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Abstract. We examined the soft tissues of live freshwater mussels, Eastern elliptio Elliptio
complanata, via magnetic resonance imaging (MRI), acquiring data with a widely available
human whole-bodyMRI system. Anatomical features depicted in the profile images included
the foot, stomach, intestine, anterior and posterior adductor muscles, and pericardial cavity.
Noteworthy observations on soft tissue morphology included a concentration of lipids at the
most posterior aspect of the foot, the presence of hemolymph-filled fissures in the posterior
adductor muscle, the presence of a relatively large hemolymph-filled sinus adjacent to the
posterior adductor muscle (at the ventral-anterior aspect), and segmentation of the intestine
(a diagnostic description not reported previously in Unionidae). Relatively little is known
about the basic biology and ecological physiology of freshwater mussels. Traditional ap-
proaches for studying anatomy and tissue processes, and for measuring sub-lethal physio-
logical stress, are destructive or invasive. Our study, the first to evaluate freshwater mussel soft
tissues byMRI, clarifies the body plan of unionid mussels and demonstrates the efficacy of this
technology for in vivo evaluation of the structure, function, and integrity of mussel soft tissues.
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North America supports the greatest diversity of
freshwater mussels (Bivalvia: Unionidae) on the
planet, B300 of the 800 species known (Haas 1969,
The Mussel Project: http://clade.acnatsci.org/mussel/
index.html). The International Union for Conserva-
tion of Nature and Natural Resources (IUCN)-
World Conservation Union recently placed 41% of
the unionid species occurring in North America on
the 2004 IUCN Red List, regarded as critically
endangered, endangered, or vulnerable. Imperilment
of this magnitude has global significance (Baillie et al.
2004).

The physiological ecology and basic biology, as
well as the phylogeny, of many freshwater mussel
species remain poorly understood, which may hinder
conservation and recovery efforts (Baker & Horn-

bach 2001; Campbell et al. 2005). Traditional ap-
proaches for elucidating basic biology and health
problems in freshwater mussels have required lethal
sampling and dissection of specimens or invasive pro-
cedures, potentially jeopardizing survival of small
populations. Thus, species most in need of additional
study may receive the least attention from the scien-
tific community to avoid population effects of re-
search.

Magnetic resonance imaging (MRI) has demon-
strated abilities for non-invasive assessment of soft
tissue structure, integrity, and biochemistry in live
organisms, becoming common in human clinical en-
vironments. MRI would appear to meet the needs of
researchers working with freshwater bivalves as a
means for non-destructive and non-invasive assess-
ments of soft tissues, an especially important consid-
eration when working with imperiled mussels.
Increasingly, human MRI systems are adopted for
use on companion animals (e.g., dog, cat) in veteri-
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nary medicine (Walker 1995). Achievement of ade-
quate signal to noise ratios (SNRs) and image reso-
lution are challenges when using human MRI
systems on small animals (e.g., mouse, rat); increased
scan times (increasing expense) and/or specialized
hardware may be necessary when imaging small an-
imals with human MRI systems (Pfefferbaum et al.
2004). Whether the performance of a typical clinical
human whole-body MRI system is adequate for the
study of freshwater bivalves, animals of relatively
small size, is not known.

Eastern elliptios (Elliptio complanata LIGHTFOOT

1786) are found in freshwater throughout the Atlan-
tic slope of North America, are often used in studies
evaluating the effects of exposure to toxicants, and as
surrogates for imperiled species (e.g., Chittick et al.
2001). Thus, we selected the Eastern elliptio as the
model species for our study. Data were acquired with
a widely available clinical, human whole-body MRI
system. Freely available software packages and typ-
ical computer systems were used for post-processing
of images. We report on this first step in the devel-
opment of MRI for widespread use on freshwater
mussels.

Methods

Individuals of Elliptio complanata were collected
from a small stream in central North Carolina and
transported, moist and cool, in an ice chest with a
dampened fabric to prevent direct contact between
blue-ice packs and mussels (Cope et al. 2003). MRI
was conducted on four adult mussels (maximum
lengths: 64–77mm; wet weights: 40–65 g) at the Mag-
netic Resonance Research Center, University of Pitts-
burgh Medical Center, Pittsburgh, PA, USA. Images
were collected on one mussel known to have been
gravid earlier in the season. An equal number of mus-
sels designated as controls were transported and han-
dled similarly to those undergoing MRI, but were not
subjected to imaging. Imaging and transport were ac-
complished without anesthetics. After data collection,
the mussels were transported to an indoor tank at the
College of Veterinary Medicine, North Carolina State
University, Raleigh, NC, USA, where survival was
monitored for 30d. The mussels were transported
41600km (41000miles) over a period of 5 d.

Imaging system and protocol

Image data were acquired using a 127.4MHz, 3-T
horizontal bore, whole-body scanner (General Elec-
tric Medical Systems, Milwaukee, WI, USA). The
cylindrical bore of the magnet was 92.5 cm and the

gradient core was 60 cm (inner dimensions). Tissue
excitation and signal reception were accomplished
with a commercially available transceiver (volume
23 cm� 22 cm� 19.5 cm) typically used for the clinical
MRI of human extremities. To alleviate concern that
the mussels presented an inadequate filling ratio (vol-
ume of mussel to volume of the transceiver) and load-
ing for the coil circuitry, which would result in
insufficient SNR, the mussels were held in 0.5–1L
MRI-safe containers filled with distilled water during
the data acquisition. Data were acquired on one mussel
at a time with the mussel positioned on the left valve.

Data were acquired with spoiled gradient recalled
(SPGR) and fast-spin echo dual-echo (FSE-DE)
imaging sequences. Parameters for the SPGR imag-
ing sequence (TR, 18ms; TE, minimum; flip angle,
151) were selected to acquire T1-weighted images
(T1WIs). That is, signals associated with spin-lattice
tissue relaxation (e.g., lipids and proteinaceous flu-
ids) were enhanced in images acquired with the
SPGR pulse sequence. The parameters of the FSE-
DE pulse sequence (TR, 3000ms; TE, 15, 102ms,
ETL, 8) were selected to produce interleaved hypo-
and hyper-intense T2-weighted images (T2WIs),
where weighting (contrast) in the hypo-intense im-
ages reflected relative proton density, and the signals
from loosely bound protons (e.g., fluids) were en-
hanced in the hyper-intense images.

Low-resolution images (0.8mm� 0.8mm� 4mm,
200mm2 field-of-view, 256mm2 matrix) acquired in
three dimensions for survey of location showed soft
tissue features were most recognizable in the sagittal
plane. Thus, coordinates and directions for data
collections were graphically defined to acquire sag-
ittal profile images. The image profiles were aligned
to the interior edges of the valves. The T1WIs were
acquired at a resolution of 0.2mm� 0.2mm� 1mm
in a 512mm2 matrix. The T2WIs were acquired at
0.4mm� 0.4mm� 2mm in a 256mm2 matrix, with
1mm skipped between profiles. Data were acquired
in a 100mm2 field-of-view with signal averaging set at
2. Acquisition time (min:s) was 10:30 for the T1WI
and 6:30 for the T2WI. The MRI system was tuned
for optimal performance (bandwidth of radiofre-
quencies transmitted, receiver gain, transmitter
gain) before each imaging sequence.

Data processing and analysis

Data were transferred from theMRI system to com-
pact disc for transport. Conversion of the data files
fromGE Signa to Analyze format (Mayo Foundation,
Rochester,MN,USA) and image post-processing were
accomplished on a personal computer using ImageJ
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(Rasband WS 1997–2005, US National Institutes of
Health, Bethesda,ML,USA; http://rsb.info.nih.gov/ij/)
and MRIcro (Rorden & Brett 2000), freely available
software packages. Identification of anatomic features
in the images was aided by published figures of mussel
anatomy (Burch 1975; McMahon & Bogan 2001) and
gross dissections of fixed mussels (10% formalin) using
stereo and digital microscopy.

Delineation of anatomic structures in the T1WIs and
data extractions were accomplished by normalizing
pixel intensities to range 0–255 and applying binary
thresholds, edge detection algorithms, and subtraction
processes. The delineations of the anatomical features
are hereafter referred to as regions of interest (ROIs).
SNRs were calculated for ROIs in the T1WIs as
SNRROI5mean SIROI/STDV NoiseROI, where SI is
the signal intensity and Noise was non-object noise
within a 1 cm2 ROI. Contrast-to-noise ratios (CNRs)
were estimated as CNR5SNRROI�SNRWaterROI, the
difference in SNR between tissue ROI and a 1 cm2 ROI
in environmental water. The CNRs were used for com-
parison of relative responses among the various tissues.
The SNRs and CNRs of the various tissue features
were estimated for each profile. The mean CNRs and
95% confidence intervals (95% CI) are reported. The
volumes (mm3) of the anatomical features depicted in
the T1WIs were estimated by summing the areas (mm2)
of the ROIs.

The T2 responses of the tissues were compared be-
tween the dual-echo series using identical ROIs. The
SI distributions of the various tissues were summa-
rized in side-by-side box-and-whisker plots, where
the first, second, and third quartiles of the data
were represented by the horizontal lines of the boxes,
the upper and lowermost SI values within 1.5� the
interquartile range were represented by whiskers
(McGill et al. 1978). The data analysis for this arti-
cle was generated using SAS/STAT software, version
9.1 of the SAS System (SAS Inc., Cary, NC, USA)
for personal computers.

Results

The soft tissues of the mussels were depicted in the
image profiles, in their entirety (Fig. 1). The gross
anatomy depicted in the images was consistent among
the mussels. Image resolution, gray scale, and textures
permitted identification of the foot, anterior adductor
muscle, stomach, intestine, posterior pedal retractor,
pericardial cavity, and the posterior adductor muscle
(Fig. 2). Gill and mantle tissues were visible, but not
consistently. The CNRs in the T1WI sequences varied
B11–14, indicating a marked difference in spin-lattice
relaxation in the mussel tissues and the environmental

water used for reference. There was good agreement in
the relative SI of the various tissue features among the
mussels, and a consistent relationship between relative
SI and tissue type. CNRs in the T1WIs were greatest
in the foot and anterior adductor muscle and least in
the pericardial cavity and the intestine (Fig. 3). In each
of the mussels, the SI was greatest at the most poste-
rior aspect of the foot (Fig. 2), an indication of in-
creased lipid concentration relative to other regions.
The total volumes of the soft tissues, estimated from
the T1WI, of the mussels were 7,924, 12,294, and
18,169mm3 (Table 1). In each of the mussels, the tis-
sues of the greatest volume were the visceral mass
complex, the foot, and the posterior adductor muscle.

In most cases, identification of anatomic features
and segmentation in the T1WIs were aided by regions
with relatively low SI, for example, relative reduction
in SI immediately adjacent to the stomach and intes-
tine, as well as other tissues in the central region of
the visceral mass. SI of this tissue was relatively low
in both T1WI (Fig. 2) and T2WI (Fig. 4). The SI
from the hemolymph was enhanced in the T2WI. The
SI distributions associated with the various anatomic
features depicted in the images shifted between the
two echo times (15 and 102ms) in the T2WIs (Fig. 5).
Heterogeneity in the SI distributions was apparent
among the tissue types, in the T2WIs.

The T1WIs and the T2WIs provided valuable mor-
phologic information on the soft tissues. The shape
of the intestine was elaborate, and consistent among
the mussels, with descending, ascending, and trans-
verse segments, traveling in dorsal, ventral and side-
to-side directions, and doubling back on itself twice.
The section of the intestine proximal to the junction
with the pericardial region increased in size markedly
in each of the mussels (Figs. 1 and 2). Examination of
the region of the gonad failed to detect differences in
appearance between the mussel known to have been
gravid and those that were not. The SI in anatomic
features, expected to be hemolymph filled (e.g., the
region of the heart), was reduced in the T1WIs. Con-
versely, signals were enhanced in anatomical regions
that were expected to be filled with hemolymph, in
the T2WIs. Longitudinal fissures, filled with hemo-
lymph, were apparent in the posterior adductor mus-
cle (Fig. 4). Similarly, a hemolymph-filled sinus was
apparent on the ventral-anterior aspect of the poste-
rior adductor muscle. The greatest SI in the hypo-
and hyper-intense T2WIs occurred in these two re-
gions, indicating the greatest concentrations of rela-
tively mobile hydrogen (1H) nuclei. Gill and mantle
tissues were more apparent in the T2WI than in the
T1WI. All mussels transported in the study survived
the 30-d post-imaging observation period.
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Discussion

Our results demonstrate that freshwater mussel soft
tissues can be evaluated in vivo with a typical human
MR scanner. Adequate image resolution and contrast
were achieved without specialized coils, software, or
excessive scan time. Although Elliptio complanata was
the unionid evaluated in the present study, it is
likely that the technique will transfer directly to other
freshwater mussel species of similar size.

The vital parameters for assessing the health of
freshwater bivalves remain largely unknown. Death
is still the end-point for many freshwater bivalve
health assessments whether for conservation or for
quantification of risks associated with contaminant
exposure (Patterson et al. 1999; Chittick et al. 2001).
Ironically, energy analyses (lipids) to establish phys-
iological health may involve killing the animals under
investigation (Baker & Hornbach 2000). Biochemical
evaluations of small tissue samples collected via bi-

opsy can be used in evaluations of freshwater mussel
health (Naimo et al. 1998). Although non-lethal, bi-
opsy is an invasive procedure and could pose unac-
ceptable risks to mussel survival (e.g., pathogens).
The signals emitted by tissues during MRI are indi-
cative of tissue biochemistry and can be collected
non-invasively and non-destructively, an important
consideration for working with imperiled mussels.

Contrasts in MR images reflect differences in pro-
ton density and biologically determined tissue relax-
ation rates (T1 and T2). It is the molecular
environment of tissues that determines the T1 and
T2 relaxation rates. Our study focused onMR signals
emitted by 1H nuclei. The MR signals produced by
closely bound hydrogen (e.g., those of fats, lipids,
and proteinaceous fluids) are distinguishable from
those produced by less tightly bound protons (e.g.,
the fluids in extra- and intracellular spaces) and those
of more mobile hydrogen nuclei (e.g., freely flowing
biological fluids) (Pautler 2004).

Fig. 1. High-resolution (0.2mm� 0.2mm� 1mm) T1-weighted magnetic resonance imaging profiles demonstrating the

soft tissues in an individual of Elliptio complanata (scale bar [upper left]5 10mm).
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An index of mussel health attained non-invasively
and non-destructively that can be repeated on the same
animal would be an especially powerful tool, useful for
monitoring individuals and populations through longi-
tudinal studies. Changes in tissue relaxation rates are
often associated with pathology (Pautler 2004). In the
clinical environment, T2WIs similar to those acquired
in our study are often used for evaluation of increased
intra- or extra-cellular water, indications of edema, or
various pathologies. Tissue-specific accumulation of
stress proteins, in response to contaminant exposure,

has been reported in blue mussel (Mytilus edulis LIN-

NAEUS 1758) (Tedengren et al. 2004), a condition likely
to be detected with MRI. Signals from lipids are en-
hanced in T1-weighted MR images, a potential basis
for energy evaluations. Themost posterior aspect of the
foot appears lipid rich compared with the other tissues
in E. complanata, a finding useful for both localizing
lipid concentration and a demonstration of the poten-
tial ofMRI for quantifying the physiological condition.
The estimates of tissue volume in our study, derived
from signals emitted by closely bound protons (e.g.,
lipids), demonstrate the potential for morphometric as-
sessments (e.g., shape, volume, relative distance be-
tween structures) related to health and phylogeny.
Further investigation into associations between MRI
data and mussel physiological condition, pathology,
and effects of contaminant exposure, as well as com-
parative study among species, is warranted.

The results of our study increase understanding of
soft tissue morphology in the Unionidae. Segmentation
of the intestine was demonstrated in each of the mussels
in our study, a soft tissue characteristic reported in the
Mycetopodidae of South America (Mansur 1974; Sim-
one 1994), but not documented previously in the
Unionidae of North America. The circulatory system
in the Unionidae is characterized as open, the circula-
tory fluid flowing through sinuses (McMahon& Bogan
2001) rather than a network of vessels. Conservation
efforts have been aided by the recent development of an
invasive, but non-lethal technique, for hemolymph ex-
traction from adductor muscles (Gustafson et al.
2005a,b). Images acquired in our study provide evi-
dence of hemolymph-filled fissures within the adductor
muscles. Perhaps more importantly, we demonstrate a
relatively large hemolymph-filled sinus adjacent to the
posterior adductor muscle. The hemolymph-filled sinus

Table 1. Voxel volumes (mm3) of all tissues and of the

primary anatomic structures of three live mussels. Volumes

were estimated from T1-weighted magnetic resonance

images.

Volume (mm3)

Mussel ID

Anatomical feature One Two Three

All tissues 7,924 12,294 18,169

Visceral mass complex 1,690 1,990 3,537

Visceral mass tissues 745 245 348

Gut 216 165 328

Foot 1,793 1,575 1,618

Posterior adductor muscle 945 894 1,514

Anterior adductor muscle 486 363 1,002

Fig. 2. A. Sagittal plane T1-weighted profile of an individual

of Elliptio complanata. B. The same image after processing to

remove the shell, external water, air artifacts, and

segmentation of anatomical features. The features shown

are the (1) anterior adductor muscle, (2) foot, (3) stomach,

(4) gut or intestine, (5) digestive gland, (6) heart, (7)

pericardial cavity, (8) pedal retractor, (9) posterior adductor

muscle, and (10) tissues of the visceral mass. The circle

indicates the tissues having the greatest signal intensities.

Fig. 3. Estimated mean and 95% confidence intervals

(error bars) for contrast-to-noise ratios (CNRs) for

various tissues depicted in the T1WI images, referenced

to environmental water. Signals from hydrogen nuclei

associated with fats and lipids were enhanced in these

images. Point estimates of CNRs from the individual

image profiles are provided.
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may be a suitable site for extraction of hemolymph, al-
though further study is warranted.

Our study completes a necessary first step in devel-
oping MRI for testing scientific hypotheses related to
freshwater mussel biology and sub-lethal indicators of
physiological stress associated with pathology and ex-
posure to contaminants (e.g., cadmium, pesticides).
MRI is a non-invasive, non-lethal tool that may be
used to study freshwater mussel biology and health, ca-
pable of addressing hypotheses previously not possible.
Whole-body MRI systems are widely available in hu-

man clinical environments and increasingly are avail-
able in animal medicine. The non-destructive and non-
invasive qualities of MRI and the ability for mussels to
be transported without excessive mortality (e.g., Cope
et al. 2003) could provide a means to evaluate imperiled
animals. Furthermore, data collected with MRI can be
used to create data libraries, permanent records of the
forms and functioning of animals remaining in this
fauna threatened with extinction.

The cost of research-oriented MRI varies among fa-
cilities, but charges are based on usage time, typically
ranging $100–$600 per hour. The total scan time for
acquiring a series of images is influenced by the imaging
sequences (programs) and parameter values (e.g., TR,
matrix, number of signal averages, flip angle) used,
where program and parameter selection is based on
trade-offs between image contrast, resolution, SNR,
and scan time. Furthermore, for a given imaging pro-
gram and set of parameters, scan time scales inversely
withmagnet strength (Westbrook&Kaut 1993). In our
study, we acquired the T1WI in 10:30 (min:s) and the
T2WI (hypo- and hyper-intense weighting) in 6:30. We
conclude that with refinement of the imaging parame-
ters, these series can be acquired at a rate of four mus-
sels per hour. Depending on the research objectives, all
three series of images (T1WI, hypo-, hyper-intense
T2WI) may not be desired, or resolution can be re-
duced, reducing expense. Development of protocols for
imaging multiple mussels simultaneously would de-
crease the costs significantly.

Small animal MRI systems, and human MRI sys-
tems outfitted with specialized hardware for small an-
imal imaging, can provide images of greater resolution
than those acquired in our study (Pfefferbaum et al.
2004). Depending on the research goals, use of dedi-
cated small animal MRI systems or use of specialized
small animal hardware on human MRI systems may

Fig. 4. Low-resolution hypo- and hyper-intense T2-weighted (T2W) images of individuals of Elliptio complanata.

Distributions of signal intensities within various anatomic features are represented by box-and-whisker plots. Note the

presence of hemolymph-filled fissures in the posterior adductor muscle and the hemolymph-filled sinus adjacent to the

posterior adductor muscle (scale bar [upper left]5 10mm).

Fig. 5. Modified box-and-whisker plots of pixel intensities

of the various anatomic features (regions of interest) in the

proton density (PD) and T2-weighted images (i.e., hypo-

and hyperintense T2WIs) of Eastern elliptio. Horizontal

lines in the boxes represent the first, second, and third

quartiles. The whiskers show the range of values falling

within 1.5� the inter-quartile range (IQR); values falling

outside 1.5� IQR are indicated by J. The � symbols

within the boxes indicate mean values for the data

distributions. AA, anterior adductor muscle; PA,

posterior adductor cavity; PAS, posterior adductor sinus;

PCC, pericardial cavity.
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be warranted. In comparison with typical humanMRI
systems, dedicated small animal MRI systems and
human MRI systems with specialized small animal
accoutrements are limited in availability. Our study de-
monstrates the efficacy of a typical humanMRI system
for evaluation of soft tissues in live freshwater mussels.
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