
Sensitivity and Specificity of Cardiac Tissue 
Discrimination Using Fiber-Optics Confocal 
Microscopy

Citation
Huang, Chao, Frank B. Sachse, Robert W. Hitchcock, and Aditya K. Kaza. 2016. “Sensitivity 
and Specificity of Cardiac Tissue Discrimination Using Fiber-Optics Confocal Microscopy.” 
PLoS ONE 11 (1): e0147667. doi:10.1371/journal.pone.0147667. http://dx.doi.org/10.1371/
journal.pone.0147667.

Published Version
doi:10.1371/journal.pone.0147667

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:25658401

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

http://nrs.harvard.edu/urn-3:HUL.InstRepos:25658401
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Sensitivity%20and%20Specificity%20of%20Cardiac%20Tissue%20Discrimination%20Using%20Fiber-Optics%20Confocal%20Microscopy&community=1/4454685&collection=1/4454686&owningCollection1/4454686&harvardAuthors=ee8b7e9fc5c40a2b37ff59d6f0b6347a&department
https://dash.harvard.edu/pages/accessibility


RESEARCH ARTICLE

Sensitivity and Specificity of Cardiac Tissue
Discrimination Using Fiber-Optics Confocal
Microscopy
Chao Huang1, Frank B. Sachse1,2, Robert W. Hitchcock1, Aditya K. Kaza1,3*

1 Department of Bioengineering, University of Utah, Salt Lake City, Utah, United States of America, 2 Nora
Eccles Harrison Cardiovascular Research and Training Institute, University of Utah, Salt Lake City, Utah,
United States of America, 3 Department of Cardiac Surgery, Boston Children’s Hospital and Harvard Medical
School, Boston, Massachusetts, United States of America

* Aditya.Kaza@cardio.chboston.org

Abstract
Disturbances of the cardiac conduction system constitute a major risk after surgical repair

of complex cases of congenital heart disease. Intraoperative identification of the conduction

system may reduce the incidence of these disturbances. We previously developed an

approach to identify cardiac tissue types using fiber-optics confocal microscopy and extra-

cellular fluorophores. Here, we applied this approach to investigate sensitivity and specific-

ity of human and automated classification in discriminating images of atrial working

myocardium and specialized tissue of the conduction system. Two-dimensional image

sequences from atrial working myocardium and nodal tissue of isolated perfused rodent

hearts were acquired using a fiber-optics confocal microscope (Leica FCM1000). We com-

pared two methods for local application of extracellular fluorophores: topical via pipette and

with a dye carrier. Eight blinded examiners evaluated 162 randomly selected images of

atrial working myocardium (n = 81) and nodal tissue (n = 81). In addition, we evaluated the

images using automated classification. Blinded examiners achieved a sensitivity and speci-

ficity of 99.2±0.3% and 98.0±0.7%, respectively, with the dye carrier method of dye applica-

tion. Sensitivity and specificity was similar for dye application via a pipette (99.2±0.3% and

94.0±2.4%, respectively). Sensitivity and specificity for automated methods of tissue dis-

crimination were similarly high. Human and automated classification achieved high sensitiv-

ity and specificity in discriminating atrial working myocardium and nodal tissue. We suggest

that our findings facilitate clinical translation of fiber-optics confocal microscopy as an intrao-

perative imaging modality to reduce the incidence of conduction disturbances during surgi-

cal correction of congenital heart disease.

Introduction
Congenital heart disease is the most common birth defect, which affects approximately 1% of
all live births [1]. The main treatment modality is surgical repair. Tremendous progress was
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made over the past half century to lower the incidence of conduction disturbances following
surgical repair of congenital heart defects. The primary therapeutic intervention in treating
persistent conduction disturbances is permanent pacemaker implantation. Improved under-
standing of the anatomy of the conduction system and advances in surgical techniques have
reduced the incidence of disturbances after repair of some common congenital lesions such as
ventricular septal defect from greater than 10% to 1–3% [2–4]. However, repair of complex car-
diac malformations including abnormally related great arteries, atrioventricular discordance
and single ventricle physiology are still associated with high incidence of permanent pacemaker
implantation. For instance, the incidence is 41–45% after repair of congenitally corrected trans-
position of the great arteries [5, 6].

Currently, in order to prevent conduction disturbances, surgeons rely on anatomical land-
marks to approximate the location of the cardiac conduction system. In complex cardiac mal-
formations where the location of these specialized tissues is distorted, the established approach
may not be able to localize the conduction tissue [7, 8]. With an increasing prevalence of com-
plex cardiac malformations [9], and therefore increasing occurrence of surgical correction for
these less common malformations, a more reliable and accurate intraoperative method for
localizing the conduction system is indicated. There have been previous attempts at
electrophysiological identification of the conduction system during open heart surgery [8, 10].
However, the reliance on atrial pacing to achieve reliable recordings without arrhythmias lim-
ited the application of these electrophysiology-based localization techniques.

Fiber-optics confocal microscopy (FCM) allows for real-time imaging of cellular and sub-
cellular features up to 100 μm below the specimen’s surface. Current clinical applications of
FCM include imaging of tissues in gastrointestinal [11], respiratory [12] and urinary [13] sys-
tem. We recently introduced approaches based on FCM and local delivery of extracellular
fluorophores for imaging in the living heart [14, 15]. In these studies we demonstrated feasibil-
ity of these approaches for cardiac tissue discrimination in the living heart of a rodent model,
as well as in the fixed human fetal and pediatric heart. In particular, we were able to discrimi-
nate the specialized tissue of the conduction system in the sinoatrial node (SAN) and atrioven-
tricular node (AVN) from atrial working myocardium (AWM) based on the spatial
arrangement of the extracellular space. We found that AWM, which consists of highly aligned
myocytes, presented extracellular space that had a regular striated arrangement. In contrast,
nodal tissue presented an irregular reticular arrangement of the extracellular space. Further-
more, in these studies we evaluated several extracellular fluorophores, as well as local and sys-
temic approaches for delivery of these fluorophores. Our studies suggest that AWM and nodal
tissue can be identified based on their characteristic microstructural arrangement regardless of
the abovementioned fluorophores or delivery approach.

In this study, we investigated the performance of human and automated classification sys-
tems in discriminating images of AWM and specialized tissue of the conduction system
acquired. We assessed the performance of these classification systems based on measures of
sensitivity and specificity [16]. We defined sensitivity, which is the true positive rate of a classi-
fication system, as the proportion of AWM images correctly identified as such. Similarly, we
defined specificity, which describes the true negative rate, as the proportion of specialized tissue
images correctly identified as specialized tissue of the conduction system. Our hypothesis is
that human and automated tissue classification can discriminate FCM images of AWM and
specialized tissue of the conduction system with high sensitivity and specificity. For this pur-
pose, we used conventional three-dimensional laser-scanning confocal microscopy, FCM, and
two methods for local delivery of extracellular fluorophores to acquire images from AWM and
nodal tissue from the SAN and AVN. Spatial regularity of the extracellular space in the images
of AWM and nodal tissue was measured using texture analysis. We performed receiver
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operating characteristic (ROC) analysis to compare sensitivity versus specificity across a range
of spatial regularity thresholds measured over three image sets [17]. From the ROC analysis of
the distributions of spatial regularity, we determined optimal cutoff values used in automated
tissue classification. Subsequently, we evaluated the sensitivity and specificity of blinded
human examiners, as well as automated classification based on optimal cutoff values in dis-
criminating a set of randomly selected images of AWM and nodal tissue.

Materials and Methods

Heart Tissue Preparations
Animal procedures were approved by the University of Utah Institutional Care and Use Com-
mittee and followed the guidelines of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Human studies were reviewed and approved for exemption by the
institutional review board at the University of Utah. Details on the preparation and fluorescent
labeling of fixed tissue samples from rodent, neonatal lamb, and human hearts are provided in
the S1 Appendix. In particular, fixed tissue samples were fluorescently labeled with wheat germ
agglutinin (WGA) to visualize constituents of the extracellular space, the outer membrane of
cells and the tissue microstructure [18, 19]. Furthermore, fixed tissue samples from rodent
were also immunolabeled with antihyperpolarization-actived cyclic nucleotide-gated potas-
sium channel 4 (HCN4) to detect cells of the conduction system [20, 21].

Imaging of Fluorescently Labeled Fixed Tissue
Fluorescently labeled fixed tissue preparations from rodent, neonatal lamb, and human were
imaged using conventional confocal microscopy based on established methods [14, 22] and
outlined in the S1 Appendix. Representative cross-sections through image stacks from fixed
rodent tissue preparations are presented in Fig 1. These image stacks were acquired from the
epicardial surface into the subepicardial AWM (Fig 1A and 1B) and SAN (Fig 1C and 1D) tis-
sue labeled with WGA (Fig 1A and 1C) and anti-HCN4 (Fig 1B and 1D). All acquired high
magnification image stacks using conventional confocal microscopy were indexed based on
anatomical origin of the imaged tissue region, i.e. AWM or nodal tissue and stored. A particu-
lar set of images (referred to as CCM images) from indexed image stacks acquired using con-
ventional confocal microscopy of WGA-labeled rodent tissues were stored for subsequent
image analysis. Additionally, we acquired anatomical overviews of the right atrium from fixed
rodent hearts labeled with WGA and anti-HCN4. A representative anatomical overview of the
HCN4 distribution in the partial right atrium of rodent is presented in S1 Fig.

FCM Imaging of the Living Heart
In addition to conventional confocal microscopy of fixed tissue preparations, we performed
FCM on Langendorff-perfused arrested hearts from rodent and neonatal lamb. Our experi-
mental conditions reproduced cardioplegic arrest commonly required for pediatric heart sur-
gery. Two-dimensional image sequences were acquired using a FCM system (FCM 1000; Leica
Microsystems GmbH, Wetzlar, Germany) and two methods for local delivery of fluorescent
dye [14, 15].

The first method was based on topical application of fluorescent dye via pipette to AWM,
SAN and AVN tissue regions of perfused rodent and neonatal lamb hearts. The fluorescent dye
solution consisted of 3 or 10 kDa dextran conjugated to Alexa Fluor 488 (Invitrogen, Carlsbad,
CA, 1:8) dissolved in Tyrode’s solution to a final concentration of 125 μg/mL. Following dye
delivery, tissue regions were imaged using the FCM system equipped with a custom fiber-optics
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microprobe having a numeric aperture of 0.8 (UltraMiniO; Mauna Kea Technologies, Paris,
France). Two-dimensional image sequences were acquired at a lateral resolution (xy dimen-
sions) of 1.8 μm, optical sectioning (z) of 10 μm, xy field of view of 169 by 120 μm, frame rate
of 12 Hz, and z-scan range of 50 μm. Images from rodent acquired with this topical method of
dye delivery are subsequently referred to as FCMtopical images

Rodent hearts were also imaged using FCM and a method of local dye delivery based on a
dye carrier affixed to the tip of the FCM imaging microprobe. Dye carriers were fabricated
according to a recently described method [15] and loaded for 15 min with fluorescent dye,
sodium fluorescein [Fluorescite1 (fluorescein injection, USP) 10%; Alcon, Fort Worth, TX,
US; 1:1000]. Images from AWM, SAN, and AVN regions of perfused rodent hearts were
acquired using this method with a custom fiber-optics microprobe having a numeric aperture
of 0.8 (UltraMiniOWD30; Mauna Kea Technologies) at a lateral resolution (xy) of 1.4 μm, opti-
cal sectioning (z) of 7 μm, xy field of view of 186 by 130 μm, frame rate of 12 Hz, and a z-scan
range of 26 μm. Images from rodent acquired with the dye carrier method are subsequently

Fig 1. Laser-scanning confocal images of fixed rodent tissue preparations.Cross-section through image stacks of (A,B) atrial working myocardium and
(C,D) sinoatrial node tissue. Preparations were fluorescently labeled with (A,C) wheat germ agglutinin to visualize constituents of the extracellular space, the
outer membrane of cells and the tissue microstructure. Preparations were also immunofluorescently labeled with (B,D) anti-hyperpolarization-activated cyclic
nucleotide-gated potassium channel 4 to detect cells of the conduction system.

doi:10.1371/journal.pone.0147667.g001
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referred to as FCMcarrier images. FCMtopical and FCMcarrier images were indexed based on ana-
tomical origin, i.e. AWM or nodal, and stored for subsequent image analysis.

Image Analysis
We characterized the spatial regularity of the extracellular space in CCM, FCMtopical, and
FCMcarrier images using two methods of image texture analysis. A detailed description of the
characterization is provided in the S1 Appendix. The characterization allowed us to quantita-
tively measure the spatial regularity, denoted as I15, in all CCM, FCMtopical, and FCMcarrier

images using both methods of texture analysis. We subsequently developed automated classifi-
cation systems based on the I15 distribution of these image sets. In our classification scheme we
defined true positive and true negative outcomes as AWM correctly classified as AWM and
nodal images correctly classified as nodal, respectively.

Automated classification of tissue images. We evaluated automated methods for classifi-
cation of AWM and nodal images based on texture analysis. We mapped I15 values calculated
from both Fourier and second order moment analyses of CCM, FCMtopical, and FCMcarrier

images to ROC curves. ROC curves were obtained using the “perfcurve” function of the
MATLAB (The Mathworks Inc, Natick, MA) Statistics Toolbox. In addition, for each ROC
curve, we calculated an optimal cutoff value, which maximizes the product of sensitivity and
specificity and therefore minimizes both the false-positives and false-negative cases. In calcula-
tion of the optimal cutoff values, additional weight was given for the misclassification of nega-
tive results. We defined false positives (i.e., nodal misclassified as AWM) two times as costly as
false negatives (i.e., AWMmisclassified as nodal). Eight-one images from CCM, FCMtopical,
and FCMcarrier were randomly selected and classified as either AWM or nodal images using
automated methods based on these optimal cutoff values. The sensitivity and specificity of
these automated methods in discriminating these cardiac tissue types was determined from
these classifications.

Human examiner classification of tissue images. Eight human examiners reviewed the
set of CCM, FCMtopical, and FCMcarrier images previously classified by automated methods.
The examiners were asked to classify the images as AWM or nodal following a 5 min training
phase. Training consisted of a slide presentation of previously indexed images of AWM and
nodal tissue that illustrated microstructural features indicative of each tissue type. Examiners
were blinded to the classification of the images. Sensitivity and specificity of these examiners in
discriminating AWM and nodal images was determined from these classifications. The previ-
ously defined classification scheme for a true positive and true negative outcome was used in
determining the sensitivity and specificity.

Results

Microscopic Imaging of Cardiac Tissue Microstructure
The neonatal lamb is a common animal model used to study pediatric cardiac diseases. We
thus studied the microstructural arrangement of the AWM and nodal tissue in this model.
Conventional confocal microscopic imaging of fixed neonatal lamb preparations labeled with
WGA are presented in Fig 2A and 2B. The anatomical location of the SAN and AVN in this
species is grossly similar as in other mammals including rodent and human. The microstruc-
ture of the extracellular space within AWM in neonatal lamb was characterized by a regular
striated arrangement (Fig 2A). In contrast, the microstructure of the extracellular space found
within the AVN was characterized by a heterogeneous, irregular arrangement (Fig 2B). The
same microstructural features have been previously observed by us in both rodent and human
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[14]. For comparison, we present example cross-sections through image stacks of fixed human
tissue in Fig 2C and 2D.

In Fig 3 we present FCM images from rodent (Fig 3A and 3B) and neonatal lamb (Fig 3C
and 3D) of AWM (Fig 3A and 3C) and AVN (Fig 3B and 3D) acquired after topical application
of dextran-Alexa Fluor 488. Similar microstructural features are apparent in these images as
described above for conventional confocal microscopy.

Analyses of Cardiac Tissue Microstructure from FCM Images
Image stacks and sequences of AWM, SAN and AVN regions from rodent were acquired using
conventional confocal microscopy, FCM and two methods for fluorescent dye delivery. The
resulting images, CCM, FCMtopical, and FCMcarrier, were indexed based on anatomical origin of
imaged region, stored (see Data Availability Statement) and subsequently analyzed using tex-
ture analysis. In our analysis, we extracted features of the microstructural arrangement from
the extracellular space within these images, in particular the spatial regularity. We then mapped

Fig 2. Laser-scanning confocal images of neonatal ovine and human tissue preparations. Cross-section through image stacks of fixed (A,B) neonatal
lamb and (C,D) human tissue preparations labeled with wheat germ agglutinin. (A,C) Image stacks acquired from the epicardial surface into the subepicardial
atrial working myocardium. (B,D) Image stacks acquired from the endocardial surface into the subendocardial atrioventricular node tissue.

doi:10.1371/journal.pone.0147667.g002
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the spatial regularity to a simple score denoted as I15. Analysis of ROC curves generated from
these I15 values allowed us to determine optimal cutoff values for automated classification. In
Fig 4 we present histograms and ROC curves of I15 for CCM (Fig 4A–4C), FCMtopical (Fig 4D–
4F), and FCMcarrier (Fig 4G–4I) images for both Fourier and image moment based texture anal-
ysis. We observed a characteristic bimodal distribution of I15 regardless of the method of tex-
ture analysis or imaging approach. The distributions coincided distinctively with indexed
anatomical regions. I15 values derived from nodal and AWM images were distributed around
the lower and higher maxima, respectively. The ROC curves were obtained by varying the deci-
sion threshold between the minimum and the maximum I15 of CCM (Fig 4C), FCMtopical (Fig
4F), and FCMcarrier (Fig 4I) images calculated from Fourier (green dotted line) and image
moment (solid red line) analysis. The inset within the ROC curves shows a magnified view of
the curve closest to the region of perfect classification. The inset also shows optimal cutoff val-
ues for CCM, FCMtopical, and FCMcarrier images based on Fourier and image moment analysis.
The optimal cutoff value was calculated based on minimizing the distance between the ROC
curve and the upper left corner of the plot with the addition of a weighting factor based on the
misclassification cost of AWM and nodal images. Details on the ROC analysis are presented in
S1 Table, including sample sizes as well as the sensitivity and specificity for each optimal cutoff
value.

Evaluation of Human and Automated Classification
In a last set of experiments we evaluated the performance of human and automated classifica-
tion systems in discriminating AWM and nodal images. A random set of 81 AWM and 81

Fig 3. Fiber-optics confocal microscopy of the living arrested heart. Example fiber-optics confocal microscopy images from (A,B) rodent and (C,D)
neonatal lamb. Images were acquired using a UltraMiniO imaging microprobe after topical administration of dextran-Alexa Fluor 488 via pipette to a region of
(A,C) atrial working myocardium and (B,D) sinoatrial node. Note that the applied fiber-optics confocal microscope yields images of lower spatial resolution
than state-of-the-art laser-scanning confocal microscopes (Fig 1).

doi:10.1371/journal.pone.0147667.g003
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nodal images from each of the CCM, FCMtopical, and FCMcarrier image sets were evaluated by 8
human examiners. Preceding the evaluation, the examiners were trained to identify hallmark

Fig 4. Receiver operating characteristic analysis of indexed image sets. Histograms and receiver
operating characteristic curves of I15 for (A-C) CCM, (D-F) FCMtopical and (G-I) FCMcarrier images based on
Fourier (green dotted line) and image moment (red solid line) texture analysis. A bimodal I15 distribution was
observed with indexed nodal (filled histogram) and atrial working myocardium (AWM, unfilled histogram)
images grouped around lower and higher maxima, respectively. Inset within ROC curves show a magnified
view of the curve closest to the region of perfect classification (upper left corner). Optimal cut-off values from
Fourier (green square) and image moment (red square) texture analysis of the (C) CCM, (F) FCMtopical and (I)
FCMcarrier images are shown in the insets.

doi:10.1371/journal.pone.0147667.g004
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features in the microstructural arrangement of the extracellular space that allowed for AWM
and nodal identification. In addition, the same set of images was evaluated by automated classi-
fication systems based on optimal cutoff values from ROC curves and two methods of image
texture analysis described above. The sensitivity and specificity of human and automated clas-
sification systems in discriminating AWM and nodal images are shown in Table 1. Human
examiner results are presented as mean ± standard error. We achieved a sensitivity of 99.2% ±
0.3 and specificity of 98.0% ± 0.7 in human examiner evaluation of FCMcarrier images. FCMcar-

rier images were acquired using the dye carrier method of fluorescent dye delivery. Approxi-
mately 1 AWM image was misclassified as nodal (false negative) and approximately 2 nodal
images were misclassified as AWM (false positive) from the 81 AWM and 81 nodal images
classified. In comparison, human examiners misclassified approximately 1 AWM (99.2% ± 0.3
sensitivity) and 5 nodal (94.0% ± 2.4 specificity) images in evaluating images acquired using
dye application via pipette (FCMtopical). A comprehensive summary of the sensitivity and spec-
ificity for each human examiner and each image set evaluated is presented in S2 Table. Sensitiv-
ity and specificity for the automated method of classification based on Fourier analysis was
97.5% and 95.1%, respectively for the FCMcarrier images. In this case, approximately 2 AWM
and 4 nodal images were misclassified from the total 162 FCMcarrier images. In comparison,
sensitivity and specificity of automated classification based on image moments was 100% (0
AWM images misclassified) and 92.6% (6 nodal images misclassified), respectively.

Discussion
Our studies provide evidence that human examiners can discriminate images of AWM and
nodal tissue acquired using FCM with extremely high sensitivity and specificity. We also found
that automated classification systems were similarly effective at discriminating these cardiac
tissue types as human examiners. These results suggest that automated classification has poten-
tial to support intraoperative FCM discrimination of AWM and nodal tissue. Furthermore, the
sensitivity and specificity of both human and automated classification were similar in discrimi-
nating CCM, FCMtopical, and FCMcarrier (Table 1). This suggests that differences in the imaging
approach such as method of fluorescent dye delivery, imaging modality, type of fluorescent or
optical properties of the imaging probe have only marginal effects on the reliability of human
and automated tissue discrimination. However, human examiners achieved the highest speci-
ficity in discriminating FCMcarrier images resulting in only approximately 2 misclassifications
of nodal images as AWM images compared to approximately 4–11 nodal misclassifications by
the other classifications performed (Table 1). This result is important in the context of pediatric
open heart surgery as we are biased towards reducing the number of nodal rather than AWM
misclassifications.

Table 1. Summary of Human and Automated Classification of Confocal Images.

Examiner (n = 8) Fourier Moments

SEN SPE SEN SPE SEN SPE

Images % ± SE % %

CCM 100.0 ± 0.0 87.5 ± 3.3 100.0 95.1 100.0 88.9

FCMtopical 99.2 ± 0.3 94.0 ± 2.4 98.8 91.4 98.8 91.4

FCMcarrier 99.2 ± 0.3 98.0 ± 0.7 97.5 95.1 100.0 92.6

CCM, conventional confocal microscopy; FCM, fiber-optics confocal microscopy; SE, standard error; SEN, sensitivity; SPE, specificity.

doi:10.1371/journal.pone.0147667.t001
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We showed previously that the approach based on sodium fluorescein and dye delivery via
carrier is more appropriate for clinical applications of FCM, in particular for translation of
FCM for pediatric open heart surgery [15]. This approach was used to acquire FCMcarrier

images. In contrast to dextran-Alexa Four 488, the toxicity of sodium fluorescein has been
extensively studied [23–26]. In particular, sodium fluorescein is a Food and Drug Administra-
tion class IIa drug and approved for use in ophthalmic angiography. We also demonstrated
that the local dye delivery via carrier was as effective as established systemic dye delivery in
visualization of the microstructural arrangement of tissue. However, local dye delivery using a
dye carrier required a lower amount of dye than systemic delivery. To obtain FCM images of
sufficient quality over an 8 min imaging session required approximately 4.1 and 240 μg of fluo-
rescent dye using local and systemic dye delivery methods, respectively. The lower amount of
dye required would make local dye delivery more preferable than systemic methods in the clin-
ical environment.

Our study revealed that the microstructural features of AWM and nodal tissue in neonatal
lamb resemble that of rodent and human. A characteristic microstructural feature of AWM in
rodent (Figs 1A and 3A), neonatal lamb (Figs 2A and 3C) and human (Fig 2C) is the regularly
striated arrangement of the extracellular space. This arrangement is a hallmark of the underly-
ing oriented arrangement of myocytes [27]. In contrast, nodal tissue images from rodent (Figs
1C and 3B), neonatal lamb (Figs 2B and 3D) and human (Fig 2D) were characterized by an
irregular, reticular arrangement. We showed previously that an irregular, reticular arrangement
is a characteristic microstructural feature of nodal tissue [14]. Our findings in this study sup-
port that the microstructural arrangement of AWM and nodal tissue are similar across rodent,
human and neonatal lamb. We also found that nodal tissue is located at a depth beneath the tis-
sue surface, which is accessible to FCM imaging. Based on these findings, we suggest that neo-
natal lamb is an appropriate animal model for investigating the ability of FCM to delineate the
conduction system, in particular for applications in pediatric open heart surgery.

Limitations
There are certain limitations associated with FCM such as penetration depth, spatial resolution
and its reliance on fluorescent dyes. Current FCM systems can image to a depth of approxi-
mately 100 μm at submicrometer resolution. We have shown that up to 50 μm in depth, micro-
structural features of cardiac tissue types can be discerned to allow for their discrimination,
particularly in fetal and infant human hearts (Fig 2C and 2D) [14]. Therefore, we expect that
the penetration depth and resolution are sufficient for clinical application of FCM for cardiac
tissue discrimination, specifically for pediatric open heart surgery. In addition, recently devel-
oped in vivo fluorescence imaging systems work at near-infrared wavelengths. These wave-
lengths will allow higher penetration depth than current imaging systems using wavelengths of
visible light [28]. Furthermore, in vivo imaging systems based on second-harmonic generation
and multi-photon microscopy are rapidly evolving [29, 30]. Beyond increased depth penetra-
tion some of these systems do not require application of fluorophores. However, imaging with
these systems has only been evaluated in isolated living cells or fixed tissue slices [31–33]. Eval-
uations in living cardiac tissue using these imaging systems have not yet been performed. How-
ever, we note that local dye delivery approaches and automated tissue discrimination methods
described in this study can be easily be adapted for emerging in vivo imaging technologies.

We investigated automated tissue discrimination methods, which were based on post hoc
analysis of imaged data. A clinical application of these methods would require processing in
near real-time, preferably as the imaging data is being displayed. We believe that real-time
automated discrimination is feasible through a combination of parallel processing, algorithm
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optimization, and graphics processing units. Medical imaging applications, which are compu-
tationally intensive, have seen dramatic improvements in performance by applying these tech-
nologies [34].

A further limitation is associated with the use of FCM images acquired from isolated rodent
hearts in the evaluation of human and automated tissue discrimination. We expect based on
the analysis of the microstructural features in rodent and human performed previously [14]
and in this study, that a similarly high sensitivity and specificity of tissue discrimination can be
achieved in the neonatal and infant human heart in situ.

In conclusion, we demonstrated that human and automated classification systems can
achieve high sensitivity and specificity in discriminating images of AWM and nodal tissue
acquired using FCM and extracellular fluorophores. We believe that the results of this study
will facilitate clinical translation of FCM as an intraoperative imaging modality to reduce the
incidence of conduction disturbances during surgical correction of congenital heart disease

Supporting Information
S1 Appendix. Supplemental methods.
(PDF)

S1 Fig. Anatomical overview of the right atrium from fixed rodent heart. The right atrium
was labeled with wheat germ agglutinin (yellow) and antihyperpolarization-activated cyclic
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