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Abstract

Scientific study of lemurs, a group of primates found only on Madagascatr, is crucial for
understanding primate evolution. Unfortunately, lemurs are among the most endangered
animals in the world, so there is a strong impetus to maximize as much scientific data as
possible from available physical specimens. MicroCT scanning efforts at Duke University
have resulted in scans of more than 100 strepsirrhine cadavers representing 18 species
from the Duke Lemur Center. An error study of the microCT scanner recovered less than
0.3% error at multiple resolution levels. Scans include specimen overviews and focused,
high-resolution selections of complex anatomical regions (e.g., cranium, hands, feet).
Scans have been uploaded to MorphoSource, an online digital repository for 3D data. As
captive (but free ranging) individuals, these specimens have a wealth of associated informa-
tion that is largely unavailable for wild populations, including detailed life history data. This
digital collection maximizes the information obtained from rare and endangered animals
with minimal degradation of the original specimens.

Introduction

Lemurs, a group of primates endemic to Madagascar, are an important group of animals for
understanding the evolutionary history and adaptive origins of primates. Unfortunately, they
are among the most endangered mammals in the world, with 94% of lemur species threatened
by extinction [1]. Continued habitat degradation and fragmentation, illegal poaching, and
challenging economic and political circumstances in Madagascar mean that lemurs are likely
to remain under acute threat in the foreseeable future [1]. While conservation groups have
developed several local, site-specific action plans [2], protecting and studying these animals
requires multiple strategies both in Madagascar and internationally.

The Duke Lemur Center (formerly the Duke University Primate Center) is a prime example
of an alternative approach to the conservation and scientific study of lemurs. Founded in 1966
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in Durham, North Carolina, the Duke Lemur Center (DLC) was established to operate as a
“living laboratory” and permit non-invasive study of rare primates, including galagos, lorises,
and lemurs (which together comprise the primate suborder Strepsirrhini). Over its history, the
DLC has housed more than 4,000 individuals from 39 primate species, and currently houses
nearly 240 individuals from 17 strepsirrhine species. The DLC is involved in multiple lemur
conservation efforts, including 1) managing several breeding populations as an Association of
Zoos and Aquariums accredited institution; 2) the SAVA conservation program, a commu-
nity-based approach to sustainable forest management and economic improvement in north-
ern Madagascar; and 3) working with the Malagasy government to develop animal husbandry,
welfare, and breeding programs for ex-situ lemur populations in Madagascar.

While the cofounders of the DLC, Dr. John Buettner-Janusch and Dr. Peter Klopfer, ran
research programs focused on genetics and behaviour respectively, the DLC’s unique resources
have provided data for a wide variety of scientific fields, including anatomy and physiology
[e.g., 3-6], social ecology [e.g., 7-8], cognition [e.g., 9-10, biomechanics [e.g., 11-12], molecu-
lar biology [e.g., 13-14], and palaeontology [e.g., 15-18]. The importance and rarity of the ani-
mals housed at the DLC necessitates thorough and effective use in educational and research
initiatives, and this spirit of efficiency extends to treatment of deceased individuals. When an
animal dies at the DLC (most frequently of old age), veterinary staff perform necropsies to
remove internal organs and then preserve cadavers in cold storage for future research pur-
poses. There are currently more than 400 cadavers in storage. However, because DLC cadav-
eric specimens are available for destructive sampling for research purposes [e.g., 19-21], the
total information preserved by each specimen decreases over time. Digitizing the DLC’s cadav-
eric collection presents an opportunity to preserve hard tissue data without degrading the
specimen’s anatomical integrity, thereby increasing the educational and scientific value of
these rare and endangered animals.

Here we present an open access 3D digital collection of microCT scan data representing
113 adult individuals from the Duke Lemur Center. The data presented here were generated
by GSY and ADK for use in their dissertations [22, 23]. All scans are publicly available on
MorphoSource.org [24], an online repository specifically designed to archive 3D data. At the
time of manuscript preparation, the collection consists of 483 TIFF volume stacks and 374 sur-
face files generated from the volume data. The collection will continue to grow with future
scanning efforts at Duke and potentially from contributions made by other researchers (in the
form of new scans or surface files derived from the current collection). Primate cadavers have
long been recognized as valuable scientific resources that could be utilized much more effi-
ciently [25, 26], provided scientists motivated by different research questions could coordinate
specimen access. The digital collection presented here follows several recent efforts to digitize
and publish unique and valuable datasets [27-29].

Materials and methods
DLC cadaveric collection

A total of 483 microCT (uCT) scans of strepsirrhine primates housed at the Duke Lemur Cen-
ter were performed at the Shared Materials Instrumentation Facility at Duke University. Speci-
mens represent both major clades of strepsirrhine primates, including 82 lemurs, 17 galagos,
and 14 lorises (Fig 1). Among these individuals, two lemurs and five loris specimens were
iodine-stained to permit visualization of soft tissue anatomy. Currently, the sample is biased
toward individuals less than 3 kg. Individuals of larger species housed at the DLC (e.g., Pro-
pithecus and Varecia) have not yet been pCT scanned, although methods developed in the
course of this project will allow them to be scanned at high resolutions in the near future.
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Fig 1. Strepsirrhine phylogeny and number of individuals included in this microCT collection. Dark circles and bars indicate taxa currently
represented in the collection. Open circles and bars represent taxa housed at DLC but not currently scanned. Chronogram downloaded from
10ktrees.org, version 3 [39].

https://doi.org/10.1371/journal.pone.0219411.9001

Additional demographic information for most specimens is available in Zehr et al. [30].
Table 1 provides a summary of the sample by species, and individual specimens, scanning
parameters and digital object identifiers (DOISs) for all currently available TIFF volumes are
provided in Table 2.
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Table 1. Summary of sample by species.

Species
Cheirogaleus medius
Daubentonia madagascariensis
Eulemur coronatus
Eulemur albifrons
Eulemur collaris
Eulemur sanfordi
Galago moholi
Galagoides demidovii
Hapalemur griseus
Lemur catta
Loris tardigradus
Microcebus murinus
Mirza zaza
Nycticebus coucang
Nycticebus pygmaeus
Otolemur crassicaudatus
Otolemur garnetii
Perodicticus potto
Total

https://doi.org/10.1371/journal.pone.0219411.t001

n individuals k scans Iodine specimens

9 35 DLC 1657m

7 35

6 23

8 31

5 18

1 5

13 53

1 4

13 57

7 35

5 23 DLC 977f; 1902f
17 72

9 38 DLC 373f

2 10 DLC993m

4 15

1 6 DLC 1715f

2 10

3 13 DLC 917m

113 483 7

MicroCT scanning

A Nikon XT H 225 ST uCT machine at Duke University’s Shared Materials Instrumentation
Facility (SMIF) was used for all scans. This machine has a Perkins Elmer AN1620 X-ray detec-
tor panel, which provides a 2000 x 2000 pixel field and a 7.5 frames per second readout. All
scans were performed using a Nikon 225kV reflection target with a tungsten anode, which
has a focal spot size ranging from 3 to 225 pm depending on the power. No filters were used.
The voltage for these scans ranged between 75-203 kV and current settings ranged between
59-593 pA. These settings were largely dependent on the density of the specimen (higher
density requires higher X-ray power to penetrate the specimen) and proximity of the detector
panel to the reflection target (a smaller distance necessitates lower X-ray power to avoid
oversaturation).

In order to ensure that each specimen could be used in subsequent research projects, we
did not want scanning events to further degrade the specimen through thawing and refreezing.
Therefore, we placed non-iodine stained specimens on dry ice in a Styrofoam cooler, stabilized
the specimens with radiotransparent foam to prevent specimen movement during the scan,
and conducted the scan with the specimens in the cooler. Iodine stained specimens were
scanned in various containers and stabilized with radiotransparent foam but were not placed
on dry ice. Variation in the resolution of the scans (voxel size) in Table 2 reflects the maximum
level of magnification that could be achieved for an anatomical region given the dimensions of
each specimen and the scanning container.

The protocol for this project prioritized comprehensiveness and detail. To that end, most
specimens were scanned four to eight times and are represented by four to five volumes: an
overview of the full body and separate higher resolution volumes of the skull, hands, and feet
(Fig 2). Full body overviews are usually composites created by stitching together TIFF stacks
from multiple scanning events (detailed further below).
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Fig 2. Volume rendering of Nycticebus coucang (DLC 2901f) showing scanning protocol for strepsirrhine cadavers. Boxes outline regions of increased
anatomical complexity that were scanned at higher resolutions separately. To reduce noise, the threshold for grey values is lower than optimal threshold,

rendering less dense bone transparent.

https://doi.org/10.1371/journal.pone.0219411.9002

Iodine staining

The soft tissue anatomy of two lemur and five loris specimens (Table 1) was visualized in the
CT-scans using iodine as a contrasting agent [31]. Fig 3 provides an example image from an
individual scanned after the staining process. These specimens were thawed and fixed in 10%
formalin (Carolina Biological) to prevent deterioration during staining. Specimens were
stained in a 7% solution of Lugol’s Iodine (Carolina Biological) for six weeks prior to scanning
to allow iodine to penetrate the tissues. Given the large volume of solution required to stain
seven cadavers, Lugol’s solution was selected as the contrast-enhancing agent (rather than ios-
mium-tetroxide [32-34] or phospho-molybdic acid [35]) due to its low toxicity, ease of access,
ability to differentially stain types of soft tissue, and cost effectiveness. Following scanning,
iodine was removed from the specimens by soaking them in a series of water baths over several
weeks to leach the iodine [31] from the specimen’s tissues.
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Fig 3. Volume rendering of iodine-stained Cheirogaleus medius (DLC 1657m) using Avizo software. A clipping
plane in the software digitally slices through the fur and skin to show stained tissues underneath.

https://doi.org/10.1371/journal.pone.0219411.g003

Post-processing and stitching

X-ray projections were reconstructed as 3D volumes using Nikon XTEK CT Pro 3D version
XT 5.3.2, proprietary software purchased with the uCT machine and available to all uCT users
at SMIF. Volumes were saved as 16-bit Tagged Image File Format (. TIFF) stacks. High resolu-
tions scans were compressed with 7-Zip software and uploaded to MorphoSource.

If the size of the specimen prevented the full body overview from being done in a single
scan, the overview was created by conducting a series of overlapping scans with a shared centre
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40.86 microns 105.90 microns

Middle

Fig 4. Examples of stitched composite scans. A) composite scan of Microcebus murinus (DLC 893m) stitched along a single vertical axis; B) composite
scan of Daubentonia madagascariensis (DLC 6604m) stitched along two vertical axes. Boxes indicate separate microCT scans, grey areas boxes indicate
areas of scan overlap.

https://doi.org/10.1371/journal.pone.0219411.9004

of rotation. This process was easy to accomplish when the specimen was in an extended pos-
ture and each scan was oriented along the vertical y-axis (Fig 4A), provided the specimen was
not larger than the vertical travel distance permitted by the scanner’s dimensions. However,
larger specimens were often flexed into C-shapes that exceeded the dimensions of the detector,
even at the lowest magnification. In these cases, scans were conducted as a series of overlap-
ping “panels” with two separate vertical axes (Fig 4B).

To generate full body composites, overlapping scans were stitched together in Image] [36]
using the 3D Stitching plug-in [37]. As composites of two or more scanning events, the full
body overviews are very large volumes. When composite overviews were extremely large (ren-
dering subsequent processing too computationally demanding), we chose to upload the
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overlapping scans separately. If there are elements partially represented across two scans, these
scans can be stitched together by researchers after download.

MicroCT error study

As discussed by Copes et al. [28], uCT scanners in academic instrumentation facilities accom-
modate a wide range of users with varying demands for scanning parameters (i.e., detector
and stage settings, target type, beam settings). The flexibility required of uCT scanners in aca-
demic contexts stands in contrast to industrial or metrology-specific machines, which can be
calibrated to maintain a degree of minimum error within a particular set of scan parameters.
For scanners in academic instrumentation facilities, accuracy is determined by the initial
installation settings and subsequent maintenance, with the assumption that measurement
error is around 1%.

Here we expand the calibration study of Copes et al. [28] for SMIF’s Nikon XT H 225
ST pCT machine. To determine the accuracy of the scanner, three different standard spheres
of known diameters (3.175mm, 6.35mm, and 12.7mm; machined with a +/- 1.0 um tolerance)
were scanned at a range of voxel resolutions. The 3.175mm and 6.35mm spheres was scanned
at5,6,7,8,9, 10, 15, and 20 um per voxel with the detector fixed at its farthest position in the
chamber. The 12.7mm sphere was scanned at 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 pm per
voxel with the detector in the same position. Each scan was collected at 175kV, 86pA (15W),
354ms, 2000 projections, 1 frame per projection, and without a filter. Nikon’s proprietary CT
Pro 3D and CT Agent software reconstructed the projection data into a volume data file,
which was then opened in VG Studio Max 2.2.

In VG Studio, an automatic surface determination was applied to the spheres, >20 fit points
were placed on the surface, and an idealized sphere was fit to these points. Diameters produced
from this measurement were recorded and compared to the reported diameter of the spheres.
The relative percentage error (RE%) was calculated as the difference between the measured
(MD) and reported diameters (RD), divided by the measured diameter (RE% = (MD-RD)/
MD*100). Given that we are evaluating the same uCT machine, we expect relative % error to
be similar to the <0.2% reported by Copes et al. [28].

Results
MicroCT error study

Table 3 reports error values for all three standard spheres, and error is plotted against voxel
resolution in Fig 5. For each calibration sphere, we found less than 0.3% error at all resolution
levels, with most scans demonstrating error levels below 0.1%.

Data records and availability

The pCT scans and associated metadata (Table 2) presented in this project are available
through MorphoSource (http://www.morphosource.org), a free-to-use online repository
designed to accommodate 3D data and its derivatives, including 3D surface renderings and
other digital imagery. MorphoSource was created to address increasing demand for deposition
and archiving of 3D digital data representing physical objects, and provides the necessary
infrastructure to host, share, and manage 3D data for several different user types—from indi-
vidual researchers to museum curators—allowing data authors and institutions to benefit
from subsequent data use by third parties. Network storage is currently provided by Duke Uni-
versity’s data infrastructure with servers housed in multiple locations. Morphosource is cur-
rently supported by Duke University and the National Science Foundation.
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Table 3. Relative error at different voxel resolutions for three calibration spheres in the Nikon X-Tek XHT 225 ST scanner at Duke University’s Shared Materials
and Instrumentation Facility.

Sphere diameter (mm) Voxel resolution (um) Measured diameter (mm) Relative error (%)
3.175 5 3.1662 -0.278
6 3.1702 -0.151
7 3.1724 -0.082
8 3.1748 -0.006
9 3.1764 0.044
10 3.1772 0.069
15 3.1760 0.031
20 3.1786 0.113
6.35 5 6.3380 -0.189
6 6.3384 -0.183
7 6.3428 -0.114
8 6.3470 -0.047
9 6.3490 -0.016
10 6.3452 -0.076
15 6.3498 -0.003
20 6.3552 0.082
12.7 10 12.6800 -0.158
20 12.7002 0.002
30 12.6992 -0.006
40 12.7012 0.009
50 12.6976 -0.019
60 12.6982 -0.014
70 12.6974 -0.020
80 12.6950 -0.039
90 12.6970 -0.024
100 12.6920 -0.063

https://doi.org/10.1371/journal.pone.0219411.t003

The data files of the current project are available open access. Data files are copyrighted by
the DLC and can be downloaded and re-used for non-commercial purposes (Creative Com-
mons copyright license CC-BY NC). At the time of manuscript revision, the project had been
viewed more than 58,000 times and more than 1900 data files have been downloaded. The
most popular downloads have been TIFF volume stacks of Daubentonia madagascarensis, a
unique and charismatic species not often found in museum collections. Because scanning
efforts of the DLC cadaver collection are ongoing, this project will continue to grow to include
new specimens and new species.

Discussion
Structure of the digital collection

We chose MorphoSource to host this collection because it offers several utilities for data
authors and institutions. First, MorphoSource is structured to function as both an online plat-
form for collaborative research and as a public-facing repository for 3D digital data, with high
ease-of-use when transitioning between these two roles. For this project, we began to upload
scans in 2016 and, for the next two years, data were shared privately with collaborators at mul-
tiple institutions. When the project matured, data were made searchable and downloadable to
all MorphoSource users, signalling the project’s transition to a publicly facing data collection.
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Fig 5. Relative error at different voxel resolutions for three calibration spheres. Spheres of known diameters of 3.175 mm, 6.35 mm, and 12.7 mm and were tested in
the Nikon XT H 225 ST pCT scanner at Duke University’s Shared Materials Instrumentation Facility.

https://doi.org/10.1371/journal.pone.0219411.g005

In providing this dual functionality, MorphoSource has utility for data authors during all
stages of 3D data collection.

Second, MorphoSource provides data authors and institutions multiple ways to track and
summarize data usage, including summary reports of data usage as well as the ability to estab-
lish citable digital object identifiers (DOIs) for individual scans and derivative data. These
tools provide metrics of the value of the collection and help provide professional benefits for
researchers undertaking time-intensive data collection efforts. Table 2 was generated from the
summary report of this project.

Third, while data collections can be made publicly available through MorphoSource, the
platform allows data authors or institutions the option of managing user access through a data
request system. This functionality, along with the ability to clearly delineate copyright restric-
tions and other terms of use, reduces concerns that data will be used in ways that are inconsis-
tent with institutional goals.

Data files on MorphoSource are organized within a three-level hierarchy: specimens >
media groups > media files. A fourth organizational unit, the MorphoSource project, exists at
the same hierarchical level as the specimen (i.e., specimens are not contained within projects,
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although media records of a specimen might be). Projects are a collection of media records
determined by the user and serve several purposes, including sharing multiple data files with
collaborators easily, developing special collections of high public interest (e.g., K-12 Anthro-
pology Teaching Collection, MorphoSource Project P158) or curating institutional holdings
(such as this project).

On MorphoSource, specimens are digital representations of physical specimens stored in
museums or other collections. As researchers upload new data, they increase the comprehen-
sive sampling of MorphoSource specimens. When new specimen records are created, they can
be linked with metadata provided by the home collection of the specimen through iDigBio
(http://www.idigbio.org). In the case of this collection, metadata are maintained directly by
project members, including DLC staff, as the DLC does not currently serve collection informa-
tion to data aggregators or use interoperable metadata protocols.

Media groups are nested within specimens and generally represent discrete scanning or
other imaging events. Metadata of the imaging event (including scan parameters, calibrations,
and funding sources) are attached to media groups.

Media files are nested within media groups and represent raw data (such as TIFF stacks)
and derivative data (such as surface renderings). When media files are made publicly available
or “published”, they can be assigned DOIs, which function as permanent and direct links to
the data as well as references for data citation in subsequent studies. Currently, the DLC
cadaver project contains media files tagged by 1329 digital object identifiers. Further detail on
the structural organization and associated metadata of MorphoSource can be found in Boyer
et al. [24].

Computer requirements

By current computer standards, these pCT scans are large files. TIFF stacks can range from 1
to 13 GBs and the stitched full body composites are particularly large. System performance
depends primarily on four hardware components: the graphics processing unit (GPU), the
central processing unit (CPU), the amount of random-access memory (RAM), and the hard
drive. For direct volume renderings or 3D surface visualization, the system should have a
high-end graphics card (minimally a DDR5 memory interface with more than 2 GB RAM).
Sufficient RAM is critical for 3D visualization and analyses; we follow Copes et al. (2016) in
recommending computers have RAM that is at least twice as large as the largest TIFF stack.
Image processing speed relies on the CPU, so processors with high clock speeds (greater than
3 gigahertz) are recommended. CPU clock speed is particularly important if volume rendering
software is unable to access multiple cores. Finally, for uploading datasets quickly, solid state
drives (SSD) provide much faster reading and writing speeds than traditional hard disk drives
(HDD).

Other recommendations to improve performance for analysing 3D data are a 64-bit operat-
ing system and multiple processing cores (provided software compatibility). Specific 3D visu-
alization programs (listed below) may have their own set of system recommendations, so
researchers are encouraged to evaluate the match between their preferred software and avail-
able workstation.

Data manipulation

When downloaded from MorphoSource, these uCT scans will first need to be decompressed
using open-source programs such as 7-Zip. After decompression, we recommend that users

then open TIFF stacks with 2D image processing software such as Fiji [38] or Image]J [36], as
these programs permit some volume editing but require less memory than industrial volume
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visualization and analysis software. In Fiji or Image], the user can easily adjust grey values to
enhance contrast and crop the original pCT volume to regions of interest. Edited TIFF stacks
can be saved as new image sequences that require less memory to open and manipulate. For
3D visualization and analyses, there are several commercially available programs (e.g., Avizo,
Amira, Dragonfly, Mimix, Osirix, Spiers, and VG Studio Max) as well as freeware (e.g.,
Slicer3D).

Citation of scans

Usage terms are outlined in the MorphoSource user agreement that accompanies each down-
load from the website. Subsequent publications that make use of these scans should include 1)
a citation of this study; 2) a list or table of DOIs for each scan used; and 3) a statement of access
accompanying the DOI list or in the acknowledgments. This statement should read “The Duke
Lemur Center provided access to these data under a reuse but non-commercial creative com-
mons license (CC BY-NC), originally appearing in Yapuncich et al. (2019), the collection and
archiving of which was funded by NSF BCS 1540421 and NSF BCS 1552848. The files were
downloaded from www.MorphoSource.org, Duke University.” A similar statement is included
in the accompanying scan metadata.

Although not required by the usage agreement, we would urge researchers who conduct
additional processing of these scans (e.g., generate surface files of elements of interest) to
upload derivative files to MorphoSource. While we recognize that uploading derivatives can be
a time-intensive process, we feel it is a critical component of data sharing and subsequent
research. To facilitate this process, bulk upload options have been developed and are available
through MorphoSource. Finally, we encourage researchers to contact the DLC research man-
ager to obtain a DLC publication number when manuscripts using these data have been
accepted for publication.
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