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Three Dimensional Reconstruction of
Human Sinoatrial Node

Nodus Sinuatrialis'in U¢ Boyutlu
Rekonstriiksiyonu

ABSTRACT Objective: The precise location and structure of the sino-atrial node (SA node) and its re-
lationships with surrounding tissues is uncertain. Therefore, our first aim in this study was to make a
real 3D model of the SA node from a human heart to understand the neighborings of the structures
that make it. Our second aim was to show numerical data regarding the neighborings so that such data
could be useful for clinical procedures. Material and Methods: The SA node was obtained from a for-
malin-fixed cadaver, embedded in paraffin, 5 pm thick complete serial sections were cut and stained
with Masson’s trichrome stain for demonstrating the it. 3D reconstruction of SA node was gener-
ated by using a fully computerized system with XYZ motorized stage and Neurolucida software.
Results: SA node was apparent in 90 of 143 histological sections as a crescent-like structure. Nodal my-
ocytes were circumferentially arranged around an obvious central SA nodal artery and embedded in
a dense connective tissue. In 3D solid views, we noted the SA node and the SA nodal artery. Crescent-
like shaped SA node was located subepicardially between superior vena cava and terminal crest, and
it had an extension as a tail toward and parallel to the inferior vena cava. Mean length of the node was
5.04 mm, whereas its width was 1.22 mm. The mean distance of the endocardium to its nearest point
to SVC was 0.64 mm, to its nearest point to terminal crest was 2.29 mm, and to the largest part of the
node was 0.73 mm. Conclusion: Our findings for the localization, anatomy, histology, and the distri-
bution of cells in the node seem to be comparable to that of the previous studies. We have also showed
nodal extensions and nodal artery in this model.

Key Words: Sinoatrial node; heart conduction system; image processing, computer-assisted

OZET Amag: Nodus sinuatrialis'in yapisi ve gevre dokularla iligkisi tam olarak bilinmemektedir.
Bu nedenle; calismamizin ilk amac: bilgisayarli bir sistem aracilig ile, insan nodus sinuatrialis'inin
ii¢ boyutlu modellemesidir. Tkinci amacimiz ise nodus sinuatrialis'i ve gevre yapilar ile iligkisini kli-
nik iglemlerde kullanilabilecek sayisal verilerle ifade etmektir. Gereg ve Yontemler: Nodus si-
nuatrialis formalin ile fikse edilmis kadavradan ¢ikarildi, parafine gomiildii, 5 um seri kesitleri
alindi ve Masson trikrom boyasi ile boyandi. Nodus sinuatrialis'in {i¢ boyutlu modellemesi, iize-
rinde hareketli XYZ modiilii bulunan bilgisayarli bir sistem ve Neurolucida programu ile yapildi.
Bulgular: Nodus sinuatrialis; 143 kesitin 90 tanesinde, yarim ay seklinde bir yap: olarak gériildii.
fleti hiicrelerinin, ortalarinda bulunan arteria nodi sinuatrialis (a. coronaria dextra r. nodi si-
nuatrialis)'in ¢evresinde dairesel olarak yerlestigi ve siki bag dokusunun iginde yer aldig1 go-
riildii. Ug boyutlu modellerde nodus sinuatrialis ve arteria nodi sinuatrialis saptandi. Yarim ay
seklindeki nodus sinuatrialis'in, vena cava superior ve crista terminalis arasinda, epikardiyumun
hemen altinda (subepikardiyal) yerlestigi ve vena cava inferior'a dogru, kuyruk seklinde bir
uzantisinin oldugu goriildi. Nodus sinuatrialis'in ortalama uzunlugu 5,04 mm, genisligi de 1,22
mm olarak saptandi. Vena cava superior'a en yakin noktasinin endokardiyuma olan ortalama
uzaklig1 0,64 mm, crista terminalis'e en yakin noktasinin ortalama uzakligi 2,29 mm ve en genis
kisminin ortalama boyutu 0,73 mm olarak hesaplandi. Sonug: Nodus sinuatrialis'in yeri, anato-
misi, histolojisi ve ileti hiicrelerinin dagilimu ile ilgili bulgularimizin 6nceki ¢aligmalarla uyumlu
oldugu goriildii. Ayrica bu modelde, nodus sinuatrialis'in arteri ve bityiik bir uzantis1 da goste-
rildi.

Anahtar Kelimeler: Sinoatriyal nod; kalp iletim sistemi; goriintii igleme, bilgisayar yardimh
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eing the pacemaker of the cardiac conduc-

tion system with contractile impulses

originated in specialized myocytes and con-
ducted via gap junctions between excitable my-
ocytes in various degrees, sino-atrial (SA) node is
an elliptic shaped, 10-20 mm long, 1 mm thick, 3
mm wide structure located 1-2 cm to the right side
of the crest of the right atrium, and descends pos-
tero-inferiorly into the upper part of the terminal
crest."> Components of this system cannot be dif-
ferentiated from the atrial muscle tissue by gross
dissection; but histologically, nodal cells are dis-
crete from the adjacent atrial muscle cells that
arranged around an obvious nodal artery.?

SA node consists of small, empty looking, ir-
regularly arranged, subepicardially located special-
ized myocytes embedded in dense connective
tissue. These specialized myocytes are slender and
fusiform in shape and are 5-10 pm in diameter.
There is a transitional zone between the atrial mus-
cle cells and the nodal cells.!®

Computerized three-dimensional (3D) recon-
struction of microscopic structures can be achieved
by using histological sections of the specimen. This
is necessary for understanding some anatomical
structures that are difficult to get detailed informa-
tion by gross dissection. Computer-based 3D re-
construction allows us to understand microscopic
and macroscopic features and relations of the struc-
ture with the adjacent tissues.

The aim of the present study was to make a
computer-based 3D model of the human SA node
and also reveal its microscopic and macroscopic re-
lations with the surrounding tissues.

I MATERIAL AND METHODS

Anatomic position of the SA node is constant in the
terminal crest at the junction of the superior vena
cava (SVC) and the lateral border of the right
atrium.? A rectangular block of tissue (2x2.5 cm in
size) including the distal SVC and atrium on either
side of the terminal crest was removed from a for-
malin-fixed cadaver heart (Figure 1).

First of all, the tissue was processed with in-
creasing series of alcohol and infiltrated in paraffin
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FIGURE 1: A rectangular block of tissue (2 x 2.5 cm) was removed between
the entrance of superior vena cava (SVC) and the lateral wall of the right
atrium.

(See for colored form http://tipbilimleri.turkiyeklinikleri.com/)

with an automated tissue processor (Leica TP
1020). Then it was embedded in paraffin and hard-
ened with tissue embedding center (Leica EG 1150
C & Leica EG 1150 H). Five ym thick serial sections
perpendicular to the terminal crest were obtained
using a sliding microtome (Leica SM 2000 R). Every
20th section was selected through the compact SA
node (section interval: 1/20 sections and block ad-
vance: 100 p) and finally 143 sections were obtained.
Then the sections were stained with Masson’s
trichrome stain, which includes hematoxylin for
staining the nuclei in purple, acid fuchsine for stain-
ing muscle fibers in red, and light green for stain-
ing collagen fibers in green (Figure 2).

For the microscopic examination, a bright field
upright microscope (Leica DM 4000 B), a computer
controlled XYZ stage (Ludl MAC 5000) and a dig-
ital camera (Optronics Microfire) were used with
a software (Microbrightfield Stereo Investigator)
and a workstation (IBM IntelliStation Z Pro). Im-
ages were captured by x2.5 objective (Figure 2).
Since the tissue sections did not fit into the micro-
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FIGURE 2: One of the 5 micrometer thick histological sections stained with
Masson'’s trichrome. Nuclei are stained in purple, muscle fibers in red, colla-
gen fibers in green. Sinoatrial node appears as a crescent-like structure.
Epi: epicardium; endo: endocardium; SA: sinoatrial node; SVC: superior vena cava
(48 images of x2.5 microscopic views).

(See for colored form http://tipbilimleri.turkiyeklinikleri.com/)

scopic field of view, an automated system was used
for capturing and alignment of the whole tissue.
Using the motorized computer controlled XYZ
stage, we collected 48 images for each section and
merged them into a single high-resolution 2D
image, called a virtual slice (Figure 3).

On the histological sections, we made some
measurements to provide quantitative information
for better understanding the node. The length,
width, mean distance of the endocardium to the
nearest point of the node to SVC, mean distance of
the endocardium to the nearest point of the node to
terminal crest, and mean distance of the endo-
cardium to the widest part of the node were meas-
ured (Figure 4).

Contour mapping is the basis of tracing. It is
performed manually by simple click tracing around
the edges of the tissue of interest. Contour mapping
is done to evaluate five components in the virtual
slices, named endocardium, epicardium, muscle,
SA node and SA nodal artery. Each structure was
traced in different color for a better differentiation.
The user gives the contour name and color. In this
step, endocardium and epicardium were traced in
blue, muscle in red, SA node in dark green, SA
nodal artery in dark red and a big SA nodal exten-
sion in green (Figure 5).

For a proper 3D modeling, tracings of each
section were aligned to the tissue above, so that
they were visualized on top of each other. After the
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proper alignment by the computerized system, 3D
solid views were obtained.

I RESULTS

Within the consequent 143 sections, SA node was
identified in the sections from 54 to 143 in other
words, the node was apparent in 90 histological
sections. In these sections, SA node was seen as a
crescent-like structure (Figure 2). Nodal myocytes
were circumferentially arranged around an obvi-
ous central SA nodal artery and embedded in a
dense connective tissue (Figure 6).

The cells in the center of SA node had small
nuclei and were stained pale within a dense con-

FIGURE 3: Virtual slice: 48 images of x2.5 microscopic fields are merged
into a high-resolution image. Total resolution is 10531x5004=51.4 megapix-
els for this image (Masson’s trichrome stain).

(See for colored form http://tipbilimleri.turkiyeklinikleri.com/)

FIGURE 4: A histological section showing the measurements.
Green dashed arrow: Length of the SA node; Cyan dashed arrow: Width of the SA
node; Red arrow: Mean distance of the endocardium to the nearest point of the node

to the superior vena cava; Blue arrow: Mean distance of the endocardium to the near-
est point of the node to crista terminalis; Yellow arrow: Mean distance of the endo-
cardium to the largest part of the node) (Masson’s trichrome stain, x10 original
magnification).

(See for colored form http://tipbilimleri.turkiyeklinikleri.com/)
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nective tissue in histological preparations. Outside
of these cells, there was a transitional zone includ-
ing larger cells with bigger nuclei. At the periphery
of sections, the atrial muscle cells were seen as
biggest cells having dense myofibrils. There were
irregularities and projections at the periphery of
the node; they were strands of nodal fibers going
between the atrial muscle cells (Figure 7).

In 3D solid views, we noted the SA node and
the SA nodal artery. Crescent-like shaped SA
node was located subepicardially between SVC
and terminal crest, and it had an extension as a
tail towards and parallel to the inferior vena cava
(Figure 2). At the lower sections, we observed that
the tail of the node went deeper in the atrial my-
ocardium and became closer to the endocardium.
The course of the SA nodal artery was also identi-
fied in the histological sections and in the 3D
model (Figures 8, 9).

We measured the length, width, maximum
and minimum distances to the endocardium to
provide quantitative information for better under-
standing the size of the node (Tables 1, 2).

I DISCUSSION

Immunohistochemical techniques can better
demonstrate the distinction between the myocar-

dial cells and the cells of the conduction system, in

FIGURE 5: Tracing: contour mapping of each structure is done with a differ-
ent color.

Blue: Endocardium and epicardium; Red: Cardiac muscle; Dark green: SA node; Dark
red: SA nodal artery; Green: SA nodal extension.

(See for colored form http://tipbilimleri.turkiyeklinikleri.com/)
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AT EL T S e D e
FIGURE 6: Nodal cells are distributed within the SA node. Note the specific
circumferential arrangement of nodal cells around the obvious central SA
node artery.

SAA: SA node artery; White arrowheads: Nodal cells around the SA node artery. (Mas-
son’s trichrome stain, x20 magnification).
(See for colored form http://tipbilimleri.turkiyeklinikleri.com/)

FIGURE 7: Three types of myocytes in and around the SA node.

NC: Nodal cells; TZ: Transitional zone; WM: Working myocytes. (Masson’s trichrome
stain, x40 magnification).

(See for colored form http://tipbilimleri.turkiyeklinikleri.com/)

terms of expression of proteins including connex-
ins.>%? Distribution of the nodal cells, interaction
of myocytes, identification of the SA node histol-
ogy and anatomy have distinctive features. With
this precise knowledge and the development of
catheter ablation techniques for the treatment of
cardiac rhythm disorders, there is an increasing
interest in the morphology and the pacemaker ac-
tivity of the SA node.® Most of the studies and ex-
periments to explore the morphology and the
pacemaker activity of the SA node were done on

Turkiye Klinikleri ] Med Sci 2013;33(2)
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FIGURE 8: 3D model of the specimen.
Green: SA node; Red: Cardiac muscle; Blue: Endocardium and epicardium.
(See for colored form http:/tipbilimleri.turkiyeklinikleri.com/)

-

FIGURE 9: 3D model of the SA node when the other structures are removed.
(See for colored form http://tipbilimleri.turkiyeklinikleri.com/)

animal models including rabbits, sheep, and rats;
because the cellular structure of human SA node is
similar to these animal models.236%1%-13 Three-di-
mensional models of SA node of human heart will
help to understand the integrity, architecture and
functional anatomy of the SA node, and guide the
planning of catheter ablation techniques for the
treatment of cardiac arrhythmias.

The SA node was reported as a crescent-like
structure; where the nodal myocytes were smaller
and paler than working atrial myocytes, and
packed within a dense matrix of connective tissue.?
We have used a high resolution imaging tech-
nique, and SA node was also seen as a crescent-
like structure in our histological sections (Figure
2). Nodal myocytes were circumferentially
arranged around an obvious central SA nodal ar-
tery and embedded in a dense connective tissue
(Figure 6). These findings were also seen in rabbit
SA node, as shown with Masson’s trichrome stain.’
Verheijck et al. showed different types of cells from
center to the periphery of the SA node by using im-
munohistochemistry in the rabbit heart.!® Song et
al. cultivated SA nodal cells from the newborn rat
and showed the cells having three different
shapes.!! In our study, we also showed three dif-
ferent cell types: the cells in the center of SA node
had small nuclei and were stained pale in a dense
connective tissue; outside these cells there was
transitional zone where bigger cells with larger nu-
clei were located; at the periphery of sections
working myocytes were seen as the biggest cells
with dense myofibrils (Figure 7).

Dobrzynski et al. are the first who constructed
a 3D anatomical model of the SA node in rabbit
using immunohistochemistry, histology and elec-
trophysiology.’ They have also identified multiple
cell types in the center and periphery of the SA
node. Similar to our model, they have also shown

TABLE 1: Size of the SA node in the cross-sections
(n=90).
Mean Minimum Maximum
(mm)  Standard deviation (mm) (mm)
Length 5.04 0.91 2.06 9.20
Width 1.22 0.43 0.71 2.58

TABLE 2: Distances between parts of the sinoatrial node to the endocardium in the cross-sections (n=90).

Mean (mm)
From the nearest point to SVC 0.64
From the nearest point to crista terminalis 2.29
From the largest part of the node 0.73

Standard deviation

Minimum (mm) Maximum (mm)

0.30 0.30 215
0.11 1.06 4.51
0.51 0.12 2.05

SVC: Superior vena cava.

Turkiye Klinikleri ] Med Sci 2013;33(2)
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the extension of SA node as a tail, running parallel
to the inferior vena cava.

Sanchez-Quintana et al. examined 47 human
hearts by histological analysis and scanning elec-
tron microscopy to study the architecture of human
SA node.!* They also made some measurements of
the node for helping ablation with endocardial
modification techniques. We also measured the
length, width, maximum and minimum distances
to the endocardium, to provide a better under-
standing for the morphometry of the node with in-
tent to help the ablation and modification
procedures of the sinus node when necessary.

Chandler et al., reported that the paranodal
area was a unique structure and had properties be-
tween the right atrium and the SA node and it may
play a role in atrial fibrillation."® In our study, we
have also seen a transitional zone located outside
the SA node center, and it has histological proper-
ties between SA node and right atrium. This tran-
sitional zone is the same as the paranodal area.’

Sanchez-Quintana et al. measured the size of
the SA node in three different parts of the node,
namely the head, body and tail; the mean lengths
were 2.2, 9.5 and 1.6 mm; and the mean widths
were 1.2, 1.5 and 0.4 mm, respectively.!* The mean
length in our study was 5.04 mm, and the mean
width was 1.22 mm. Our results are consistent with
those of Sanchez-Quintana et al. '* The same re-
searchers measured the distances between parts of
the sinus node and the epicardium and endo-

cardium. In a majority of their specimens, the inner
aspect of the entire node was <3 mm in distance to
the endocardium. In our study, the mean distance
to the endocardium was <2.29; thus confirming the
study of Sanchez-Quintana et al.!* Since the abla-
tion of the SA node is operated through the endo-
cardium, we did not measure epicardial distances
of the node.'®

These results may be helpful in planning abla-
tion and modification procedures of the SA node
where clinically indicated.

CONCLUSION

In our view, 3D model of real human microscopic
anatomy accompanied by numerical data will be
the gold standart for future anatomical studies.
These studies will help the clinicians to better un-
derstand the human tissue from real human 3D
models in order to develop new procedures for
clinical interventions.

LIMITATIONS

The major limitation of the present study is the use
of single cadaver heart in the model consisting of
more than a hundred sections and lack of addi-
tional information concerning details of the ca-
daver that the heart was removed from including
age, gender and clinical background. Besides, im-
munohistochemistry for nodal cells can also be per-
formed for accurately mapping the extend of the
SA node.
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