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Abstract

The increased accessibility of soft-tissue data through diffusible iodine-based contrast-enhanced computed tomography (diceCT) enables
comparative biologists to increase the taxonomic breadth of their studies with museum specimens. However, it is still unclear how
soft-tissue measurements from preserved specimens reflect values from freshly collected specimens and whether diceCT preparation may
affect these measurements. Here, we document and evaluate the accuracy of diceCT in museum specimens based on the soft-tissue
reconstructions of brains and eyes of five bats. Based on proxies, both brains and eyes were roughly 60% of the estimated original sizes
when first imaged. However, these structures did not further shrink significantly over a 4-week staining interval, and 1 week in 2.5% iodine-
based solution yielded sufficient contrast for differentiating among soft-tissues. Compared to six “fresh” bat specimens imaged shortly after
field collection (not fixed in ethanol), the museum specimens had significantly lower relative volumes of the eyes and brains. Variation in
field preparation techniques and conditions, and long-term storage in ethanol may be the primary causes of shrinkage in museum
specimens rather than diceCT staining methodology. Identifying reliable tissue-specific correction factors to adjust for the shrinkage now
documented in museum specimens requires future work with larger samples.
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Introduction

The increased availability and lower cost of non-invasive imaging
has led many comparative morphologists back to museum col-
lections in order to obtain broad taxonomic samples for use in
developmental and evolutionary analyses. Micro-computed
tomography (µCT) is now a relatively inexpensive method for
capturing the three-dimensional (3D) geometry of bone and is
commonly used in comparative studies. Unlike bone, soft-tissue
has low X-ray attenuation and so requires the extra step of
staining to enhance contrast before µCT scanning. Metscher
(2009a, 2009b) developed a method of increasing contrast
by exposing specimens to an iodine-based solution (I2KI), a
technique known as diffusible iodine-based contrast-enhanced
computed tomography (diceCT). Although relatively new,
diceCT has already been used on a wide variety of organisms

including, among others, invertebrates (Metscher, 2009b), alliga-
tors (Tsai & Holliday, 2011; George & Holliday, 2013), quail
(Tahara & Larsson, 2013), starlings (Gold et al., 2016), bats
(Herdina et al., 2010), dogs (Aslanidi et al., 2012; 2013), and
rodents (Jeffery et al., 2011; Stephenson et al., 2012).

In comparison with other visualization methods such as his-
tology and other staining methods, diceCT offers several advan-
tages: visualization of soft-tissue at high resolution, versatility in
staining different kinds of tissues, and time efficiency. Efforts to
visualize soft-tissue structures have been ongoing for decades
and have been dominated by time-consuming, destructive histo-
logical techniques (Shenkar et al., 2008; Herdina et al., 2010;
Chandler et al., 2011; Aslanidi et al., 2013; Descamps et al., 2014;
Gignac et al., 2016). Compared to histology, diceCT is reversible
and thus does not require destroying unique and valuable
museum specimens (Gignac & Kley, 2014; Gignac et al., 2016).
In addition to being non-destructive and relatively fast, in some
cases it has been shown that diceCT has the potential to be more
effective than histology for the visualization of small soft-tissue
structures (e.g., Girard et al. 2016). In addition to histology and
before the widespread use of diceCT, osmium tetraoxide-based
staining was often used to enhance contrast for µCT studies
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(Descamps et al., 2014). It has been shown to be especially
successful for staining specimens smaller than 2mm in diameter
(Tessler et al., 2016). DiceCT is an improvement for larger
specimens because it is less toxic and works better with specimens
that have been stored in ethanol, as have most museum speci-
mens (Metscher, 2009a, 2009b; Descamps et al., 2014). Pauwels
et al. (2013) performed an exploratory analysis on a wide variety
of potential staining methods and found that I2KI was one of the
most effective methods of staining soft-tissues for high-resolution
visualization.

Although diceCT is becoming a standard for non-destructive
visualization of soft-tissue, it is not without problems. Since its
inception, shrinkage was noted in specimens stained with I2KI
(Metscher, 2009a), with tissues such as brains and eyes being
more strongly affected than others (Tahara & Larsson, 2013;
Buytaert et al., 2014). Studies report shrinkage ranging from
extreme (Vickerton et al., 2013; Buytaert et al., 2014), to inter-
mediate (Degenhardt et al., 2010; Düring et al., 2013; Tahara &
Larsson, 2013; Li et al., 2016), to absent (Gignac & Kley, 2014;
Hughes et al., 2016), with a positive correlation between levels of
shrinkage and increasing I2KI concentration (Degenhardt et al.,
2010). The majority of specimens subjected to diceCT thus far
have been fresh field-collected specimens rather than preserved
museum specimens (but see Herdina et al., 2010; Cox & Jeffery,
2011; Jeffery et al., 2011; Cox & Faulkes, 2014; Herdina et al.,
2015a, 2015b). The utility of I2KI staining, and its impact on the
shrinkage of soft-tissues, in museum specimens has not yet been
assessed systematically. Knowledge regarding the suitability, and
limitations, of including museum specimens in soft-tissue studies
is important as they become increasingly used to broaden taxo-
nomic sampling.

We document the effects of I2KI-based staining, and the length
of time a specimen has been stored in a museum collection, on
potential shrinkage in soft-tissues. We quantified the relative
volume of brain and eye tissue in five specimens of whole bats
collected between 20 and 110 years ago at four time points during
the staining process (1, 2, 3, and 4 weeks in I2KI). These data
allowed us to address three questions. First, how long should
small museum specimens be stained with I2KI in order to opti-
mize contrast? Second, how does the length of exposure to I2KI
affect the volume of soft-tissues in museum specimens? Third, is
the length of time since specimen collection associated with the
relative volumes of brain and eye tissue? By addressing these
questions, we aim to provide technical guidance to researchers
planning to use diceCT to quantify and compare the volume of
soft-tissues in museum specimens.

In certain cases (e.g., studies concerning rare or protected
species, or those with limited museum collections), it may be
necessary to combine soft-tissue measurements from freshly
collected specimens (not fixed in ethanol) and museum speci-
mens into one data set. Therefore, in order to assess how these
different tissues react to I2KI staining, we took the opportunity to
compare relative tissue size in our five museum specimens to that
of six bat specimens that were all stained and imaged within
1 year after collection. Using these specimens we asked, how do
museum specimens compare with recently collected field speci-
mens in terms of potential shrinkage? The field-collected speci-
mens were not preserved and stained in exactly the same way as
the museum specimens were, which is often the case in genuine
comparative studies, however, differences between them do
suggest variables that may play a role in the relative volume
reduction of soft-tissues in museum specimens.

Materials and Methods

Specimens

We carried out contrast-enhanced µCT by submerging five bats
from the American Museum of Natural History Collection
(AMNH) and six bats collected from Peru and the Dominican
Republic in a solution of Lugol’s iodine (I2KI). For purposes of
reference in this study, we define specimens from the AMNH
collection as the “museum sample” given their long residency in
museums and bats collected from Peru and the Dominican
Republic as the “field sample” given their recent acquisition from
the field and lack of exposure to ethanol. The museum sample
consisted of bats from the superfamily Noctilionoidea and
exhibited a range of body masses: Glossophaga soricina (9.6 g),
Carollia perspicillata (18 g), Desmodus rotundus (25–40 g), Arti-
beus jamaicensis (38–48 g), and Artibeus lituratus (65.9 g)
(Greenhall et al., 1983; Alvarez et al., 1991; Cloutier & Thomas,
1992; Stockwell, 2001; Ortega & Castro-Arellano, 2001). These
bats were in museum collections for varying periods of time,
having been collected from between 1907 and 1993. As is the case
for the vast majority of museum specimens, there was no infor-
mation describing how they were originally prepared and fixed
for storage. This is commonly the case in museum collections and
was therefore, unavoidable. However, we do know they had all
been stored for long periods of time in 70% ethanol.

The field-collected bats were obtained from two field sites in
Peru (Faique, San Cristábol and Jenaro Herrera, Loreto), and one
site in the Dominican Republic (Jaragua) (IACUC protocols
614763-2 and 554555-3 issued by Stony Brook University).
Specimens were sacrificed using isofluorane and then immedi-
ately placed in 10% phosphate-buffered formalin. Specimens
remained in formalin for ~10 months until they were transferred
to iodine. Only two of the field-collected bats were the same
species as the museum specimens, but the range of body masses of
the two data sets was similar (museum sample: 9.6–65.9 g; field
sample: 7–27 g). Five species of this data set are noctilionoids:
Rhinophylla pumilo (7–14 g), G. soricina (9.7 g), Anoura geoffroyi
(10–15 g), Phyllops falcatus (16–23 g), and C. perspicillata (17 g),
with one additional species from the closely related family
Molossidae, Molossus molossus (21–27 g) (Alvarez et al., 1991;
Cloutier & Thomas, 1992; Jennings et al., 2000; Rinehart & Kunz,
2006; Da Cunha Tavares & Mancina, 2008; Ortega & Alarcón-D,
2008). The Peru specimens are on loan and will be returned to the
Colección CEBIO in Lima, Peru upon completion of this study.
The Dominican Republic samples are part of the collections at the
Dávalos lab at Stony Brook University.

Sample Preparation, Scanning, and Reconstruction

Before staining in I2KI, the museum specimens were scanned to
optimize bone contrast using the Nikon Metrology (X-Tek)
HMXST225 (Nikon Metrology Inc., Tokyo, Japan) MicroCT system
at the Center for Nanoscale Systems at Harvard University. This
scanner has a peak voltage of 225kV and all scans were done using
a molybdenum target. Given that I2KI and other contrast agents
increase the X-ray attenuation of soft-tissue so that it is similar to
bone, it is recommended to scan specimens optimizing for bone
before performing iodine staining if hard tissue data are also needed
(Düring et al., 2013; Gignac et al., 2016). It is possible to segment
out bone manually after staining with I2KI (Baverstock et al., 2013),
but this takes more time. Field-collected specimens were not
scanned to optimize for bone before staining with I2KI stain and so
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bone was manually segmented from the I2KI-stained scans. Scan
parameters and voxel size for each hard tissue optimized scan are
shown in Supplementary Table A1.

After taking scans optimized for hard tissue, we put each
museum specimen in 10% phosphate-buffered formalin (4%
formaldehyde) for 12 days before staining with I2KI to reduce
potential shrinkage, as recommended in previous studies
(Baverstock et al., 2013; Gignac & Kley, 2014; Gignac et al., 2016).
Each museum specimen was then placed into a 2.5 w/v% solution
of I2KI and scanned at weekly intervals for 4 weeks. One week was
set as the lower limit because pilot scans suggested that contrast
was poor in specimens stained for short periods of time. We
decided upon 2.5 w/v% I2KI, given that previous studies effec-
tively visualized similarly sized specimens using 3.25–3.75 w/v%
I2KI (Jeffery et al., 2011; Baverstock et al., 2013; Tahara & Lars-
son, 2013). Specimens were stained whole to both preserve their
integrity and reduce the possibility of shrinkage, based on the
suggestion that staining entire specimens is effective in such a
reduction (Tahara & Larsson, 2013). The I2KI solution was not
refreshed during the staining process given that the solution did
not lighten in color across the 4-week interval for any specimens.
The specimens were taken out of solution only for the duration of
the scans and were placed in sealed bags during scans to reduce
desiccation.

Specimens collected in the field were stained for 15–18 weeks.
Although it would have been ideal to stain them for the same
amount of time as the museum specimens, this was not possible
due to logistic reasons. Therefore, this provides a conservative
estimate of the effects of museum collection and storage proce-
dures on shrinkage in soft-tissues. If I2KI staining causes sub-
stantial shrinkage over time (e.g., Vickerton et al., 2013), then the
field-collected specimens should exhibit more shrinkage than any
of the museum specimens. If the field-collected specimens exhibit
less shrinkage despite being stained for a longer period of time,
then one or more aspects of the preparation and storage has a
more substantial effect on shrinkage. As the staining time differed
between museum and field specimens, and preservation and
storage procedures for museums specimens were unknown, a
formal test of which factors caused potential differences between
the two data sets is beyond the scope of our study.

Scans were aligned using proprietary software associated with
the X-Tek CT scanner (CTPro; Nikon Metrology Inc., Tokyo,
Japan) and then reconstructed in VGStudio Max 3.0 (Volume
Graphics Inc., Germany), such that the contrast between tissues was
optimized for each specimen individually. Image stacks were then
exported and uploaded into Mimics v. 16.0 (Materialise, Leuven,
Belgium) for 3D segmentation. Although it is possible to automate
segmentation in Mimics, the contrast of tissues stained with I2KI is
generally similar and manual segmentation is often preferred
(Cox & Jeffery, 2011; Aslanidi et al., 2013; Baverstock et al., 2013).
Previous studies have demonstrated that inter-operator variability
and bias is low in manually segmented scans (Buytaert et al., 2014).
The majority of scans were segmented by B.P.H. and for those that
were not, each individual slice was checked manually by B.P.H. to
ensure low inter-operator variability.

Brains and eyes were chosen for assessing relative volume
changes because they can be confidently segmented and visua-
lized, and are often the subjects of comparative and anatomical
research (e.g., Hautier et al., 2012; Girard et al., 2016; Gold et al.,
2016; Hughes et al., 2016). After segmentation, brain and eye
models were smoothed to reduce surface noise and exported as
STL files into Geomagic Studio 2014 (3DSystems, SC, USA).

For brains, data from all 4 weeks of a particular specimen were
aligned using the Geomagic best-fit alignment function and were
sectioned at the same point on the brainstem so as to include
the same proportion of brainstem volume in each model. Both
eyes were segmented and then averaged to generate a mean eye
volume for each specimen. In general, both eyes in the same
specimen were similar in volume. Brain and eye volumes were
calculated from STLs in Geomagic (Supplementary Table A2).

In order to estimate the original size of the brains and eyes, the
endocranial volume and volume of the orbital space were used
as proxies. Endocranial volume was calculated using the 3D skull
models generated from scans that were optimized for bone
(museum specimens), and scans for which bone was segmented
manually in Mimics (field-collected specimens). All eyes,
including those of field-collected specimens, were surrounded by
a black space in CT scans. We manually segmented that space in
Mimics and used it as a proxy for orbital volume. Muscle tissues
define the orbital space and so it too may have incurred some
volume reduction resulting from shrinkage. Further, differences
in the orbital contents between species such as the relative size of
extraocular muscles and the presence of glands or fat bodies may
have generated relatively larger orbital spaces in some species
than others (Rehorek et al., 2010). However, there was much less
substantial muscular volume reduction noted in comparison with
eyes, and thus we consider it the best proxy available. As with the
eyes, the right and left orbital spaces were segmented separately
and averaged to generate an average volume for each specimen.
Models of the orbital space and endocranium were then exported
as STLs and their volumes were measured in Geomagic
(Supplementary Table A2).

We defined eye shrinkage as the relative difference between
the volumes of the globe and orbital space, and brain shrinkage as
the relative difference between the volumes of the brain and
endocranial space. The endocranial cavity houses the brain
as well as cranial nerves, vessels, and periorbital fat. Differential
allometry of these accessory tissues could be an issue if the sample
contained species of very different sizes. However, this is not the
case for our sample, which contained only bats that ranged from
10 to 65 g in body mass.

A primary goal of our study was to determine the optimum
stain time to generate a high contrast scan useful for segmenting
soft-tissue structures in bat-sized vertebrates. Although noctilio-
noid bats are quite small, previous studies have found that
somewhat larger taxa (e.g., Sciurus carolinensis; 338–750 g; Ruff &
Wilson, 1999) required very long stain times of around 7 weeks at
higher stain concentrations than we used (20 w/v% I2KI) for
iodine to completely penetrate deeper tissues (Jeffery et al., 2011).
A number of studies have quantified differences between different
stain methods, or tested a single stain method across a time series
by calculating differences in contrast between different parts of a
scan or between a scanned region and a standard (Pauwels et al.,
2013; Gignac & Kley, 2014; Girard et al., 2016; Li et al., 2016).
Since we were only interested in visualizing the soft-tissue struc-
tures well enough to segment them for morphometric analyses, we
used a qualitative approach of visually comparing week-by-week
scans similar to that used by Descamps et al. (2014).

Statistical Analyses

To ensure that volume data were collected with limited error and
maximum precision, B.P.H. measured the left and right eyes and
orbital spaces of AMNH 249088 (week 2) four times on separate
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days to create a replicate data set. Eye volume for the replicate
data set ranged from 1.44 to 1.56mm3 and orbital space volume
ranged from 3.20to 3.75mm3. To assess error, we calculated the
standard deviation for the replicate data set and compared it to
the standard deviations for each museum specimen for weeks 1
through 4. We then took the mean of the standard deviation for
all weeks of all five museum specimens and compared that to the
standard deviation for the replicates to see if the standard
deviation of the sensitivity data set was substantially less than that
of the replicates.

Volume measurements were imported into R for statistical
analysis (R Core Development Team, 2016). To test whether
tissues from museum specimens reduced in volume as a result of
time in I2KI, we ran ordinary least squares regressions of brain
and eye volume against time in stain with volume as the depen-
dent variable and number of weeks in stain as the independent
variable at a significance level of α= 0.05. Previous studies found
that soft-tissue shrank exponentially and not linearly in response
to I2KI (Vickerton et al., 2013). However, a linear model was the
best fit for our data and so we used the linear model function in
the stats package in R. To test if time since collection affected
volume reduction, we regressed the brain–endocranial ratio and
eye–orbital space ratio against time since museum specimens
were collected using repeated measures analysis of variances
with a significance level of α= 0.05. We quantified the extent
to which museum specimens exhibited greater volume reduction
in comparison with field-collected specimens by comparing
ratios of brain volume to endocranium volume and eye volume to
orbital space volume using a two-sample t-test in the stats
package in R.

Results

Qualitatively, the ability to differentiate tissues was similar for all
museum specimens from weeks 1 to 4 with limited improvement
over time. It was easy to visualize eyes and brains for all speci-
mens for all 4 weeks (Fig. 1). As in other studies the eye lenses
were intensely stained (Metscher, 2009a). Therefore, it is possible
to stain noctilionoid-sized animals for 7 days using an I2KI
concentration of 2.5 w/v% and expect acceptable contrast
between tissues and complete penetration of the stain deep into
the skulls. Further, 4 weeks in an unrefreshed 2.5 w/v I2KI solu-
tion did not lead to oversaturation of soft-tissue for noctilionoid-
sized taxa.

The sensitivity analysis using AMNH 249088 (week 2) replicates
showed that the mean of our standard deviations for all weeks

and all bats was larger than that of the replicate data set
for both the eyes (SDreplicate= 0.053, SDall= 0.085) and the orbits
(SDreplicate= 0.073, SDall= 0.191) (Supplementary Figs. A1a and
A2a). However, for certain bats, the standard deviation of weeks
1–4 was similar to, or even less than, the standard deviation of the
replicate data sets for both the eyes and orbits (Supplementary
Figs. A1b and A2b). This indicates negligible changes in volume
from week to week that, in some cases, were indistinguishable
from measurement error. Although each museum-based species
had relative decreases in brain volume from weeks 1 to 4, the only
significant trend was found in A. jamaicensis (F(1,2)= 39.69,
p= 0.024, Fig. 2). Similarly, eye volume generally decreased in all
museum specimens from week to week, though only significantly
for A. lituratus (F(1,2)= 73.9, p= 0.013, Fig. 3).

When comparing relative brain and eye volumes between
museum-based specimens and field-collected specimens, we
found a significant difference in means (Table 1). The mean
brain–endocranial ratio for museum-based specimens was 0.62
(SD= 0.092), suggesting a volume reduction of 38%. In contrast,
the average brain–endocranial ratio of field-collected specimens
was 0.94 (SD= 0.016), suggesting a volume reduction of only
6% (Fig. 4). The mean eye–orbital space ratio for museum
specimens was 0.57 (SD= 0.056, suggesting a volume reduction of
43%), while the mean ratio for field-collected specimens was 0.74
(SD= 0.073, suggesting a volume reduction of 26%). The eyes
exhibited substantially larger relative differences in volume than
brains in field-specimens, while the standard deviations of the
ratios for the eyes and brains of museum specimens overlapped
(Fig. 4).

To evaluate whether the amount of time specimens spent in
museum collections influenced these volume differences, we
regressed the brain–endocranial ratio and eye–orbital space ratios
against years the specimens were collected. We found no
significant trends for either relative brain volume (F(1,18)= 0.007,
p= 0.94) or eye volume (F(1,18)= 0.019, p= 0.898) based on
time since specimens were collected (Fig. 5). The specimens
most different from one another were collected only a year
apart, in 1978 and 1979, underscoring the lack of pattern in
the data.

Discussion

In order to conduct broad comparative analyses, morphologists
often turn to existing museum specimens because it is usually
impractical to collect large numbers of different species in the
field specifically for a single study. However, it is currently unclear

Figure 1. Weeks 1–4 mid-sagittal and mid-transverse slices showing relative iodine-based solution (I2KI) penetration and differentiation of tissues (Glossophaga soricina (AMNH
239885)). From week to week, there is minimal qualitative improvement in tissue contrast suggesting that for noctilionoid-sized bats, 1–2 weeks of stain time is sufficient using
a 2.5 w/v% concentration of I2KI.
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how useful these fixed museum specimens are for studies of soft-
tissues using methods such as diceCT. In this study we found that
neither the length of time that museum specimens are immersed
in stain (Figs. 2, 3) or have been stored in a museum collection
(Fig. 5) has a significant effect on volume of the brain and eye
relative to the proxies of initial brain and eye size. Nevertheless,
the volumes of the eyes and brains of the museum specimens
were, on average, only 57 and 62% of our estimates of their
original sizes (volume reductions of 43 and 38%, respectively),
while the eyes and brains of field-collected specimens exhibited
significantly smaller changes in volume, at 74 and 94% of the size
of the proxies of original volume (volume reductions of 26 and
6%, respectively) (Fig. 4). Although this study does not reveal the
cause of this difference, variables associated with fixation, initial
steps in specimen preparation, and field conditions are reasonable
candidates.

Shrinkage to this extent has not been reported in other studies
when low concentrations of I2KI were used (but see Buytaert
et al., 2014), likely because the majority of previous studies have
used relatively fresh specimens. The field-collected specimens
in this study did exhibit some relative size reduction, but they
retained more of their original volume, based on proxies of

original size, than the museum specimens and were similar to
levels of shrinkage reported in previous studies. However, it is
important to note that methods for calculating shrinkage vary
between studies.

Vickerton et al. (2013) found extreme shrinkage in freshly
collected skeletal muscle, cardiac muscle, and the cerebellum of
mice when stained using 2, 6, 10, and 20 w/v% I2KI, with 2 w/v%
I2KI resulting in mouse hearts that shrunk 20%.

This shrinkage was shown to be much larger than the effect of
formalin fixation alone, which was estimated to cause 12%
shrinkage. Vickerton et al.’s (2013) 2 w/v% I2KI results compare
well to the shrinkage found in our field-collected eyes, which
reduced in size 26% (Fig. 4). Other studies have found much less
shrinkage than Vickerton et al. (2013) (ranging from 4.4 to 10%
shrinkage) (Schmidt et al., 2010; Tahara & Larsson 2013; Li et al.,
2016). The results of these studies are similar to the field-collected
brains in this study, which showed a 6% reduction in size relative
to our proxies of original size (Fig. 4). Eyes seem to be particularly
susceptible to shrinkage, likely because they are largely fluid-filled.
Both tissue type and stain concentration appear to be factors
affecting shrinkage, leading to the variation in shrinkage reported
in previous studies. By contrast, the museum specimens in this

Figure 2. Ordinary least squares regression for time in stain (in weeks) by brain volume (mm3) with associated three-dimensional reconstructed skull and sample mid-sagittal
slice of the soft-tissue. a: Artibeus jamaicensis (AMNH 69111). b: Glossophaga soricina (AMNH 239885). c: Artibeus lituratus (AMNH 237919). d: Carollia perspicillata (AMNH
249088). e: Desmodus rotundus (AMNH 267652). Only the brain of A. jamaicensis decreases significantly in volume week to week suggesting minimal impact of iodine-based
solution (I2KI) stain time on shrinkage. m is the slope. * indicates significance. Week 1: red; week 2: blue; week 3: green; week 4: orange.
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study had an average size reduction of 38% in the brains and 43%
in the eyes relative to proxies of original size. Buytaert et al. (2014)
similarly found large amounts of shrinkage in brain tissue (27–
66% shrinkage) using 3 w/v% I2KI. It is possible that the high
magnitudes of shrinkage in the relatively fresh specimens studied
by Buytaert et al. (2014) were caused by the tissues being studied
as blocks rather than as whole, intact specimens. Tissue blocks
have been shown to be much more susceptible to shrinkage than
intact specimens (Fox et al., 1985).

In the absence of other explanations, fixation is commonly viewed
as the primary culprit causing shrinkage. Formalin fixation is a
necessary step in the diceCT process because it stabilizes the tissue
before submersion and reduces shrinkage caused by I2KI (Gignac
et al., 2016). Moreover, formalin is preferred to fixatives such as
ethanol because it does not reduce the effectiveness of iodine staining.
It is also a standard step when preparing specimens in the field,
although it was not widely performed until the late 1800s (Fox et al.,
1985). Formaldehyde is an excellent fixative because it is effective over
a large range of concentrations and can be used for a wide variety of
tissues. However, fixation in formalin has long been recognized to
cause some degree of shrinkage based on studies involving tissue
blocks (Ericsson & Biberfeld, 1967; Dam, 1979) with more recent
studies finding limited shrinkage caused by formalin fixation (1–5%)
in concentrations lower than 40% (Fox et al., 1985; Baverstock et al.,
2013; Düring et al., 2013; Hughes et al., 2016). This shrinkage range is
comparable to what we found in field-collected brains, suggesting that
I2KI may not have had a shrinkage effect beyond the shrinkage caused
by formalin. However, formalin fixation does not explain the extreme
size reduction in the soft-tissues of our museum specimens.

Exposure to ethanol is the most striking difference between the
museum- and field-collected specimens in the way that they were
processed and stored. The field-collected specimens went straight
from formalin to I2KI and were never subjected to ethanol while
museum specimens were stored in 70% ethanol for many years.

Table 1. Differences Between Museum-Based and Field-Collected Specimens.

t-Statistic p Value

Museum-
Specimen
Average

Field-
Specimen
Average

Eye–orbital
space ratio

−5.8453 <0.001 0.57 (±0.056) 0.74 (±0.073)

Brain–endocranial
space ratio

−14.548 <0.001 0.62 (±0.092) 0.94 (±0.016)

The museum specimens have significantly more shrinkage in both their eye–orbital space
ratio and in their brain–endocranial ratio in comparison with field-collected specimens
based on a two-sample t-test. Note the large differences in means between groups.
Standard deviations in parentheses.

Figure 3. Ordinary least squares regression for time in stain (in weeks) by eye volume
(mm3) with associated transverse slice through the eye. a: Artibeus jamaicensis (AMNH
69111). b: Glossophaga soricina (AMNH 239885). c: Artibeus lituratus (AMNH 237919).
d: Carollia perspicillata (AMNH 249088). e: Desmodus rotundus (AMNH 267652). Eye
volume is averaged across both eyes. Similar to brain volume, only one bat shows
statistically significant shrinkage week to week (A. lituratus). m is the slope. * indicates
significance. Week 1: red; week 2: blue; week 3: green; week 4: orange.

Figure 4. Box plots for museum-based and field-based brain–endocranial ratios and eye–
orbital space ratios with associated means. Graphical demonstration of the significantly
higher volume reduction associated with the museum-based specimens than the field-
collected specimens for both the eye and brain. Example brain and eye inset.

Figure 5. Repeated measures regressions showing museum-based specimen brain–
endocranial ratios (a) and eye–orbital space ratios (b) as a function of time since
specimens were collected. The relationship between time since collection and both brain
and eye shrinkage were not significant suggesting that time since specimens were
placed in collections was not important to the amount of volume reduction observed.
This is supported by the fact that the largest amount of variance is found between the
specimens collected in 1978 and 1979. All four weeks for the stain–time sensitivity
analysis were included to account for within-specimen variance in volume reduction.
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Ethanol penetrates specimens and dehydrates them, which helps to
preserve them (Sturgess & Nicola, 1975). However, this also has a
known shrinkage effect (Vervust et al., 2009). Our study focused on
the effects of I2KI and long-term storage on the volume of soft-tissues
in museum specimens, but did not directly examine the effect of
ethanol on specimen shrinkage when examined with diceCT. Future
experiments comparing soft-tissues in specimens that are fixed with
formalin and stored for different lengths of time and in different
concentrations of ethanol would help to pinpoint the effects of
ethanol on museum specimens, and may help generate improve-
ments for field-collection methodology (see Hughes et al., 2016).

Variation in field preparation techniques and conditions could
also differentially affect shrinkage of soft-tissues in museum speci-
mens. It is unusual to know the concentrations, exposure time, or
even the fixatives that were used to prepare specimens in the field.
The challenges of fieldwork sometimes require creative solutions.
For example, rum is sometimes used as a fixative when ethanol
and/or formalin are not available. Low temperatures can also cause
increased shrinkage in formaldehyde-fixed specimens (Fox et al.,
1985). These factors may explain the different degree of shrinkage
in the brains and eyes of our specimens collected in 1978 and 1979
(Fig. 5). Recent work by Hughes et al. (2016) examined the effec-
tiveness of several field preservation techniques in harsh field con-
ditions. The team identified three techniques for preserving field
specimens for immunohistochemistry and imaging with diceCT that
yielded tissues equal in quality to those prepared in the lab. Although
this study did not address the long-term storage needs of museums
directly, the results are encouraging and we hope that the field
techniques gain purchase in the collections community.

Overall, we emphasize that relatively fresh field-collected tissue is
optimal when shrinkage is a concern, but note that it can be difficult
to obtain in comparison with museum specimens. Our study pro-
vides an invaluable assessment of methodological artifacts and
provides a starting point for future studies seeking to incorporate
museum specimens in vertebrate soft-tissue comparative analyses,
as diceCT continues to emerge as a primary tool for such studies.
Given the overlap in confidence intervals of the brain/endocranial
ratio and the eye/orbital space ratio (Fig. 4), it is possible that a
realistic generalized correction factor for museum specimen soft-
tissue may be obtainable. However, the large variation between the
specimens from 1978 and 1979 demonstrates that more museum
specimens need to be evaluated using diceCT before an accurate
correction factor can be proposed. It is possible that these two
specimens are aberrant and had unusual field preservation methods
(e.g., fixation in rum), but it is also possible that variation in
museum specimen soft-tissue shrinkage is truly large and that these
specimens are not outliers. Nearly all comparative morphologists
require museum specimens in order to visualize, quantify, and
compare soft-tissues when seeking to examine evolutionary trends
and therefore this work will be paramount to the successful melding
of diceCT with museum specimens in volumetric comparative
studies. As such, our identification of the complexity of this issue is
an important first step to the development of a correction factor.

Conclusions

DiceCT is a powerful method for examining soft-tissue structures
quickly and non-destructively (Gignac et al., 2016). Although the
application of diceCT to museum specimens for examining soft-tissue
structures at high resolution is a tantalizing prospect, especially when
broad phylogenetic representation is needed, we emphasize the need for
caution in interpreting results of analyses that compare soft-tissue

volumes using museum specimens until we better understand shrink-
age in museum specimens. We found shrinkage in this sample of bat
brains to be 32% greater in museum specimens than relatively fresh,
field-collected specimens, and shrinkage was 17% greater in their eyes.
The differential shrinkage among tissues, with eyes being more strongly
affected than brains suggests that studies looking across different tissue
types should also use caution when interpreting results. The causes
underlying intense shrinkage in museum specimens remains unclear
and future work using a larger sample size is needed to uncover the
cause or causes. Ethanol is a likely culprit and other potential factors
include temperature of specimen storage, the concentration of fixative,
and time left in the fixative. We show that one to four weeks of iodine
staining and time in museum collections do not correlate with the
degree of shrinkage seen in our museum specimens. Future studies
should also focus efforts on developing corrections for said shrinkage,
either holistically or more likely, for different tissue types. More
museum-based diceCT data will be critical in clarifying the causes of
shrinkage allowing morphological data from museum specimens gen-
erated using diceCT to be appropriately analyzed and corrected for
shrinkage.

Supplementary materials. To view supplementary material for this article,
please visit https://doi.org/10.1017/S1431927618000399
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