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ABSTRACT Mapping the myocardial fiber organization is important for assessing the electri-

cal and mechanical properties of normal and diseased hearts. Current methods to determine the
fiber organization have several limitations: histological sectioning mechanically distorts the tissue
and is labor-intensive, while diffusion tensor imaging has low spatial resolution and requires ex-
pensive MRI scanners. Here, we utilized optical clearing, a fluorescent dye, and confocal micros-
copy to create three-dimensional reconstructions of the myocardial fiber organization of guinea pig
and mouse hearts. We have optimized the staining and clearing procedure to allow for the nondes-
tructive imaging of whole hearts with a thickness up to 3.5 mm. Myocardial fibers could clearly be
identified at all depths in all preparations. We determined the change of fiber orientation across
strips of guinea pig left ventricular wall. Our study confirms the qualitative result that there is a
steady counterclockwise fiber rotation across the ventricular wall. Quantitatively, we found a total
fiber rotation of 105.7 + 14.9° (mean * standard error of the mean); this value lies within the range
reported by previous studies. These results show that optical clearing, in combination with a fluo-
rescent dye and confocal microscopy, is a practical and accurate method for determining myocardial

fiber organization. Microsc. Res. Tech. 00:000-000, 2008.

INTRODUCTION

The three-dimensional (3D) organization of myocar-
dial fibers plays a crucial role in the heart’s electrical
and mechanical properties. It has been well docu-
mented that propagation velocities are several times
faster along fibers than in the transverse direction
(Panfilov and Keener, 1993; Taccardi et al., 1997), mak-
ing fiber organization the most important determinant
of the activation sequence (Punske et al., 2005). In
addition, fiber organization is thought to play an essen-
tial role in arrhythmogenesis (Fenton and Karma,
1998; Kadish et al., 1988); and fibers are known to be
altered in some diseased states, including ischemic
heart disease (Wickline et al., 1992) and ventricular
hypertrophy (Koide et al., 1982; Roberts and Ferrans,
1975; Tezuka et al., 1990). Fiber organization also
plays an important role in the generation of myocardial
stress and strain (Omens et al., 1991; Waldman et al.,
1988) and in the structural adaptation of the myocar-
dium (Arts et al., 1994). Because fiber organization has
great relevance, considerable effort has been spent to
find reliable and practical methods to determine it.

The imaging tools most utilized for fiber mapping
today are diffusion tensor imaging (DTI) (Burton et al.,
2006; Helm et al., 2005) and histological sectioning
(Vetter et al., 2005; Young et al., 1998). The main draw-
back of using DTT is its limited spatial resolution; only
the most advanced MRI scanners can achieve a suffi-
cient resolution (<100 um) in a reasonable time frame
(~9 h) (Jiang et al., 2004). Even at a resolution of 100
um, DTT is unable to identify the crossings of fiber bun-
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dles adequately (Jung et al., 2006). Histological techni-
ques provide a higher spatial resolution; however, it is
difficult and labor-intensive to obtain a comprehensive
3D visualization of macroscopic specimens (Dodt et al.,
2007). Sectioning the specimen may alter or destroy
the normal architecture unless sophisticated schemes
are used (Young et al., 1998). While confocal and two-
photon microscopy avoid these limitations, they have
low penetration depths of only a few hundred microns
(Dodt et al., 2007).

In this article, we show how the penetration depth of
confocal microscopy can be dramatically increased
using optical clearing. Optical clearing is a method to
make specimens transparent by matching the intra-
and extracellular refractive indices and has been used
in embryonic (Miller et al., 2005; Zucker et al., 1998;
Zucker, 2006), tumor (Sakhalkar et al., 2007), and
brain (Dodt et al., 2007) research. By adding a fluores-
cent dye, which binds to cell membranes, and optically
clearing the heart, we were able to construct 3D ren-
derings of the myocardial fiber organization in guinea
pig and mouse hearts. We have optimized the staining
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and clearing procedure to allow for the imaging of
hearts with a thickness up to 3.5 mm.

MATERIALS AND METHODS
Preparation of Guinea Pig and Mouse Hearts for
Optical Clearing

All experiments conformed to the Guide for the Care
and Use of Laboratory Animals (NIH publication No.
85-23, revised 1996). Guinea pigs (Hartley; 300—400 g;
n = 8) and mice (C57BL/6; 20-30 g; n = 4) were first
heparinized (550 U/100 g for guinea pig; 250 U/20 g for
mice) and then anesthetized with sodium pentobarbital
(0.75 mL/100 g for guinea pig) and ketamine (200 mg/g
for mice); the heart was excised and placed in ice cold
cardioplegia solution (Baxter et al., 2001). The aorta
was cannulated and gravity perfused with cardioplegia
and diacetyl monoxime (DAM, 15 mmol/L) to inhibit
contractions, and stained with either di-4-ANEPPS
(5 pg/mL) or di-4-ANBDQBS (27 pmol/L) (Matiukas
et al., 2007) both of which are voltage sensitive fluores-
cent dyes. We then dehydrated the heart by a graded
ethanol series (50% (v/v), 70%, 75%, 90%, 95%, and
twice in 100% for 30 min). After dehydration, the heart
was treated with Murray’s clear, also known as BABB
(Zucker et al., 1998): 1:2 (v/v) benzyl alcohol: benzyl
benzoate (both from Sigma). The time required to clear
the heart was ~40 min. The transparent heart was
stored in the clearing solution at room temperature
until imaging.

Confocal Imaging and Processing

For all confocal imaging, hearts were immersed in a
cuvette filled with BABB. Confocal imaging was per-
formed on a Zeiss LSM 510 system, using a Zeiss Axio-
vert 200M inverted microscope with 10X dry and 40X
water immersion objectives. The fluorescence was
detected using 514 nm and 633 nm laser excitation and
560 nm long-pass and 650—710 nm band-pass emission
filters for the dyes di-4-ANEPPS and di-4-ANBDQBS,
respectively. Depth-correction of the excitation inten-
sity and photodetector gain (z-correction function in
Zeiss software) was used to reduce signal intensity var-
iation during deep (>500 um) scans. Repetitive scans
(up to 16) were implemented to reduce the noise in the
images. Whole heart scans were performed using a
multiple time series software (tiled scanning with sub-
sequent stitching of all tiles into a single image). The
penetration depth for an individual scan was up to
2 mm, but we scanned specimens up to 4 mm thick by
first scanning them on one side and then turning them
over to image the other side. Raw images were saved
as LSM files and later converted off-line to TIFF files
for further processing and analysis.

Fiber Measurements

The LSM files for a particular location of the strip
(base, center, or apex) were loaded into ImagedJ
(Abramoff et al., 2004) using the LSM toolbox plugin.
The stack of slices was rotated and flipped so that the
vertical axis was oriented from base to apex. The stack
was band-pass filtered and the brightness and contrast
was adjusted for each individual slice. The mean fiber
orientation in each image was calculated using an in-
tensity gradient algorithm as described by Karlon
et al. (1998).

3D Reconstruction of Whole Heart

To create three-dimensional reconstructions of the
whole heart, we first applied a median filter of radius 2
and binned the scanned data to reduce the resolution
(to ~100 X 200 X 200 voxels). Visualization was per-
formed using the software package Paraview (Kitware,
Clifton Park, NY). We determined the signal level cor-
responding to the stained tissue and then computed
the isosurface around the stained tissue using the
Marching Cubes algorithm (Lorensen and Cline, 1987).

RESULTS

A representative photograph of a mouse heart before
and after clearing is shown in Figure 1. Before clear-
ing, light cannot pass through the heart (Panel A),
while after clearing the heart is transparent (Panel B).
If the heart is not immersed in BABB (Panel B), there
is refractive index mismatching at the heart’s surface,
and the transparency is not obvious. To expose the
heart’s transparency, we immersed it in a cuvette filled
with BABB (Panel C). In such a setting, the markings
of a ruler behind the heart are clearly visible.

Figure 2 demonstrates that optical clearing dramati-
cally improves the penetration depth of confocal mi-
croscopy. We obtained a series of optical sections of a
mouse myocardium stained with di-4-ANBDQBS (Mat-
iukas et al., 2007). In Panel A, short-axis sections start
from the apex (z = 0 um) and progress through to the
base (z = 1,680 pm). At z = 720 um, we can see the
right ventricle (RV), the left ventricle (LV), and the sep-
tum, which separates the two. The papillary muscles of
the LV, which protrudes from the free wall into the cav-
ity, are seen at z = 1,220 pm. The RV can be identified
by its characteristic sickle-shaped geometry; while the
LV has a more cylindrical shape that appears circular
in the cross-sections. Panel B shows lateral sections
that start in the RV (z = 0 um) and progress through to
the LV (z = 1,680 um). At z = 240 pm, we can see the
RV and its atrium. By z = 480 pm, the septum emerges.
The LV is clearly seen by z = 1,220 pm. The thickness
of the ventricular walls differs substantially, with that
of the right ventricular wall (1 mm) being only half
that of the left ventricular wall (2 mm). Even at 1,700 pm,
the signal intensity and the quality of the images are
excellent; however, at larger z-values, the quality
starts to deteriorate due to the residual scattering of
the tissue. However, we were able to image hearts up
to twice as thick (3.5 mm) by scanning first from one
side and then turning the specimen over to image the
other side.

Figure 3 illustrates the gross 3D anatomy recon-
structed from a series of confocal sections (z-stack). In
Panel A, 30 confocal slices were used to reconstruct
most of the LV and part of the RV. The structure of the
endocardial surface is clearly visible, most notably the
papillary muscles of the LV. On the cut surface, we can
see some of the gaps separating fiber bundles. Panel B
shows the axial view from above of the same heart as
shown in Panel A. In this panel, the myocardial tissue
was darkened to make the cavities of the RV and LV
more easily visible. When looking into the circular cav-
ity of the LV, we can clearly see the 3D shape of both
papillary muscles. The RV cavity has a very thin,
sickle-shaped appearance (comparable with Fig. 2A).

Microscopy Research and Technique
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To test whether optical sectioning can resolve indi-
vidual fibers, we made strips of guinea pig right and
left ventricular wall (Fig. 4). Such strips have previ-
ously been used in a variety of studies characterizing
the fiber organization in different species (LeGrice
et al., 1995b; Streeter et al., 1969; Vetter et al., 2005;
Wu et al., 2007; Young et al., 1998). The strips were cut
from base to apex, 15-20 mm in length (y-direction)
and 5 mm wide (x-direction). The maximum thickness
(z-direction) of the strips was ~2 mm for the RV and
4 mm for the LV.

Figure 5 shows that confocal sections of optically
cleared tissue can clearly resolve individual myocardial
fibers. We illustrate the typical fiber orientations for
locations near the apex (Panel A) and the center (Panel
B). Local fiber directions were computed automatically
using Karlon’s algorithm (Karlon et al., 1998), shown
in Panels C and D. The fiber direction is highly consist-
ent over the imaged region. To quantify fiber direction,
we used a previously established notation (Vetter and
McCulloch, 1998) that has the zero angle along the epi-
cardial circumference (x-direction), positive angles ori-
ented counterclockwise, negative angles oriented clock-

Fig. 1. Mouse heart before and after optical clearing. A: Mouse
heart in air, before dehydration and clearing. B: The same heart, after
dehydration and clearing with 1:2 (v/v) benzyl alcohol:benzyl benzo-
ate (BABB). C: The same heart, dehydrated, cleared, and placed in a
cuvette filled with BABB. A ruler was placed behind the cuvette to
demonstrate the heart’s transparency in BABB. Scale bar = 3 mm.

z=0 um 240 480 720

wise, and angles ranging from —90 to 90°. Using this
convention, we calculated the average fiber angle for
Panels A (34°) and B (—39°) as shown in Panels E and
F, respectively. In this manner, we were able to quan-
tify the fiber organization at scanning depths up to
2 mm in both RV and LV strips.

Figure 6 shows how the fiber orientation varies
across the left ventricular wall. Panel A shows optical
sections at the center of a guinea pig LV, which run
from epi- (z = 0 pm) to endocardium (z = 1,600 pm) in
steps of 200 um. Fiber orientation exhibits a gradual
counterclockwise rotation with depth. To quantita-
tively analyze this rotation, we determined the fiber or-
ganization in six guinea pig LV preparations and com-
puted the average orientation as a function of depth
(dark solid circles, Panel B). We found that there is a
steady positive rotation of fiber direction. This rotation
has a biphasic nature; from 0 to 45% wall depth, the
rate of rotation is 1.6° per percent depth, while from 55
to 100% depth, it is only 0.47° per percent depth. The
total rotation across the ventricular wall is 105.7 =
14.9° (mean =* standard error of the mean). We com-
pare our data to Streeter’s data (light grey squares)
from the center of canine LV (Fig. 5 in Streeter et al.,
1969). Similar to our data, there is a continuous coun-
terclockwise rotation with depth. However, Streeter’s
data have a more linear than biphasic rotation, and the
total rotation is ~141 = 10° (mean * standard error of
the mean), significantly more than what we observe.

Figure 7 shows a narrow guinea pig RV strip, which
was cut from base to apex as described in Figure 4.
Panel A shows a slice taken at z = 60 pm. The strip has
been rotated for easier viewing. Fiber rotation can be
easily detected everywhere from base to apex. Panel B
shows fiber direction, at the location marked by the
white square in Panel A, for a series of different depths,
from epi- (z = 0 um) to endocardium (z = 620 um).
These images have been rotated to match the direction
of the strip in Panel A, but angles were still measured
against the positive x-axis (as in Fig. 5). As for the LV
(Fig. 6), there is a gradual counterclockwise rotat-

960 1200 1440 1680

Fig. 2. Optical sections of a whole mouse heart. The heart was stained with di-4-ANBDQBS and opti-
cal sections were obtained with a X10 dry objective. A: Sequence of short-axis sections. Numbers on top of
the panels indicate the distance from the apex. B: Lateral optical sections from RV to LV. Numbers above
the panel indicate the distance from the RV. Landmarks indicated are LV, left ventricle; RV, right ventricle;
a, atrium; s, septum; p, papillary muscle; scale bar = 5 mm.

Microscopy Research and Technique
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Fig. 3. Reconstructions of gross 3D anatomy from optical sections.
A: Posterior view. We show one optical section (the cut surface) and
an isosurface that encloses the 3D tissue domain. The dotted grey line
is the axial (H-H) view from the heart’s base at which an optical cut
(B) was taken. Scale bar = 2 mm. B: Axial view from the heart’s base.
We show the cut surface (grey) and the internal surfaces of the left
and right ventricles. Landmarks shown are LV, left ventricle; RV,
right ventricle; p, papillary muscle; scale bar = 1 mm.

ion with respect to depth. Differently from the LV,
however, there is a sigmoidal change in fiber rotation
shown in Panel C. The first phase, from 0 to 50% depth,
rotates at a rate of 0.75° per percent depth; a second
phase of rapid rotation occurs from 55 to 65%, with a
2.8° per percent depth change. Finally, a third phase of
slow fiber rotation occurs from 68 to 100% depth, with
a 0.6° per percent depth change in orientation. The
total rotation was 119 = 7° (mean * standard devia-
tion) across the ventricular wall. The graph in Panel D
shows fiber direction at two depths, 60 (squares) and
160 pm (circles), from base to apex. The greatest differ-

icardium

Apex

Fig. 4. Isolation of guinea pig ventricular strips to image fibers.
LV (and RV) strips were cut 5 mm wide (x-direction), 1520 mm long
(y-direction), and 4 mm thick from guinea pig hearts. Similar strips
were cut from guinea pig RV (thickness 2 mm).

E

Average
Fiber

Average
Fiber

Fig. 5. Determination of fiber angle in optical sections. A,B: Opti-
cal sections of cardiac tissue. Scale bar = 50 um. C,D: Local fiber ori-
entations, determined with Karlon’s method. E,F: The angle between
the average local fiber orientation and the positive x-axis is the fiber
angle of a given section. Counterclockwise angles (relative to the posi-
tive x-axis) are considered positive, clockwise angles negative.

ence between fiber directions at these two depths
occurred at the base and apex. At the base location (y
between 0 and 3.7 mm), this difference is 28°; while at
the apex location (y between 13.1 and 15 mm) it is 61°.
The strong depth-dependence of fiber direction at the
apex is explained by the fact that the apex is a singu-
larity point of the fiber organization, where fibers of
many different orientations meet. In the center of the
strip (4.7 < y < 12.2 mm), fiber orientation remains
fairly constant, exhibiting a rotation of about 15°
within 100 pm.

DISCUSSION

The technique outlined in this article provides the
framework for the qualitative and quantitative analy-
sis of myocardial fiber orientation in 3.5 mm thick myo-
cardium. By using optical clearing and confocal micros-
copy, we were able to reconstruct the 3D anatomy of
the mouse heart. In addition, we were able to image
myocardial fibers of 2—4 mm thick guinea pig LV and
RV strips. In this manner, we have determined that

Microscopy Research and Technique
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Fig. 6. Orientation of myocardial fibers in guinea pig LV. A: Opti-
cal sections of guinea pig LV at various depths obtained with 40X
water immersion objective. Numbers show the section depth starting
at the epicardial surface (0 um). Scale bar = 50 pm. B: A plot of fiber
angle as a function of percent wall thickness (n = 6, dark grey circles).

there is a gradual counterclockwise rotation of myocar-
dial fibers.

Previous studies have used DTI and histology to map
myocardial fibers. DTI allows for the nondestructive
mapping of myocardial fiber orientation. However, the
limited spatial resolution (<100 pm) makes it difficult
to identify the crossings of fiber bundles adequately
(Jiang et al., 2004). Moreover, to obtain even this spa-
tial resolution, prolonged scan times or very powerful
MRI scanners are required. DTI experiments (Holmes
et al., 2000; Hsu et al., 1998; Scollan et al., 2000; Wu
et al., 2007) have shown that there is a counterclock-
wise transmural rotation (as we observed here). Fur-
thermore, it was determined quantitatively in canine
(Hsu et al., 1998) and rabbit (Holmes et al., 2000; Scol-
lan et al., 1998, 2000) that there is ~100° total rotation
across the ventricular wall, which is in excellent agree-
ment with our finding of 105.7 + 14.9° (mean * stand-
ard error of the mean). However, these experiments
observed a linear change in fiber rotation across the
left ventricular wall as opposed to the biphasic change
that we observe. This difference may be because of the
different species used.

Histology has traditionally been the standard
method for mapping fiber organization; it has been
used to map dog (LeGrice et al., 1995a; Streeter et al.,
1969), rabbit (Vetter and McCulloch, 1998), guinea pig
(Hort, 1960), and rat (Omens et al., 1993; Young et al.,
1998) myocardium. These experiments observed that
fiber orientation has a counterclockwise rotation with
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Fiber rotation in canine LV is shown for comparison (Streeter et al.,
1969). Fiber angles were measured according to the notation shown
in Figure 5; intramural depth is given in percent of LV wall thickness.
Error bars are standard error of the mean.

depth, consistent with both our results and those of
DTI studies. However, histological studies consistently
found that the total fiber rotation is significantly
greater than what was reported in both DTI and our
experiments. The total rotation from epi- to endocar-
dium has been reported to be ~135° in guinea pig
(Hort, 1960), 140° in dog (Hort, 1960; Streeter et al.,
1969), and 180° in pig (Streeter and Bassett, 1966; Vet-
ter and McCulloch, 1998). A possible explanation for
this difference in fiber rotation lies in the procedures
used in the fixation and sectioning of the specimen. In
histological sectioning, formalin fixation is usually per-
formed over a period of 18 h to 4 weeks (Holmes et al.,
2000; Jiang et al., 2004; Wu et al., 2007). During fixa-
tion and subsequent dehydration of the specimen,
there is substantial shrinkage (15-35%, Kanai and Sal-
ama, 1995; Streeter et al., 1969), which may cause a
distortion of the fiber organization. In our proposed
fiber mapping technique, preparations are not formalin
fixed before dehydration in ethanol, and we observe
significantly less shrinkage (~10%). It would be inter-
esting to see if the total fiber rotation across the ven-
tricular wall as determined by our method would
increase if we fix our hearts before dehydration using
formalin; if so, this would be important evidence that
fiber mapping methods avoiding formalin fixation are
more accurate. Another possible explanation for the
differences between our data and that of several histo-
logical studies (Hort, 1960; Streeter et al., 1969; Young
et al., 1998) is the fact that the myocardium is
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Fig. 7. Orientation of myocardial fibers in guinea pig RV. A: Strip
of guinea pig at z = 60 pm (from epicardial surface). The white box
indicates the location that describes B, C, and D. Scale bar = 1 mm.
B: Fiber rotation with intramural depth at the location marked by the
white square in Panel A. The values indicate depth starting at the
epicardial surface (0 pm). Scale bar= 50 um. C: Average fiber angle

deformed when making histological sections. Note that
DTI, which does not involve physical sectioning, gives
results similar to that of our method. An attempt to
minimize damage caused by histological sectioning was
performed in rat RV by Young et al. (1998). They com-
bined histological sectioning with confocal microscopy,
by first imaging the bottom 60 pum of the block, then
cutting the bottom 50 um of tissue, and repeating this
process until the entire block was imaged. Their quali-
tative results are similar to ours (see Figs. 5 and 7 in
Young et al., 1998 and Figures 7A and 7B in this pa-
per), and the total fiber rotation they measure (120°) is
closer to our value (105.7°) than any other histological
study. The relatively small difference (14°) may be
attributed to the difference in species. Our prepara-
tions are not subjected to microtome sectioning since
all sections are optical. This avoids the problems
posed by mechanical distortion, alignment, and sec-
tion loss of the specimen and enables us to image 2

y (mm)

vs. intramural depth for the sections at the same location as in (B).
Error bars are expressed as standard deviation. D: Average fiber
angle versus distance from base to apex of the strip shown in (A), for
two depths z = 60 um (dark grey squares) and z = 160 um (light grey
circles). Error bars are expressed as standard deviation.

mm of cleared ventricular tissue in an uninterrupted
scanning session.

Although we can image as deep as 2 mm, it would be
desirable to still image deeper within the tissue. Since
the penetration depth is limited mostly by the residual
scattering of the cleared tissue, the key to imaging
deeper layers may lie in the use of near-infrared dyes
(Matiukas et al., 2006, 2007), which have longer excita-
tion and emission wavelengths so that the scattering
within the tissue reduces. The dye di-4-ANBDQBS can
be used in the near-infrared region provided that the
photodetector is optimized for use in this region. In the
future, we will take advantage of this property to fur-
ther increase the penetration depth. Autofluorescence
is a source of noise in our imaging method. We found
that it occurs predominantly in blood clots; however, if
heparin is administered before anesthetizing the ani-
mal, then the formation of blood clots could reliably be
prevented. Regarding the accuracy of fiber direction,

Microscopy Research and Technique
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we note that we are chemically treating the myocar-
dium in a way that shrinks the tissue, and this, to
some degree, distorts the fiber organization. The
shrinkage we observe (10%) is, however, substantially
less than that observed in both DTI and histology (15—
35%, Kanai and Salama, 1995; Streeter et al., 1969).

In summary, the fiber mapping method we propose
combines the strengths of DTI and histological meth-
ods; it allows for the mapping of fibers in a nondestruc-
tive manner (as DTI does) and it has spatial resolution
of a few microns (as histological methods do). Our
method avoids both the massive costs associated with
using MRI scanners, and the time-consuming labor of
preparing histological sections.
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