (1 patient) were excluded due to

insufficient images (2–3 images acquired per specimen due

to researcher misunderstanding of the protocol). Forty-six

patients were included in the final analysis (23 per site;

Table 1). Fifteen of 46 BCS procedures (33 %) were per-

formed for a preoperative diagnosis of DCIS alone.

Projected Patient Outcomes

Eight (17 %) patients had at least one positive margin,

and in five (63 %) of these, all positive margins were

correctly identified by the device; reoperation could

potentially have been avoided in these patients. In three

(38 %) of the positive-margin patients, at least one positive

margin was not identified by the device.

Among 35 (74 %) patients with all negative margins

(C2 mm), 63 % had at least one false-positive margin

identified by the device. On average, each of these patients

would potentially have received 1.32 additional shave

excisions during the BCS. Had these sites been excised, an

estimated average volume of 10.7 mL would have been

removed (approximately 1 % of overall average breast

volume), as estimated from bra cup size (Table 1) and re-

excision specimen volume in previous study data

(Table 2).27,28 Patient results used a consensus specimen

score threshold of six.

Margin Analysis

A total of 2,191 images were collected and interpreted

from 229 shave margin specimens. Among the 11 (5 %)

specimens with positive margins, 7 (64 %) contained DCIS

alone, 3 (27 %) contained invasive disease alone, and 1

(9 %) contained both. Of the 23 (10 %) specimens with

close margins, 20 (87 %) contained DCIS and 4 (17 %)

contained invasive disease. The AUC was 0.62–0.70 for all

image interpreters and margin distances (Fig. 3).

With a threshold consensus score of six, the device

identified 76 (33.2 %) shaved margins as positive. The

sensitivity and specificity were 55–65 and 68–70 %,

respectively, depending on margin criteria. The positive

predictive value and negative predictive value were 8–18

and 94–97 %, respectively. For patients with a preopera-

tive diagnosis of DCIS alone, positive margins were

detected with 80 % sensitivity and 69 % specificity.

Image Interpretations

The pathologist-surgeon, pathologist-radiologist, and

surgeon-radiologist ICCs were 0.364, 0.363, and 0.858,

respectively. The three-physician ICC was 0.728. AUC

values for all physicians were 0.62-0.70 depending on

margin distance and varied by no more than DAUC = 0.08

(12 %) between any two physicians for a given tumor

distance (Fig. 3). Finally, the non-randomness analysis

demonstrated (p\ 0.02) that the device results were not

due to a random distribution of image scores.

TABLE 1 Patient demographic and clinicopathological features

Age (year)

27–81 (mean 62, median 61; 39 % C65)

Race

White 37

(80 %)

Black or African American 8 (17 %)

Asian 1 (2 %)

Ethnicity

Hispanic or Latino 1 (2 %)

Not Hispanic or Latino 45

(98 %)

Body mass index

19–46 (mean 30, median 29)

Cup sizea

A 1 (2 %)

B 8 (17 %)

C 18

(39 %)

D 10

(22 %)

E (2D) 4 (9 %)

F (3D) 1 (2 %)

G (4D) 1 (2 %)

Breast density (BIRADS mammographic density)b

Density 1 3 (7 %)

Density 2 22

(48 %)

Density 3 19

(41 %)

Density 4 1 (2 %)

Preoperative diagnosisc

Invasive ductal carcinoma 20

(43 %)

Ductal carcinoma in situ 15

(32 %)

Ductal carcinoma in situ and invasive ductal carcinoma 6 (13 %)

Invasive ductal carcinoma and invasive lobular

carcinoma

3 (6 %)

Invasive lobular carcinoma 2 (4 %)

Invasive tubular carcinoma 1 (2 %)

a Three unknown
b One unknown
c Both diagnoses are included from the patient with bilateral disease
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DISCUSSION

A joint consensus by the American Society of Clinical

Oncology, American Society for Radiation Oncology, and

Society of Surgical Oncology states that a 0 mm (‘‘tumor

on ink’’) criteria is appropriate for BCS patients with

invasive disease as it is associated with reduced ipsilateral

recurrence.2 For patients with in situ disease alone, the

appropriate distance is more controversial. A systematic

review of 4660 patients, for example, found significant

evidence supporting a 2-mm distance for DCIS patients.29

In addition, a survey of 351 surgeons showed that 34 and

52 % of them used 1 and 2 mm, respectively, as the min-

imal acceptable DCIS distance. The results of the present

study suggest that optical margin assessment can be per-

formed in patients with invasive and in situ disease no

matter what standard (0–2 mm) is used, because the sta-

tistical performance is similar across margin definitions

and disease. Furthermore, the device performed well on

patients with DCIS alone, demonstrating effective margin

status analysis in patients most at risk of reoperation.

The results of this study also demonstrate similar image

interpretation outcomes from physicians with varying

specialties with minimal image interpretation training. The

fact that the ICC for all reviewers was considerably higher

than the ICCs based on absolute agreement and that the

AUCs for all reviewers were similar suggests that the three

readers identified the same phenomena.

Although the patient cohort in this study was relatively

small, the performance results compare well to other

emerging margin assessment technologies. For example, a

commercial RF spectroscopy device approved by the U.S.

Food and Drug Administration as an adjunctive tool to

identify tumor within 1 mm of the main ex vivo BCS

specimen surface detects the electromagnetic radiation

reflected from a 7-mm diameter region of tissue and applies

a proprietary algorithm to determine tumor presence.10 In a

multicenter, prospective study of 596 patients randomized

into device and control arms, investigators reported a

margin-level device sensitivity of 75 % and specificity of

46 % when evaluating tumor \1 mm from the specimen

surface (34 % sensitivity and 83 % specificity for the

control arm).11 As a result of device-indicated re-excisions

performed during surgery, 23 % fewer patients underwent

reoperation due to positive margins. False-positive device

readings resulted in 2.68 unnecessary re-excisions per

patient on average (21.7 mL breast tissue volume).27 Per-

formance in patients with pure DCIS was not reported.

While this RF spectroscopy study is a larger and more

direct evaluation of surgical outcomes than the investiga-

tion presented in this paper, the statistical performance of

the handheld optical imaging device studied here is similar

or superior to that of the RF spectroscopy device. A larger

optical imaging study is required to compare more con-

clusively the two devices.

The handheld OCT probe used in this investigation

offers several advantages over other technologies. For

example, it is difficult to quickly analyze a full margin

region with point analysis techniques, whereas OCT gen-

erates real-time images, enabling rapid scanning of the

entire final margin of excised specimens.30 OCT also

allows the surgeon to quantify the margin width, allowing

for adherence to re-excision guidelines, whereas other

techniques indicate tumor presence without specifying

distance. Finally, OCT can be used to analyze the final

BCS margins, whether on the primary BCS specimen or

shave specimen.16

Importantly, the BCS surgical cavity may be analyzed

directly with OCT to assess tissue in the patient. Although

the present study was limited to excised specimens,

ongoing studies have shown that intraoperative OCT is

effective when used to identify tumor in the surgical

cavity.31

While the results of this feasibility study are promising,

several limitations were noted. Physician training, for

instance, was minimal, and the use of a larger image ref-

erence database may improve identification of positive

margin features. Additionally, image interpretation was

TABLE 2 Projected impact on patient outcomes

Tumor distance to surface 0 mm \1 mm \2 mm

Detection

Patients with all positive/close margins correctly identified by the device 5/8 (63 %) 8/11 (73 %) 7/12 (58 %)

False positivity

Number of margin-negative patientsa 39 36 35

Average number of projected additional excisions per patientb 1.49 1.34 1.32

Threshold score of 6, consensus score
a All final margins were pathologically negative ([0, C1, C2 mm)
b Additional excisions projected to be performed on pathologically negative margins due to a positive device reading
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performed after surgery, removing important clinical con-

text and intraoperative visual and tactile cues from the

decision-making.32 Also, pathology results were reported

on a margin-by-margin basis and did not correlate directly

with the device analysis locations on the specimen; device

imaging and histology sectioning may have been per-

formed at different locations on the specimen, which may

result in underreporting of the device performance.

Because the device results were not acted on in this study,

projected patient outcomes could not be directly verified

via surgical results. Addressing these limitations will likely

improve the patient outcomes by reducing false positives,

which can cause unnecessary tissue excision, and reducing

false negatives, which may not eliminate a repeat surgery.

Data presented provide significant support for the use of

OCT with ISAM as an intraoperative method for the

analysis of BCS margin status. Use of a handheld imaging

probe provides surgeons with information that is likely to

significantly reduce the number of reoperations by guiding

re-excision of positive margins during the primary BCS

procedure.
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