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Abstract The atrial pacemaker complex is responsible for the initiation and early propagation of cardiac impulses.
Optical coherence tomography (OCT), a nondestructive imaging modality with spatial resolutions of ∼1 to 15 μm,
can be used to identify unique fiber orientation patterns in this region of the heart. Functionally characterized
canine sinoatrial nodes (SAN) (n ¼ 7) were imaged using OCT up to ∼1 mm below the endocardial tissue surface.
OCT images were directly compared to their corresponding histological sections. Fiber orientation patterns unique
to the crista terminalis (CT), SAN, and surrounding atrial myocardium were identified with dominant average fiber
angles of 89� 12 deg, 110� 16 deg, and 95� 35 deg, respectively. Both the CT and surrounding atrial myo-
cardium displayed predominantly unidirectionally based fiber orientation patterns within each specimen, whereas
the SAN displayed an increased amount of fiber disarray manifested quantitatively as a significantly greater standard
deviation in fiber angle distribution within specimens [33� 7 deg versus 23� 5 deg, atrium (p ¼ 0.02);
18� 3 deg, CT (p ¼ 0.0003)]. We also identified unique, local patterns of fiber orientation specific to the
functionally characterized block zone. We demonstrate the ability of OCT in detecting components of the atrial
pacemaker complex which are intimately involved in both normal and abnormal cardiac conduction.© 2012 Society of

Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.7.071309]
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1 Introduction
The sinoatrial node (SAN) is a complex, heterogenous structure
located in the upper, posterior region of the right atrium (RA)
responsible for initiating cardiac impulses during normal con-
duction. Structural investigations of the SAN have revealed it
to be a diffuse, cigar-shaped structure extending between the
superior and inferior vena cavae,1 and electrically isolated
from the remaining bulk of atrial tissue.2–4 The location of
the leading pacemaker within the larger SAN is highly variable
and can be affected by both vagal tone and changes in extracel-
lular ion concentrations.5,6 Early experiments investigating the
mechanism of impulse formation and propagation through the
SAN have pointed to the presence of discrete exit pathways,7,8

which have more recently been functionally and anatomically
identified in both the canine and human SAN.9,10

Atrial arrhythmias, such as flutter and fibrillation, have been
shown to involve both the SAN and its exit pathways.11 These
arrhythmias can be diagnosed during routine electrophysiology
studies and potentially eradicated by catheter ablation proce-
dures. Successful procedural outcomes oftentimes depend on
the precise in situ identification of the atrial pacemaker complex,
as well as normal/abnormal atrial myocardium. Current clinical
anatomical visualization techniques, including magnetic reso-
nance imaging (MRI), computed tomography (CT), and ultra-
sound, deliver relatively low spatial resolutions and cannot be
performed in real time during electrophysiology procedures.

Optical coherence tomography (OCT), on the other hand, is
an imaging technique, allowing for the visualization of
micron-scale structures within nontransparent biological tissues,
with resolutions ranging from submicrometer through
15 μm.12,13 Despite OCT’s high spatial resolution, however, it
is currently limited by its depth penetration, estimated to be
2 to 3 mm in biological tissues13 and recently shown to be 1
to 2 mm in human cardiac tissue.14 Furthermore, OCT can
be used in situ for real-time, high-resolution visualization of
cardiac structures with catheter-based imaging systems.15,16

The use of OCT in visualizing components of the human
heart vital to both normal and abnormal conduction, including
high-resolution identification of the SAN, was evaluated in our
recent study.14 Additional previous studies have shown the uti-
lity of OCT in imaging components of the conduction system in
both rabbit17,18 and human hearts.14 We have also explored the
relationship between structure, imaged using OCT, and func-
tion, visualized using optical mapping, in the rabbit SAN.19

The rabbit SAN, however, is essentially a two-dimensional
structure,20 as opposed to the three-dimensional canine7,9 and
human10,21 SANs. In this study, we aimed to apply ex vivo
OCT imaging to canine SANs, which had been functionally
characterized via optical mapping as published in our previous
study.9 Furthermore, we aimed to structurally identify elements
of the atrial pacemaker complex, including nodal tissue and exit
pathways, in addition to quantifying local fiber orientation in
these areas important in the generation and maintenance of
both normal and abnormal cardiac conduction.
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2 Materials and Methods

2.1 Experimental Preparation

The experimental protocol was approved by the Institutional
Animal Care and Use Committee of Washington University.
Canine right atrial preparations (n ¼ 7) were initially isolated
and functionally characterized via optical mapping with a
voltage-sensitive dye. Functional data describing the activation
of the SAN and the presence of discrete exit pathways was
published in our previous study.9 Immediately after the optical
mapping experiment, the tissue preparations were perfused and
fixed with 3.7% formaldehyde overnight and then transferred to
20% sucrose for 2 days. Specimens were dissected to include the
right atrial appendage (RAA), crista terminalis (CT), and 2 to
3 cm of tissue beyond the CT, where the SAN is located.6,22

The tissues were photographed and clearly marked with pins
to correlate OCT images with corresponding structural and func-
tional datasets. It should be noted that the seven preparations
imaged via OCT in this study were initially optically mapped
and the electrophysiological results published earlier.9

2.2 OCT Imaging

The basics of our OCT system have been described pre-
viously.14,19,23 In short, we imaged each specimen (n ¼ 7) in
4.5 × 4.5 mm overlapping segments from the endocardial
surface, with final axial and lateral resolutions of 10 μm
(in air).

2.3 Histology and Immunohistochemistry

After imaging, tissue specimens (n ¼ 5) were embedded and
frozen in Tissue-Tek® OCT compound (Electron Microscopy
Sciences, Hatfield, PA) and stored at −80 °C. The tissues
were then cryosectioned at 16 μm (n ¼ 4, parallel to endocar-
dium; n ¼ 1, perpendicular to endocardium) and mounted on
Superfrost Plus glass slides (Fisher Scientific). Sister sections
were then stained using either Masson trichrome (IMEB, San
Marcos, CA) or antibodies for the gap junctional protein con-
nexin 43 (Sigma-Aldrich, St. Louis, MO), the cardiac myocyte
marker-α-actinin (Sigma-Aldrich, St. Louis, MO), and the
fibroblast marker vimentin (Progen Biotechnik, Heidelberg,
Germany), as described previously.9,24 Imaging of both histol-
ogy and immunohistochemistry was performed on a Nikon
C1/80i confocal microscope with an attached AxioCam MRc5
brightfield camera (Carl Zeiss).

2.4 OCT Image Processing and Analysis

OCT images were processed using MATLAB (Mathworks), as
described previously.14 Individual OCT images were acquired
six times, and then averaged to reduce background noise. Med-
ian filtering was also performed with a 3 × 3 smoothing kernel
to further diminish speckle noise. Custom-designed analysis
programs were developed in MATLAB for virtual tissue slicing
in order to visualize fiber orientation in relation to the tissue
surface,19 as well as to quantify the depth of OCT imaging.14

Quantification of 2D fiber orientation was performed using
an automated gradient-based algorithm developed and validated
in cardiac tissue.25 In short, this method initially calculated
the local gradient of each pixel the image of interest. Then,
within a small local window of the larger image, the dominant
local direction of the gradient was determined. Cardiac fiber

angles were assigned perpendicular to this gradient. Areas of
interest from which fiber orientation was assessed included
the CT, atrial myocardium, SAN, block zone, and exit
pathway(s). These areas were identified via a combination of
histology, immunohistochemistry, and functional datasets. The
SAN, however, was only identifiable in six out of seven hearts
imaged via OCT.

Quantitative data are expressed asmean� standard deviation.
A Student’s t-test was used to determine statistical significance.
A p-value of <0.05 was considered statistically significant.

3 Results

3.1 Identification of the Atrial Pacemaker Complex

OCT imaging of the canine atrial pacemaker complex achieved
an average depth penetration of 1.28� 0.23 mm from the endo-
cardial surface across all specimens. The approximate thickness
of tissue incorporating and surrounding the atrial pacemaker
complex was 2 to 3 mm. Although the SAN is defined as a
primarily subepicardial structure,2 inferior portions of the node
are located closer to the endocardial surface bringing them
within range for OCT.10 Consequently, although OCT could
not consistently image throughout the entire thickness of tissue
in the area of the SAN, the depth penetration was such that key
components of the atrial pacemaker complex could be visua-
lized. OCT failed, however, at identifying nodal tissue in one
heart out of seven total imaged.

The initial functional and structural identification of the atrial
pacemaker complex was achieved through the merging of sev-
eral data sets as shown in Fig. 1. The primary field of view for all
imaging modalities encompassed tissue ranging from the crista
terminalis (CT) to the interatrial septum (IAS) [Fig. 1(a)], which
incorporated both nodal tissue and normal atrial myocardium
into each data set. Optical mapping revealed the location of
the primary pacemaker [Fig. 1(b)], the block zone, and two
(or more) exit pathways from the SAN.9 In addition, both
histology [Fig. 1(c)] and immunofluorescent labeling for con-
nexin 43 [Fig. 1(d)] pinpointed the location of the SAN, as
distinguished from surrounding normal atrial myocardium.

Resolution-wise, OCT is comparable to conventional histo-
logical analyses,12–14 which allows for the direct comparison of
both techniques in identifying structures within the myocar-
dium. Figure 2 illustrates this concept from two overlying fields
of view. The images shown in Fig. 2(a) and 2(b) are located
approximately 0.44 mm below the endocardial surface, whereas
those images shown in Fig. 2(c) and 2(d) are located at a depth
of approximately 0.69 mm. Major identifying structures, such as
the sinus node artery and a pinhole (as indicated by the red
arrowheads), are apparent using both conventional and virtual
histology. In addition, abrupt changes in fiber orientation and
organization can be identified and confirmed with OCT, as
indicated by the arrows in Fig. 2.

3.2 Quantification of Fiber Orientation

Fiber orientation, as related to impulse propagation in the atrial
pacemaker complex, was assessed from three fields of view in
each heart. Figure 3 shows typical fiber orientation patterns from
areas identified as the crista terminalis, as indicated by the green
boxes in Fig. 3(b) and 3(c), and the interatrial septum, as indi-
cated by the blue boxes in Fig. 3(d) and 3(e), at two depths
(0.17 and 0.49 mm) below the endocardial tissue surface. As
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is evident in the OCT images, these areas of tissue exhibit strong
unidirectional fiber orientation with dominant fiber angles of
70� 20 deg and 137� 16 deg as measured in the crista termi-
nalis and interatrial septum, respectively.

OCT fields of view encompassing nodal tissue, on the other
hand, exhibit very different orientation patterns as shown in
Fig. 4 and Video 1. Initially, immediately under the endocardial
tissue surface [Fig. 4(b), depth ¼ 0.17 mm], there is a tendency
for a strong unidirectional fiber orientation with a dominant
angle of 130� 14 deg, similar to the interatrial septum. As
the field of view progresses from the endocardium towards
the epicardium and through nodal tissue, the cardiac fibers dis-
play an increased amount of disarray as shown in Fig. 4(e)
through 4(g). This fiber disarray is representative of SA
nodal tissue, which propagates impulses at slower conduction
velocities than normal atrial myocardium.4,9

Specific fiber orientation analyses, as shown in Fig. 5 in a
single preparation, illustrate the changing orientation and
fiber angle distributions in the CT, endocardial atrial layer
above the SAN, and the SAN itself. Both the CTand endocardial
atrial tissue layers exhibit strong unidirectional fiber orientations
with dominant angles centered around 69 deg and 130 deg as
shown in Fig. 5(a) through 5(f). Nodal tissue, as verified via

standard histology and immunohistochemistry, exhibits a higher
degree of fiber disarray as reflected in a wider range of fiber
angles (112� 34 deg), as shown in Fig. 5(g) through 5(i).
Overall average fiber orientation among all preparations, as
summarized in Fig. 6, was consistent across samples within
the CT (89� 12 deg), however, the endocardial atrial layer
located above the SAN exhibited a wide range of dominant
fiber angles (36 to 128 deg) between specimens. Within each
specimen there was still a strong tendency for the endocardial
atrial layer above the SAN to exhibit unidirectional fiber orien-
tation as in Fig. 5(d) through 5(f). The overall average angle of

Fig. 1 Identification of the atrial pacemaker complex. (a) Photograph of
a typical SA nodal preparation as viewed from the endocardium with
relevant structures labeled. (b) Typical atrial activation map of normal
sinus rhythm from the same SAN preparation as shown in panel A. The
white ellipsoid represents the area of earliest activation of the atria.
(c) Typical histology slide of the SAN with its approximate borders out-
lined by the dotted black line. (d) Typical immunofluorescent slide of
the SAN with its approximate border outlined by the dotted white line.
Connexin 43 is absent within the borders of the SAN. Abbreviations:
SAN, sinoatrial node; SVC, superior vena cava; IVC, inferior vena
cava; RAA, right atrial appendage; IAS, interatrial septum; Cx43, con-
nexin 43. Modified and reproduced with permission from Fedorov,
et al. Structural and functional evidence for discrete exit pathways
that connect the canine sinoatrial node and atria. Circ Res. 104(7),
915-923 (2009).

Fig. 2 Correlation of histology and OCT. Corresponding histology and
OCT slices taken from approximately 0.44 mm (a and b) and 0.69 mm
(c and d) below the endocardial surface. Red arrowheads indicate
pinholes used as reference points and arrows indicate abrupt changes
in fiber orientation.

Fig. 3 Identification of the crista terminalis and interatrial septum with
OCT. (a) Photograph of an SA nodal preparation as viewed from the
endocardium with the OCT fields of view for the CT and IAS identified
by the green and blue boxes, respectively. OCT images of the uni-
directional fiber orientation of the CT and IAS 0.17 mm (b and d)
and 0.49 mm (c and e) below the endocardium. Abbreviations: SVC,
superior vena cava; IVC, inferior vena cava; RAA, right atrial appen-
dage; CT, crista terminalis; IAS, interatrial septum.
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the SAN itself was relatively consistent among the specimens at
110� 16 deg, however each individual specimen did exhibit a
high degree of fiber disarray within the node, such as that illu-
strated in Fig. 5(g) through 5(i). The amount of fiber disarray
was evaluated based on the standard deviation of angles within
each structure (CT, endocardial atrial layer, and SAN) as shown
in Fig. 7 among all preparations. Overall, the SAN demonstrated
significantly higher standard deviations (33� 7 deg) than both
the endocardial atrial layer (23� 5 deg, p ¼ 0.02) and the CT
(18� 3 deg, p ¼ 0.0003) indicative its higher degree of fiber
disarray.

3.3 Additional Identifiable Features of the Atrial
Pacemaker Complex

In addition to evaluating fiber orientation in the CT, endocar-
dial atrium, and SAN, fibers were also identified with unique
orientation patterns in the block zone26 as shown in Fig. 8 and
Video 2. The bright white area, as indicated by the white arrow
in Fig. 8(c), most likely contributes to the functional block
zone, as shown in Fig. 8(a). The pattern of fibers indicated
by the red arrow in Fig. 8(e) appear to “dead-end” in the
block zone. Consequently, an impulse originating from the

Fig. 4 Identification of the sinoatrial node with OCT. (a) Photograph of an SA nodal preparation as viewed from the endocardium with the OCT field of
view for the SAN identified by the white box. OCT images (Video 1, MOV, 6.1 MB) [URL: http://dx.doi.org/10.1117/1.JBO.17.7.071309.1] of the fiber
orientation are shown at (b) 0.17 mm, (c) 0.24 mm, (d) 0.3 mm, (e) 0.36 mm, (f) 0.42 mm, and (g) 0.49 mm below the endocardium.

Fig. 5 Fiber angle distribution in the crista terminalis, atrium, and sinoatrial node in a single preparation. (a) OCT image of cardiac fibers in the CT.
(b) Assigned fiber angle vectors in the CT at a depth of 0.43 mm. (c) Distribution of fiber angles in the CT with an average dominant angle of
69� 19 deg. (d) OCT image of cardiac fibers in normal atrial myocardium located endocardial to the SAN at a depth of 0.17 mm. (e) Assigned
fiber angle vectors in normal atrial myocardium. (f) Distribution of fiber angles in the atrium with an average dominant angle of 130� 14 deg.
(g) OCT image of cardiac fibers in the SAN at a depth of 0.49 mm. (h) Assigned fiber angle vectors in the SAN. (I) Distribution of fiber angles in
the SAN with an average dominant angle of 112� 34 deg.
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SAN would not be able to traverse these fibers and would
instead have to bypass the block zone, as indicated by the
dotted white line in Fig. 8(e), in order to excite the remaining
bulk of atrial tissue.

4 Discussion
It is well known that cardiac function is intimately linked to
underlying tissue structure. In this study, we had the distinct
advantage of performing structurally based imaging on electro-
physiologically characterized preparations. We focused specifi-
cally on the structure-function relationship in the canine SAN
with particular emphasis on fiber orientations patterns as they
relate to SA nodal conduction. Our previous functional study
demonstrated the presence of the block zone, nodal tissue,
and discrete exit pathways in the canine heart.9 In addition,
these structures were also identified using more traditional his-
tological and immunohistochemical techniques. Now for the
first time, we have demonstrated the existence of these structures
using a nondestructive imaging modality.

We have identified unique fiber orientation patterns specific
to the CT (Fig. 3), SAN (Fig. 4), atrial myocardium (Figs. 3
and 4), and block zone (Fig. 8). In addition, we quantified
fiber orientation distributions, using an automated gradient-
based algorithm,25 in these areas (Fig. 5). We found that the
CT and atrial myocardium tended to display unidirectionally
based fiber orientations, whereas the SAN exhibited an in-
creased amount of fiber disarray manifested as a significantly
greater standard deviation (Fig. 7). Although we were unsuc-
cessful in concretely identifying the exit pathways using OCT,
we believe their presence may be masked by surrounding fibers
with similar orientation patterns. We were, most importantly,
able to distinguish SA nodal tissue from the surrounding atrial
myocardium (Figs. 4, 5, and 7).

In addition to being a key component of normal cardiac con-
duction, the atrial pacemaker complex, consisting of the SAN,
block zone, exit pathway(s), and surrounding atrial myocar-
dium, has also been shown to be involved in arrhythmias,
such as atrial flutter and fibrillation.9,11 These arrhythmias are
oftentimes associated with SA nodal dysfunction8 and, more
importantly, are accompanied by both functional and structural

Fig. 6 Average fiber angle. Average fiber angles across all hearts in
three locations: the atrium (endocardial to the SAN), SAN, and CT.

Fig. 7 Standard deviation of the average fiber angle. Standard deviation
of the average fiber angle as an indicator for fiber disarray across all
hearts in three locations: the atrium (endocardial to the SAN), SAN,
and CT.

Fig. 8 Identification of the block zone with OCT. (a) Photograph of an SA nodal preparation as viewed from the endocardium with the OCT field of
view for the SA nodal block zone identified by the white box. OCT images of the fiber orientation are shown at (b) 0.07 mm, (c) 0.12 mm, (d) 0.18 mm,
(e) 0.24 mm, (f) 0.32 mm, and (g) 0.42 mm below the endocardium. The white arrow in (c) indicates the probable anatomic correlate of the functional
block zone. The dotted white lines indicate the pathways for impulse propagation around the block zone. The red arrow indicates fibers that “dead-
end” in the functional block zone.Abbreviations: SVC, superior vena cava; IVC, inferior vena cava; RAA, right atrial appendage; IAS, interatrial septum.
(Video 2, MOV, 5.9 MB) [URL: http://dx.doi.org/10.1117/1.JBO.17.7.071309.2]
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changes in the SAN.27 Structural changes, such as alterations
in interstitial fibrosis,28 within the SAN could potentially be
monitored with high spatial resolution over time with OCT, as
an indicator of disease progression. In addition, an increased
amount of fibrosis or abrupt changes in fiber orientation patterns
may result in a higher propensity for reentrant arrhythmias.29

Recently, it has been suggested that there is a unique struc-
ture running parallel to the human sinoatrial node termed the
paranodal area.30,31 This region was shown to have unique
molecular and histological characteristics in the human heart,
with properties intermediate between the SAN and normal
right atrial myocardium. In our study, we were unable to identify
this area in the canine heart using both traditional histology and
OCT, despite the functional similarities we have found between
the human and canine SA nodes.9,10 The identification of the
paranodal area in the human heart via OCT still remains to
be explored.

OCT is a nondestructive imaging technique with superior
spatial resolution as compared to other anatomical visualization
and reconstruction techniques.12,13 Most importantly, OCT can
be miniaturized into a catheter-based imaging system15,16 to be
threaded through the vasculature and into the cardiac chambers.
In this way, physicians can directly relate, in real time and
in situ, cardiac function to its underlying structure during elec-
trophysiology studies and ablation procedures. In addition, the
continued development of automated visualization and analysis
tools19,25 for OCT will only serve to power its movement into
mainstream cardiology.

5 Conclusion
We have demonstrated the ability of OCT in detecting compo-
nents of the atrial pacemaker complex, which are intimately
involved in both normal and abnormal cardiac conduction.
We identified and quantified unique fiber orientation patterns
specific to the CT, SAN, atrial myocardium, and block zone
using an automated gradient-based algorithm. Based on this
study, we believe OCT is continuing to emerge as a key imaging
modality with the potential to identify, in real time and in situ,
structural substrates responsible for both normal and abnormal
cardiac conduction.
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