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ABSTRACT T;-weighted magnetic resonance imaging
(MRI) in conjunction with image and segmentation anal-
ysis (i.e., the process of digitally partitioning tissues
based on specified MR image characteristics) was eval-
uated as a noninvasive alternative for differentiating
muscle fiber types and quantifying the amounts of slow,
red aerobic muscle in the shortfin mako shark (Isurus
oxyrinchus) and the salmon shark (Lamna ditropis).
MRI-determinations of red muscle quantity and position
made for the mid-body sections of three mako sharks
(73.5-110 cm fork length, FL) are in close agreement
(within the 95% confidence intervals) with data obtained
for the same sections by the conventional dissection
method involving serial cross-sectioning and volumetric
analyses, and with previously reported findings for this
species. The overall distribution of salmon shark red
muscle as a function of body fork length was also found
to be consistent with previously acquired serial dissec-
tion data for this species; however, MR imaging revealed
an anterior shift in peak red muscle cross-sectional area
corresponding to an increase in body mass. Moreover,
MRI facilitated visualization of the intact and anatomi-
cally correct relationship of tendon linking the red mus-
cle and the caudal peduncle. This study thus demon-
strates that MRI is effective in acquiring high-resolution
three-dimensional digital data with high contrast
between different fish tissue types. Relative to serial dis-
section, MRI allows more precise quantification of the
position, volume, and other details about the types of
muscle within the fish myotome, while conserving speci-
men structural integrity. J. Morphol. 268:284-292, 2007.
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The ability to distinguish the two major muscle

types (i.e., the aerobic, slow twitch red muscle and
the glycolytic, fast-twitch white muscle) in the myo-
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tomes of fishes is of key importance in understanding
specializations in morphology, locomotion, and phys-
iology (Graham et al., 1983; Carey et al., 1985; Shad-
wick et al., 1999; Ellerby et al., 2000; Bernal et al.,
2003; Donley et al., 2004; Sepulveda et al., 2005).
Fishes of particular interest in this respect include
the tunas (Scombridae) and lamnid sharks (Lam-
nidae) in which a unique anterior and medial posi-
tion of red muscle within the body myotome is one of
several specializations contributing to a capacity for
regional endothermy (elevation of red muscle tem-
perature above that of ambient water) (Carey and
Teal, 1969; Carey et al., 1971; Graham and Dickson,
2001; Bernal et al., 2001a; Bernal et al., 2003) and
utilization of the unique thunniform swimming
mode (Graham and Dickson, 2004; Shadwick, 2005).
Past studies of fish muscular anatomy have
most often utilized the conventional method of se-
rial, transverse sectioning of the entire specimen
followed by the dissection, removal, and either the
weighing (Graham et al., 1983) or estimation of
mass by volume displacement (Woodhead et al.,
2001) of the tissue or muscle groups of interest
within each section. Or, as an option to volume
displacement, the surface area of each tissue in
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each section could be calculated using photographs
of the cut surface, followed by mathematical
extrapolation of tissue volume by multiplying the
surface area by slice thickness. Photography often
aids quantitative morphological descriptions of red
muscle in relation to structural features such as
the vertebral column and position along the body
axis (Bernal et al., 2003; Graham and Dickson,
2004; Sepulveda et al., 2005).

However, serial sectioning and dissection have
several disadvantages. One of these is the assump-
tion that objective, visual distinction of different
muscle types for dissection will be possible, which
is not always the case. Further, elucidation of ana-
tomical detail through careful dissection is
extremely labor intensive and, because cutting the
specimen can introduce distortions due to shear
and tearing, even the best dissections seldom offer
the possibility of reconstructing the specimen to
visualize basic design features of the intact, three-
dimensional (3D) state. Finally, dissection usually
results in nearly complete destruction of speci-
mens, precluding further analysis and making
work on rare and valuable material problematic.

One alternative method to serial dissection is
magnetic resonance imaging (MRI), a noninvasive
3D radiographic modality particularly well-suited
for the imaging of soft tissues including muscle
(Kirschner-Hermanns et al., 1997; Hodgson et al.,
2006). An earlier MRI study on sharks (Waller
et al., 1994) demonstrated its capacity to qualita-
tively contrast images of cartilage and various soft
tissues including brain, digestive tract, and muscle.
The objective of the present study is to evaluate the
relative effectiveness of MRI and segmentation
analysis (the process of digitally partitioning tissues
based upon specific MR image characteristics) in
quantifying red muscle position and volume in two
species of lamnids, the mako (Isurus oxyrinchus)
and the salmon shark (Lamna ditropis). This evalu-
ation entails the comparison of results obtained by
MRI with results obtained, for the same material,
by conventional dissection, and the comparison of
the red muscle data obtained by both of these meth-
ods with red muscle data recently published for the
mako and salmon sharks (Bernal et al., 2003).

MRI SYNOPSIS

MRI is based on the signals generated by water
molecules from radio-frequency (RF) excitation
while immersed in a large static magnetic field,
combined with additional, smaller, spatially vary-
ing magnetic fields that produce localized varia-
tions in these signals. It provides a complementary
approach to other imaging methods such as com-
puted tomography (CT), which uses X-rays and
thus distinguishes tissues on the basis of density.
Differences in the amount and states of water
within the tissues are manifest as alterations in

285

the MR signal and can be accentuated by altering the
parameters of the MR acquisition (i.e., echo time,
flip angle) to provide image contrast between tis-
sues of different types. MRI can acquire fully 3D
data at user-defined resolutions (Frank, 2002). The
individual volume resolution elements, or voxels,
are often chosen to be cubical in high resolution
studies such as the present one to facilitate accu-
rate measurements during postprocessing.

Two MR signal parameters that are particularly
useful for distinguishing different tissues are the
rate at which the RF-excited signal decays, and
rate at which thermal equilibrium is restored to
the sample within the large, static field, following
excitation. Both of these signal changes are char-
acterized by simple exponential functions. The
rate of thermal equilibrium restoration is charac-
terized by the parameter T; according to (1-exp(¢/
T1). The RF signal decay as a function of time ¢ is
characterized by the decay rate Ts, as exp(-t/T5).
Because of differences in their microstructure, tis-
sues have different intrinsic 7; and Ty values and
can be distinguished on this basis (Frank, 2002).
Image contrast between different tissues is done
by accentuating T; and Ty differences through
manipulation of the user-controlled parameters of
the MR image acquisition. Emphasizing T varia-
tions, called “T5-weighted imaging,” is useful in
distinguishing between tissue and fluids. T';-weighted
imaging is a standard way in which to distinguish
different tissues (Kirschner-Hermanns et al., 1997)
including muscle (Bonney et al., 1998) and is the
method used in the current study. Once these are
acquired, the data can be digitally partitioned into
virtual, 3D objects whose location and geometry
(including volumes, cross-sectional areas, relative
orientation) can be quantitatively assessed.

MATERIALS AND METHODS
Mako Shark

Three juvenile shortfin mako sharks (Isurus oxyrinchus) (fork
length [FL] 73.5 cm [3.8 kg body mass], 99 cm [9.7 kg body
mass], and 110 cm [13.5 kg body mass]) were captured off the
coast of southern California using methods described by Bernal
et al. (2001b), and approved by the Institutional Animal Care
and Use Committee, University of California, San Diego. Fol-
lowing the use of these specimens in other experimental studies
(Bernal et al., 2001b), they were euthanized and frozen whole
until MRI analysis was performed. Prior to imaging, specimens
were thawed and a large section was removed from the mid-
body region, beginning anterior to the first dorsal fin (41-42%
FL) and ending behind it (61-68% FL).

Axial MRI data were acquired for each mako body section
using a 1.5 Tesla GE Signa Clinical scanner (GE Healthcare,
Milwaukee, WI) with a standard knee RF receive coil. Data
were collected using a T';-weighted 3D spoiled gradient recalled
echo acquisition with the following parameters: 50° flip angle,
60.0 ms repetition time, 5.0 ms echo time, and 16 kHz bandwidth.
For each specimen, images were acquired at a fixed slice thickness
(0.15 ¢cm) and in-plane area (field-of-view, FOV). The FOV of each
acquisition was adjusted to encompass the maximum transverse
sectional area of each specimen order to maximize the resolution.
The respective number of slices, FOV, and total scan times for

Journal of Morphology DOI 10.1002/jmor



Posterior

Fig. 1. A: Three-dimensional illustration of a mako shark
(Isurus oxyrinchus) with an overlay showing the body section
that was scanned and volumetrically analyzed by MRI along
with the position of the right and left red muscle (RM) loins
(red). Section inside bracket 1 (solid line) represents the entire
body region removed for MRI analysis. Section encompassed by
bracket 2 (dashed line) represents the segment resolved by MRI
and by subsequent dissection (see text). B: Three-dimensional,
anterior-sagittal perspective, obtained by MRI and segmentation
analysis, showing red muscle position relative to the vertebral
column (VC) in a 13-cm long mid-body segment of a mako shark.
Other symbols: WM, white muscle.

each specimen were as follows: 73.5 cm FL: 64 slices, 20 cm FOV,
526 s scan time; 99 cm FL: 110 slices, 26 cm FOV, 879 s; and 110 cm
FL: 104 slices, 22 cm FOV, 833 s. One of these imaged volumes
is shown in Figure 1A within the correct anatomical context. Fig-
ure 1B shows a digitally cut section of the imaged volume in Fig-
ure 1A with the major anatomical components.

Data were processed using the Amira software program (Mer-
cury Computer Systems, Berlin, Germany) and two different
analyses, red muscle fractional volume estimation by tissue seg-
mentation, and red muscle position relative to the vertebral col-
umn, were performed. For both analyses, data were interpo-
lated by a factor of two in each dimension and a 3D Lanczos fil-
ter was employed to enhance tissue boundaries and sharpen
edge detail by reducing aliasing. Segmentation analysis differ-
entiated the volumes of two tissue groups, red muscle and
non-red muscle tissues (i.e., all other nonvisceral tissues includ-
ing white muscle, skin, connective tissue, and vertebrae) in the
body segment on the basis of their intrinsic 7;-weighted image
intensities. Because of tissue damage along the cut edges and
MRI signal attenuation due to fall off of the receiver coil sensi-
tivity, segmentation analysis could not be performed to the
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extent of the anterior and posterior ends of each body section.
The segmented data were then smoothed using a modified
Gauss filter and virtual 3D models of the red muscle and the
non-red muscle components generated. These were used to cal-
culate red muscle and non-red muscle volumes and relative red
muscle cross-sectional areas (defined as the ratio of red muscle
to total body volume at a specific FL to that at 50% FL). The
relative volumes of the red muscle and non-red muscle tissues
determined for each body section were compared with values
obtained within the same section by dissection. Findings for the
axial distribution of red muscle cross-sectional area were com-
pared to values in Bernal et al. (2003).

From axial image planes, the distance (D,,,) between RM and
the vertebral column was determined at five different positions
(45-65% FL, in 5% FL increments) along the body axis. These
data were used to calculate the relative red muscle-vertebral col-
umn distance D,q, which is D,,, at any point z along the fish
length, divided by D, at 50% FL.

Dissection

Red muscle quantity was determined by dissection of serial
transverse sections of each shark body section. The section of each
fish that was dissected spanned 45-65% FL and had the same
dimensions as the section imaged by MRI and processed by seg-
mentation analysis (Fig. 1A). Red muscle was dissected by making
a longitudinal incision at the base of the dorsal fin and advancing
ventrally through the white muscle until reaching the surround-
ing connective tissue. The red muscle was then extracted and
water displacement volume estimates (Woodhead et al., 2001)
were made for red muscle and nonred muscle. The volume fraction
of red muscle (RM%) was then calculated. Because both the MRI
and dissection determinations of volume were made on the same
section, direct comparisons of the results could be made on a per-
specimen basis.

Salmon Shark

A juvenile female salmon shark (Lamna ditropis), FL 81.5 cm
(9.0 kg body mass), made available shortly after washing ashore
at Bodega Bay, CA, afforded us the uncommon opportunity to
perform MRI-based measurements of the axial distribution and
volume of red muscle in an intact specimen for comparison with
previously obtained dissection measurements for this species
(Bernal et al., 2003). Whole shark T';-weighted MRI data were
acquired over the entire length of the specimen on a 3.0T GE
Excite clinical scanner using a Nova RF receive coil (Nova Med-
ical, Inc., Wilmington, MA) set at the following parameters:
transverse orientation, 3D fast spoiled gradient recall echo ac-
quisition, 30° flip angle, minimum full echo time, 22 cm field of
view, frequency 256, phase 256, 160 slices, 1.0 mm slice thick-
ness, and 31.25 kHz bandwidth. Because the specimen was sub-
stantially longer than the receive coil, a sequence of five consec-
utive image volumes was acquired. These volumes were slightly
overlapped to facilitate postprocessing image registration (the
alignment of adjacent image volumes using landmarks) and
Amira was used to produce one full-body dataset. Subsequent to
MR imaging, serial dissection of the salmon shark was per-
formed for validation of the segmentation analysis, particularly
confirmation of the red muscle endpoint (i.e., the % FL where
red muscle is no longer present).

RESULTS
Mako Shark

Figure 2 shows good agreement in red muscle
volumes for the body sections of the three sharks
determined by MRI with the corresponding region
of the whole body red muscle data obtained by
Bernal et al. (2003). The mean (+SD) relative red
muscle cross-sectional areas at the five selected
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Fig. 2. MRI determined relative red muscle cross-sectional
area estimates for the short body sections of three mako sharks
(Isurus oxyrinchus) used in this study compared to the red mus-
cle area vs. %FL relationship for whole mako sharks described
by Bernal et al. (2003).

body positions were: 45% FL, 1.12 = 0.02; 50% FL,
1.0; 55% FL, 0.74 = 0.02; 60% FL, 0.55 = 0.01;
65% FL, 0.44 = 0.01. Each of these estimates
occurs within the 95% confidence intervals of data
obtained at the same body position in different
mako specimens by Bernal et al. (2003). Results of
MR-based and conventional volumetric analysis
for the three mako sharks are shown in Table 1.
No significant difference was found in the esti-
mated red muscle volume per section determined
by the two methods (paired ¢-test, P = 0.18). Fig-
ure 3A illustrates one axial image plane of a mako
shark to show how D,,, was determined and Fig-
ure 3B shows that D, increases posteriorly. Val-
ues for D,, at different body positions are: 45%
FL, 0.90 = 0.06; 50% FL, 1.0; 55% FL, 1.18 =
0.07; 60% FL, 1.45 = 0.01; 65% FL, 1.56.

Salmon Shark

The MRI-generated axial profiles of relative red
muscle cross-sectional area in the 9.0 kg salmon
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shark are in general agreement with the previ-
ously published serial dissection and digital photo-
graphic results for larger salmon sharks examined
by serial dissection (Bernal et al., 2003) and these
comparisons are shown in Figure 4. While the ap-
proximate point of red muscle origin for all three
sharks is similar (21-25% FL), curves for the
larger sharks indicate an anterior shift in the posi-
tion of maximum red muscle cross-sectional area,
suggesting that red muscle mass is added to the
anterior body region as size increases. The poste-
rior extension of red muscle is in two loins lateral
to the vertebral column that taper to an endpoint
where red muscle is no longer discernible. How-
ever, MRI (see Fig. 4) showed a more protracted
red muscle endpoint (i.e., it appears to extend fur-
ther down the body, Fig. 4) relative to the red mus-
cle endpoints indicated by Bernal et al. (2003).
Subsequent serial dissections (see Fig. 5) con-
firmed, in close agreement with the findings of
Bernal et al. (2003), that the red muscle endpoint
of the 9.0 kg Lamna ditropis occurs between 61%
FL and 64% FL (arrow in Fig. 4). The protracted
endpoint seen in Figure 4 is due to hypaxial lat-
eral tendon, which has a markedly similar MR
image intensity to red muscle. This tendon forms
along the median edge of the main anterior-point-
ing cone of myotomal muscle, and transmits force
generated by red muscle posteriorly, thereby con-
necting red muscle to the skin in the region of the
caudal peduncle. This tendon’s appearance and
linkage in the salmon shark are both similar to
the hypaxial lateral tendon described for the mako
shark (Shadwick, 2005). Serial MRI and dissection
sections (see Fig. 5) detail the red muscle-lateral
tendon transition and show the tendon’s crescent
shape, which reflects its origin in red muscle myo-
septa.

DISCUSSION

This study demonstrates the efficacy of MRI,
along with image and segmentation analysis, in
determining the location and volume of red muscle

TABLE 1. Comparison of the estimates, by MRI and segmentation analysis and by conventional dissection and water-displacement,
for RM and body segment volumes obtained for the sections of three mako sharks (Isurus oxyrinchus)

Analytical method

MRI-segmentation

Conventional

FL Mass Range RM Total segment Relative RM RM Total segment Relative RM
(cm) (kg)? (%FL)" volume (cm?®) volume (cm?®)° volume (%)% volume (cm®) volume (cm?®)° volume (%)%
73.5 3.8 50-62 35.3 727.6 4.85 21.5 434.5 4.95
99.0 9.7 47-61 64.5 1335.7 4.83 72.0 1435.0 5.02
110 13.5 42-51 87.6 2070.4 4.23 69.0 1444.0 4.78

#Body mass estimated from fork length using values in Kohler et al. (1996).

PIndicates measured portion of the body.

“The entire volume of the body segment on which the RM volume estimate is based.

4% RM in the section estimated by: RM/(RM + body volume).

Journal of Morphology DOI 10.1002/jmor
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Fig. 3. A: Axial image plane for the mako shark (Isurus oxy-
rinchus) showing D,,,, the distance between the vertebral col-
umn (black circle) and the red muscle loin. B: Mako D, as a
function of FL.

in lamnid sharks. Using MRI, the distinct and
well-described morphological characteristics of red
muscle and white muscle (Bone, 1978) could be
contrasted on the basis of microstructure by 7T';-
weighted imaging. Our study presents quantitative
data on red muscle volume and distribution and
demonstrates close agreement between the MR-
based findings and those obtained by dissection fol-
lowed by either direct volumetric or digital trans-
verse-sectional analyses.

Two new observations about salmon shark red
muscle structure were revealed by this MRI study.
The first of these is the apparent anterior shift in
the axial position of maximum red muscle occur-
ring in larger sharks relative to the 9.0 kg speci-
men (see Fig. 4). Additional studies are needed to
understand the mechanism of this shift. Based on
present data, the shift appears attributable to both
the growth of red muscle as well as changes in
body mass. Bernal et al. (2003) reported that in
the mako, other lamnids, and the few other sharks
they studied, the scaling of red muscle mass is
directly proportional to body mass, and makos and
salmon sharks both had a relative red muscle
mass of 2%. Assuming a 2% relative red muscle
mass, a salmon shark growing from 9 to 16 kg
would increase its red muscle from 180 to 320 g.
For sharks, as is the case for most organisms,
mass increases as the cube of length (Kohler et al.,
1996), which means that large changes in body
girth occur with small changes in length. Further,
length-mass comparison of the body length-mass
relationships shows a markedly greater increase in
mass for the salmon shark (Goldman and Music,
2006) than for the mako shark (Mollet et al.,
2000). In the present study the 9.0 kg salmon
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shark had a fork length of 81.5 ¢cm and thus a
mass to fork length ratio of 0.11 kg cm*. The 15.9 kg
salmon shark studied by Bernal et al. (2003) had a
105 cm fork length, and its mass to fork length ratio
was 0.151 kg em 1.

The second observation was realized because the
MR parameters used for imaging were not pre-set
to distinguish between red muscle and the lateral
tendon and resulted in images initially suggesting
a longer protracted red muscle in the 9.0 kg
salmon shark (see Fig. 4). Because this finding did
not agree with the results of Bernal et al. (2003),
the terminal red muscle region of the salmon
shark was dissected for confirmation and this
revealed additional detail for red muscle-hypaxial
lateral tendon transition (see Fig. 5). Future stud-
ies could use adjusted MRI parameters to generate
images having good muscle-tendon contrast, and
thus allow comparative studies of the force trans-
mission systems of different lamnids. Also impor-
tant for further study are comparisons of lamnids
and tunas, which are markedly convergent for
both the position of red muscle deep within the
myotomes near the vertebral column and rela-
tively anterior in the body, as well as the arrange-
ments of the tendons that transmit force from the
red muscle to the caudal region (Bernal et al.,
2001a, 2003; Donley et al., 2005).

The potential importance of comparative MRI
analysis to the physiology and functional morphol-
ogy of lamnids and other species is illustrated by
Figure 6, which shows the full-body MRI scan of
the salmon shark and contrasts the red muscle
positions in the salmon and mako sharks. The MR
image in Figure 6A shows the parallel left and
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Fig. 4. Comparisons of red muscle quantity and position in
three differentially sized salmon sharks (Lamna ditropis), show-
ing the anterior shift in red muscle in larger sharks. Data for
the 9 kg shark were obtained from whole-body MRI images.
The arrow indicates the transition region between the red mus-
cle and tendon. Data for the 15.9 and 148 kg specimens were
obtained by serial sectioning and dissection (Bernal et al.,
2003).
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right red muscle loins of the salmon shark extend-
ing from near the rostrum to approximately 61%
FL. Body profiles of the two sharks (Fig. 6B) show
the thicker body of the salmon shark relative to
the mako (Mollet et al., 2000; Goldman and Music,
2006) as well as the salmon shark’s shorter red
muscle end point (61 vs. 90% fork length; Bernal
et al., 2003). In both the mako and the salmon
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shark, lateral tendons emanate from each myo-
tome along the entire span of the red muscle and
proceed posteriorly to their point of insertion into
the skin in the region of the caudal peduncle.
Accordingly, differences in the red muscle end
points thus have the potential to affect tendon
length and swimming kinematics. Bernal et al.
(2003), for example, suggested that the more ante-
rior end point of salmon shark red muscle likely
results in a more rigid swimming mode than
occurs in the mako. Kinematic studies on the
mako verify its thunniform swimming mode (i.e.,
minimum lateral displacement of the anterior
body) and show that pronounced lateral displace-
ment of the posterior body (i.e., the bending point)
begins at approximately 60% total body length
(Donley et al., 2005; Shadwick, 2005). No kinemat-
ics data exist for the salmon shark and would be
important in evaluating how differences in the red
muscle-tendon linkages affect body stiffness and
caudal oscillation in the two sharks.

The need to maintain an elevated temperature
in the red muscle and other tissues is another
functional difference that appears strongly related
to the different positions of red muscle in the
salmon and mako sharks. The salmon shark,
which occurs in the northern Pacific Ocean waters
often as cool as 6°C, has red muscle temperatures
that may be as warm as 26°C (Anderson and Gold-
man, 2001; Bernal et al., 2005). It has a more
extreme heat-conservation challenge than does the
mako shark, which occurs in sub-temperate to
tropical regions (Compagno, 2001). The vascular
retia (counter-current heat exchangers) bounding
the arterial and venous blood supply to red muscle
are the most effective mechanism for lamnid heat
conservation. Reflecting the much larger thermal
gradient between red muscle and ambient water
experienced by the salmon shark is its greater

Fig. 5. MR and digital camera images of the left-side myo-
tome and red muscle loin in the 9.0 kg (81.5 cm FL) Lamna
ditropis at three body positions (A) 51% FL, (B) 61% FL, and
(C) 64% FL. Note that red muscle is present at 61% FL but
only the hypaxial lateral tendon is present at 64% FL. Left:
MRI scans showing (between the green crosshairs) the transi-
tion between red muscle and the hypaxial lateral tendon. A:
Red muscle is an ellipsoid. B: Crescent shaped red muscle mass
just anterior to the tendon. C: Crescent of the tendon after the
red muscle endpoint. Center: Digital camera images of dissected
filets at the same locations of A—C in left column. Indentations
above and below the red muscle are sites of the removed verte-
brae (above) and the empty coelom (below). MR images are
scaled to fill the frame of the figure. Right: Close-up views of
tissue outlined in white boxes in center column. D: Sagittal sec-
tion through the body showing positions of A, B, and C above.
Anterior of the body is to the left. Vertical dashed line marks
the approximate endpoint of the red muscle, and corresponds to
the arrow in Figure 4. The tendon can be seen posterior to the
dashed line. The high-intensity region below red muscle is the
coelomic cavity.

Journal of Morphology DOI 10.1002/jmor
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Salmon Shark
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Fig. 6. A: Whole-body MR image of the 9.0 kg (81.5 cm FL) salmon shark (Lamna ditropis), showing the paired red muscle loins
(red) and the hypaxial lateral tendons (green) extending from red muscle to the caudal keel. B: (Left) Lateral profiles comparing
the body forms of a mako (Isurus oxyrinchus) and a salmon shark having similar total length, and showing the relative position
and extent of red muscle in each. The bulk of the salmon shark’s red muscle (red) is contained within the central body region,
which is thicker than that of the mako shark. In contrast, mako red muscle extends to 90% total length. [Shark profiles modified
from Ebert, 2003]. B: (Right) Comparison of axial cross sections of mako and salmon sharks, taken at 40% total length (blue verti-
cal lines in body profiles), showing the greater relative distance (denoted by yellow arrows) between red muscle and the body pe-
rimeter. Expressed as a percentage of total body width, these distances are 13.5% for the mako, and 22% for the salmon shark.

number of vessel rows (60—69) comprising the lat-
eral retia compared to the mako (~20 rows) (Carey
et al., 1985). However, another factor affecting
lamnid heat conservation is the potential for ther-
mal conductance from red muscle through the sur-
rounding white muscle to the body surface where
it would be lost to the ambient water (Graham
et al., 1983; Bernal et al., 2003). As shown in Fig-
ure 6B, the bulk of the salmon shark’s red muscle
is confined to its thicker, spindle-shaped mid-body
region. Similarly, the axial MR image of the
salmon shark shows that its red muscle occurs at
a deeper relative position in the body than in the
mako. By contrast, the thinner body of the mako
also lessens the relative distance between red mus-
cle and the body surface. Additionally, a significant
portion of the mako’s red muscle extends into the
thin, tapering region of the posterior body where it
is closer to the body surface.

Elucidation of anatomical detail by careful dis-
section requires considerable time and usually
results in the nearly complete destruction of the
specimens examined, largely precluding work on
rare or valuable material. Additionally, dissections
seldom offer the possibility of reconstructing the
specimen to visualize basic design features in their
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intact, 3D state. This is particularly important for
relatively rare or difficult to obtain specimens such
as the salmon shark, where the number of samples
available for study is very limited. Determining
the volumes of organs, muscles, and other tissues
by conventional means can be prone to error as
well, because of the difficulties associated with
physical separation of tissues of interest (e.g., red
and white muscle). While digital imaging of the
transverse serial sections of a specimen (Bernal
et al.,, 2003) streamlines the acquisition of red
muscle and other axial morphological information,
sectioning the specimen destroys it and can intro-
duce distortions because of shear and tearing. Fur-
ther, errors associated with analysis of digitized
images result from distortions due to the camera
lens or orientation of the object relative to the
camera, and are very difficult to quantify. The re-
solution of data from previous dissection-based
measurements (Graham et al., 1983; Carey et al.,
1985; Graham and Dickson, 2001; Bernal et al.,
2003; Sepulveda et al., 2005) was also limited by
the thickness (ca. 2-3 cm) of the transverse body
sections, which exceed by at least 30 times the sli-
ces resolved by MRI. In contrast to conventional
dissection followed by coarse mathematical inter-
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polation, MRI offers the fine-scale measurement
and 3D analysis of structure geometries and spa-
tial configuration required for understanding
many in vivo functions (Donley et al., 2004, 2005;
Shadwick, 2005; Hodgson et al., 2006).

The quantitative measurements reported in this
study are subject to error due to the effect of
“partial voluming” (Thacker et al., 2004), where
two different tissues occupy the same image vol-
ume element (voxel), resulting in an image inten-
sity intermediate to that of two tissues, depending
upon the volume fraction of each. In the present
study, the errors in the volume measurements
from this effect are relatively small, as the number
of voxels representing red muscle volumes is much
greater than the voxels representing the non-red
muscle border regions. In studies where this effect
may be important, two methods for reducing these
errors can be employed: acquiring higher resolu-
tion data (at the cost of increased imaging time) or
direct measurement of the different voxel tissue
components (Alfano et al., 1997). The condition of
the specimen can also be a source of error. Ideally,
fresh specimens would be used, but this is often
not possible. Freezing and repeated freeze-thaw
cycles can alter tissue microstructure, thereby
changing T:s and potentially reducing contrast.
Similarly, chemical preservation with formalin and
isopropanol can alter 7s and thus tissue contrast
(Yong-Hing et al., 2005).

In summary, this study demonstrates the effi-
cacy of MRI in conjunction with image and seg-
mentation analyses in providing a synoptic visual-
ization of the intact structure of shark myotomes
and related morphological features, such as the
hypaxial lateral tendon in the salmon shark,
which had not been previously described. MRI is
especially important in cases where the post-hoc
manipulations of the visual data are needed to
enhance interpretation, and this was done in our
evaluations of red muscle quantity and position in
the salmon and mako sharks. In addition to ensur-
ing the conservation of valued specimens, the stor-
age of digital MRI data will allow multiple intra-
and interspecific comparisons.
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