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 3D-printed  modular  device  for  imaging  the  brain  of  small  birds
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In vivo  CT,  PET  and  MRI  imaging  of  any  new  species  requires  new  equipment.
We  describe  the  design  and  use  of a 3D-printed  device  for  imaging  the  songbird  brain.
Use  of  this  device  significantly  improved  positional  reproducibility  of the  head.
3D-printed  materials  are  also  imaging-compatible  and fast  and  inexpensive  to  make.
Researchers  can  use our  design  and  CAD  models  for fabricating  their  own  devices.
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a  b  s  t  r  a  c  t

Background:  One  potential  barrier  to  using  in  vivo  imaging  in  any  new  animal  species  is solving  the basic
problem  of  how  to hold  animals  safely  and  securely  during  scans.
New  method:  In  this  paper,  we describe  the design,  fabrication,  use,  and positional  reproducibility  of  a  3D-
printed  plastic  device  (the  Avian  Imaging  Device,  or AID)  for imaging  the brain  of 1 or  2 small  songbirds.
We  designed  two different  types  of  head  cones  to use  with  this  device:  one  that  was  not  contoured  and
designed  for  anesthesia  induction,  and  one  contoured  to  the  shape  of  a  house  sparrow  head,  designed  to
be used  with  a pre-anesthetized  animal.
Results:  Compared  to  no holder,  using  the  AID  with  both  contoured  and  non-contoured  head  cones  sig-
nificantly  reduced  the  amount  of  translation  necessary  to  align  the  head  in  pairs  of  CT scans  (by  78%
and  90%,  respectively);  using  the  contoured  head  cone  also  significantly  reduced  the  amount  of  rotation
necessary  for  head  alignment  in  registering  pairs  of scans  (by  90%).
Comparison  with  existing  method(s):  Using  an  animal  holder  that  can not  only  securely  hold  animals

but  which  has  high  positional  reproducibility  is  essential  to take  advantage  of the  maximum  resolu-
tion  possible  with  small  animal  imaging.  3D-printed  materials  are  also compatible  with  PET  and  CT,
environmentally  stable,  and  fast  and  inexpensive  to  make.
Conclusions:  Researchers  can  learn  from  the design  of  the  AID  and  use  our CAD  models  as  a  starting  point
for fabricating  devices  for  multiple  small-animal  imaging  needs.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

As the resolution of computed tomography (CT), positron emis-
ion tomography (PET) and magnetic resonance imaging (MRI)

as improved, there has been a proliferation of research using
hese technologies in small animals (Doty et al., 2007; Riemann
t al., 2008; Schambach et al., 2010; Souza et al., 2011). Simi-

∗ Corresponding author at: Positron Emission Tomography Center, Yale Univer-
ity, 801 Howard Avenue, PO Box 208048, New Haven, CT 06520-8048, USA.

E-mail address: christine.lattin@yale.edu (C.R. Lattin).

ttps://doi.org/10.1016/j.jneumeth.2017.10.005
165-0270/© 2017 Elsevier B.V. All rights reserved.
larly, researchers in the fields of comparative anatomy, behavioral
neuroscience and sensory ecology have just started to realize the
potential of using medical imaging in wild animals, and recent
studies have used PET, CT and MRI  to examine neural activity
in American crows (Corvus brachyrhynchos) exposed to different
visual stimuli (Marzluff et al., 2012), antipredator behavior in the
Spanish ribbed newt (Pleurodeles waltl) (Heiss et al., 2010) and
testosterone effects on brain nuclei in European starlings (Sturnus

vulgaris) (Van Meir et al., 2004). These technologies have a number
of potential advantages over many existing techniques for study-
ing the brain and body. Because medical imaging does not require
euthanizing animals, it can be used with longitudinal study designs,

https://doi.org/10.1016/j.jneumeth.2017.10.005
http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jneumeth.2017.10.005&domain=pdf
mailto:christine.lattin@yale.edu
https://doi.org/10.1016/j.jneumeth.2017.10.005
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Fig. 1. a) Rendering of the 1-bird version of the Avian Imaging Device, from left to
right: i) spacer, ii) body holder with iii) inserted head cone, and iv) syringe tray,
demonstrating how it fits onto the 70-mm extended carbon fiber pallet and inside
the bore tunnel of the Inveon (depicted as a transparent cylinder). The spacer and
syringe tray attach to the body holder using tab inserts; the body holder attaches
84 C.R. Lattin et al. / Journal of Neur

llowing animals to serve as their own controls. This can be espe-
ially important due to the large individual variation that exists in
any physiological systems in wild animals (Williams, 2008), or
here there may  be complex interactions between experimental

reatments and time. For example, in the European starling study
entioned above (Van Meir et al., 2004), ex vivo histological analy-

is did not reveal any group differences in brain nuclei size between
estosterone-treated and control animals; differences only became
pparent using within-animal repeated imaging with MRI. Also, the
ffects of these technologies on subjects can be minimal, allowing
nimals to be released back into the wild after scanning, as was
one with the crows in the project mentioned above.

Because most small animal imaging is done on laboratory
odents, scanning other organisms can require an extensive process
f creating new equipment to administer anesthesia, hold animals
ecurely during scans, and reproducibly reposition them for repeat
cans. However, it can be challenging to design equipment cus-
omized to new animal species for several reasons. First, these
maging technologies create restrictions against using materials
uch as metal, which is unsafe to use with MRI  and causes arti-
acts in CT images (Boas and Fleischmann, 2012). Secondly, using
onventional manufacturing processes like lathes to create one-of-
-kind equipment can be both time-consuming and expensive. 3D
rinting provides an inexpensive, widely available alternative to
onventional manufacturing in a material (plastic) that works well
ith all medical imaging modalities (Herrmann et al., 2014).

Songbirds have long been an important model system for
esearch in areas as diverse as vocal learning (Brainard and
oupe, 2013), visual processing (Rogers, 1996) and stress (Rich
nd Romero, 2005), and recent studies have used PET, CT and MRI
o explore these and other questions in songbird models (Van der
inden et al., 2009; Cross et al., 2013; Gold et al., 2016; Louder
t al., 2016; Lattin et al., 2017a,b). In this paper, we describe the
esign and use of a modular 3D-printed holder, the Avian Imaging
evice (AID), for in vivo imaging of the brain of a small songbird, the
ouse sparrow (Passer domesticus). We  also present data showing
he repeatability of head positioning using two different versions
f this device, as compared to no holder, and examine PET signal

osses due to holder material. The AID has several design features
aking it uniquely suited for imaging the brain in small birds; how-

ver, due to its modular components, the design is flexible enough
o be easily adapted for use in other small animal species (all files
re available as Supplemental material).

. Materials and methods

.1. Study subjects

House sparrows used for design and testing of the AID were
aught in New Haven, CT, USA using Potter traps. House sparrows
re ∼15–17 cm in length, and brain diameter at the widest point
s ∼20 mm,  similar to many other small passerines. Animal proce-
ures were performed in accordance with the National Institutes of
ealth guide for the care and use of Laboratory animals (NIH Pub-

ications No. 8023, revised 1978). Animals were collected under
onnecticut state permit 1417011, and all procedures approved by
he Yale University Animal Care and Use Committee under protocol
014-11648.

.2. MicroPET-CT scanner
The AID was designed for use with the Inveon Multimodality
canner configured to include both PET and CT (Siemens Medical
olutions USA, Inc., Malvern, PA, USA). The Inveon has a 127-mm
xial field of view for PET and image resolution (full width at half
to  the pallet using four screws. b) The 2-bird version of the holder uses the same
spacer, head cone and syringe tray, but is wider to accommodate an additional head
cone and the bodies of two birds. The body holder has slots to slide onto the pallet.

maximum, FWHM)  is ∼1–3 mm,  depending on the reconstruction
technique used, distance of the scanned object to the center of the
field of view, and direction (tangential, radial or axial) (Visser et al.,
2009). The Inveon is one of the most widely available small-animal
PET scanners; however, the AID could be easily customized for
use with other scanner types by adjusting the length, width and
diameter of different components.

2.3. AID design and creation: general principles

There are two  versions of the AID, designed to hold either one or
two small songbirds. Parts were designed based on the maximum
width of the 125-mm CT system and the width and length of the
Inveon’s 70-mm extended pallet, with all components contoured
to fit the 40.7◦ pallet curvature (Fig. 1).

To help design the AID, we acquired CT scans of an adult male
and female sparrow. Birds were anesthetized using inhaled isoflu-
rane at a concentration of 2.5–5%. CT acquisition was performed in
step-and-shoot mode with three bed positions to capture the birds’
entire bodies, and used 80 kV, 500 uA, 240 ms exposure time, and
120 projections at low magnification. For CT reconstructions, we
used Siemens Inveon Acquisition Workplace software, Version 2.0
(Siemens Healthcare GmbH, Erlangen, Germany) using a Feldkamp
reconstruction algorithm with 2x downsampling, the “slight” noise

reduction setting, and a ramp filter.

Reconstructed CT images were imported as DICOM format
into Mimics Innovation Suite version 17 (Materialise, Leuven,
Belgium) for segmentation. Segmentation analyzes pixels through



C.R. Lattin et al. / Journal of Neuroscience Methods 293 (2018) 183–190 185

Fig. 2. a) The initial STL file of the computed tomography (CT) image imported into SolidWorks. b) A view showing extra appendages present in the STL file due to the high
r tal of 
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esolution of the CT image. c) Manual outlines of the anatomy on the STL file. d) A to
olidWorks loft feature. e) The resulting loft with the sketches of each profile show
reate  the contoured head cones.

ultiple axial slices and assigns them to a 3D object. Using
emi-automated segmentation, a 3D stereolithography (STL) file
f contours of the bird’s body without feathers was  created. This
le was imported into 3-matic version 10 (Materialise, Leuven,
elgium) and mesh errors created during the segmentation pro-
ess (e.g., gaps in the mesh, or intersecting triangles (Friedman
t al., 2016)) were corrected. Finally, the number of triangles was
educed to be compatible with our computer-aided design (CAD)
oftware, SolidWorks 2015 (Dassault Systèmes SolidWorks Corp.,
élizy-Villacoublay, France) (Fig. 2a).

After importing the STL files, we decided to model the head
urface by creating a loft feature in SolidWorks. The STL surfaces
ncluded undesirable geometry such as small appendages that were
ot necessary for the overall head shape to be modeled (Fig. 2b). By
anually outlining the anatomy in SolidWorks, critical dimensions

f the head and body were defined, noting body parts that should
e restrained or supported in the bird holder design (Fig. 2c). The
can was then cropped to serve as a model for the cavity of con-
oured head cones (see below), and the STL model segmented into
lanes offset by 2.54 mm increments from the Front Plane (Fig. 2d).
ketches were created on each of the planes where the outline of the
ird head was  manually traced to create profiles for a loft (Fig. 2e).
uide curves were created connecting the profiles, resulting in a

olid-body head loft that we used to make the head cones (Fig. 2f).

.4. Body holder

The body holder is the main component of the AID; head cones
t into this component, and the syringe tray and spacer attach to it
ia tabs. The 1-bird version is anchored to the pallet using four 6-32

ylon screws that are fastened into corresponding nuts, press-fitted

nto the holder walls (Fig. 3a, i). Adapter brackets attach the holder
o the scanner pallet. The 2-bird version slides onto the pallet via
lots in the body of the holder (Fig. 3b, i).
15 parallel planes were created with 2.54 mm offset for profiles to be drawn for the
e loft is much smoother than the STL file. f) The final bird head loft feature used to

Sparrows needed to be held securely in a standardized posi-
tion. To meet this design challenge, we chose to mimic a “bander’s
grip,” where birds are held with their narrow necks between the fin-
gers, and their wider heads and bodies above and below the hand,
respectively. A narrow slot (or two slots, for the 2-bird version) was
made in the holder for neck positioning (Fig. 3a, ii); above this is a
space for the head cone and below this a place for the body. A plastic
bar clips onto the holder above the neck slot (Fig. 3a, iii). Notches
in the body holder allow gauze to feed through to secure birds’ legs
(Fig. 3b, ii). The different styles of head cones all fit into notches in
the body holder; there are also holes for anesthesia tubing. For the
2-bird version, we also created a clip that anchors head cones to the
body holder (Fig. 3b, iii). We  use a PET/CT compatible heating pad
(73.66 mm width × 146.06 mm length; m2m  Imaging, Cleveland,
OH, USA) to keep animals warm during scans, and notches in the
body holder allow the pad and its power cord to enter via the top of
the holder. These notches could also be used (and expanded, if nec-
essary) to accommodate wires for other systems used to monitor
body temperature, respiratory rate, and other physiological param-
eters. There is ample room for such additional probes in the body
holder. The total length of the body holder is 21.3 cm.

2.5. Head cones

We created two different types of head cone for two different
imaging scenarios. These can be used interchangeably with the
other parts of the holder assembly. In the first scenario, animals
were injected with radiotracers while awake and anesthetized on
the scanner bed–this required a head cone that a bird could be
quickly inserted into. This version was  fairly large, so head posi-
tioning was not completely uniform across different scans (Fig. 4a;

see also Results). One end of this cone was  designed to fit a 13 mm
inner diameter × 15 mm outer diameter airway adapter (Straight
Airway Adapter WW1100, Surgivet, Smiths Medical PM, Inc., Nor-
well, MA,  USA), which attached to tubing feeding in anesthesia gas,
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Fig. 3. a) The 1-bird body holder and contoured head cone, as viewed from the
top  (left) and side (right). The holder is attached to the pallet via 4 sets of screws
and brackets (i). A house sparrow (depicted without feathers) is shown in supine
position, although the head cone could also be rotated 180◦ or 90◦ to allow for prone
or side positioning, respectively. The non-contoured version of the head cone and
body holder allows for any body positioning. The bird’s neck fits into a slot in the
body holder (ii), and is secured using a clip (iii), although no pressure is put on the
bird  at this point. Anesthesia feeds into the head cone from tubing that attaches to
the white component, which is a standard airway adapter (see ‘Head cones’ for more
details). b) The 2-bird body holder and head cones, viewed at an angle. The 2-bird
holder fits onto the pallet with slots (i). The bird’s legs may  be secured using a gauze
s
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trip that passes through notches in the bird holder (ii). Head cones are anchored
sing a clip that attaches to the body holder (iii).

ith a separate exhaust outlet for waste anesthesia gases (F/AIR

anisters, A. M.  Bickford, Wales, NY, USA). The other end of the cone
as open and designed to be covered by latex sheets with slots cut

nto them for insertion of the animal’s head. In cases where an ani-

ig. 4. Two different head cones designed for use with the Avian Imaging Device. a) One
iece  covered at the end with a piece of latex, which is secured using a rubber band that fi
ouse  sparrow head, designed to use with a pre-anesthetized animal. The contoured head 

nd  the two pieces joined together using surgical tape at the seams. For both versions of 

ody  holder using 4 square brackets (ii) that fit into corresponding notches in the holder 
ce Methods 293 (2018) 183–190

mal’s head needs to be tightly fixed to avoid movement artifacts,
this non-contoured version of the head cone could also support
additional ear bar or beak fixation components (e.g., Van Meir et al.,
2005), as long as they were not too large. Using this non-contoured
head cone, animals could be scanned in supine or prone position or
on their sides.

In the second imaging scenario, animals were anesthetized else-
where and then transferred to the scanner bed. This head cone
consisted of two  interlocking parts, and was contoured to spar-
rows’ head shape to minimize variation in positioning (Fig. 4b).
Using the head loft previously described, contoured head cones
were created by generating a cavity in the cone with a 10% scal-
ing offset from the model for the “male” version, and a 5% offset
for the “female” version. This made the cavity slightly bigger than
the solid features of the head to account for feathers and slight
variations in bird-to-bird anatomy. In cases where very rigid fixa-
tion is necessary, customized contoured head cones could be made
from CT images of each individual animal to be scanned, using the
method described above. These head cones were split along the
midline with grooves for aligning the two  pieces. After the anes-
thetized bird was  positioned, the two halves were secured using
surgical tape at the seams, which also effectively sealed the cones
to minimize anesthesia leakage. By rotating the contoured head
cone, investigators can position animals in supine or prone posi-
tion, or on their sides. Representative images from PET scans using
the non-contoured and contoured head cones are shown in Fig. 5,
and show no indication of PET artifacts.

2.6. Spacer

PET sensitivity is highest in the center of the field of view (in
the axial direction), and because we were primarily interested in
brain imaging, the brain could be placed in the center of the field of
view. However, we faced a tradeoff between sensitivity and fitting
the animal’s whole body in the field of view to confirm injected
dose and examine radiotracer binding in other tissues. We  chose
to position the bird’s whole body in the field of view except for
the legs, which allowed us to place the brain fairly close to the
body. To consistently achieve this placement, we created a 77.2
mm-long spacer with a plastic tab that fit into the top of the body
holder (Fig. 6). This was designed to press flush against the top of

 version is not contoured and was  designed for anesthesia induction. It is one solid
ts into the notch in the cone (i). b) The other version is contoured to the shape of a

cone is made of two  interlocking pieces (the top piece, i, is rendered as transparent),
the head cone, anesthesia tubing feeds in from the right, and the cone sits into the
to allow positioning birds in prone or supine position or on their sides.



C.R. Lattin et al. / Journal of Neuroscience Methods 293 (2018) 183–190 187

Fig. 5. Representative positron emission tomography (PET) maximum intensity projection images of house sparrow brain made using the Avian Imaging Device. a) A 30-min
static  image of a bird injected with 18F-fluorodeoxyglucose while awake, then anesthetized and scanned using the 1-bird holder with the non-contoured head cone. b) A
60-min static image of two  birds injected with 11C-raclopride while under anesthesia, scanned using the 2-bird holder with contoured head cones.

Fig. 6. A spacer that fits into the top of the Avian Imaging Device, used to consistently
position the holder from scan to scan (the top of the spacer rests flush against the
top of the scanner gantry). The length of the spacer was  chosen to move animals’
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rains close to the axial center of the field of view, but still allow for whole-body
maging. This spacer also supports the anesthesia tubing feeding out from the head
ones, and contains a notch for the heating pad wire.

he pallet. If we wished to change the center of the field of view,
pacers of larger or smaller length could easily be created.

.7. Syringe holder

To hold syringes for administering PET radiotracers and other
rugs, we designed a tray that attached to the bottom of the body
older using another set of tabs (Fig. 7). The tray was  designed to
ccommodate two syringes, and measured ∼12 × 6 cm.  This set-up
llowed us to start the scanner, inject radiotracers and acquire PET
ata for the whole time period from pre-injection to post-injection.
his is necessary to use quantitative PET kinetic modeling methods
uch as the simplified reference tissue model (Lammertsma and
ume, 1996).

.8. 3D printer
All components were printed on a Dimension Elite 3D printer
Stratasys, Dimension Elite, Eden Prairie, MN,  USA). The build plate
ize of the printer was 203 × 203 × 305 mm.  All parts were printed
ith a 0.254 mm layer thickness out of Stratasys’s Acrylonitrile
Fig. 7. A tray designed to hold two  syringes for administering PET tracers or drugs
during scanning, which fits into the bottom of the Avian Imaging Device.

Butadiene Styrene plastic material (ABSplus). For support mate-
rial, their proprietary soluble support material (P400-SR) was used.
With the Dimension Elite printer driver, Catalyst 4.3, the option for
infill density was  specified as ‘SPARSE – low density’. After printing,
the parts were submerged in a sodium hydroxide bath (Stratasys
product) to dissolve the supports, then placed in a water bath for
9 h to let any remaining lye leach prior to use.

3. PET imaging performance

Objects in the scanner cause loss of counts due to photon attenu-
ation. To estimate PET signal losses due to the AID for a typical scan,
2D (non-oblique) attenuation correction factor (ACF, values ≥ 1)
sinograms were created by forward projections of two bird CT
images, one with the AID in place and one with the AID digitally
removed from the images. A ratio sinogram of these two ACF sino-
grams (with/without) was then formed to quantify increases in
attenuation due to holder material. PET loss fractions were calcu-
lated as 1-1/ACF. The mean and standard deviation of these loss
fractions were tabulated over the sinogram bins corresponding to
projections passing through the bird head.
4. Reproducibility of head positioning

To quantify the reproducibility of head positioning using the
AID with two different types of head cones vs.  no holder, we used
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Fig. 8. Amount of a) translation (reference point offset, in mm)  and b) rotation (in
degrees) necessary to align two computed tomography (CT) images of the heads
of  the same animal using either no bird holder (n = 4 pairs of scans), or one of two
different versions of the Avian Imaging Device: a version with a non-contoured head
cone (n = 7 pairs of scans), or one with a contoured head cone based on CT images
88 C.R. Lattin et al. / Journal of Neur

ata from 17 pairs of CT scans (34 scans total), where the same
ubject was scanned two  or more times using the same config-
ration: contoured head holder: n = 6 pairs; non-contoured head
older: n = 7 pairs; no holder: n = 4 pairs. CT scans were conducted
nd images reconstructed as described above. The AID was  removed
rom the scanner bed and repositioned between scans. CT images

ere cropped around the entire head and manually coregistered
sing rigid transformations allowing for translation and rotation

n the x, y and z directions. Images were aligned using the skull
including eye sockets) and beak, which are visualized easily in
T imaging due to the high density of these tissues. Coregistration
atrices for the different image pairs were generated using tools
ritten in IDL (Exelis Visual Information Solutions, Inc., Melbourne,

lorida, USA), and used to compute two values: 1) the 3D trans-
ation distance (in mm)  of the location of a reference point in the

iddle of the brain between the two scans, and 2) the angle of rota-
ion (in degrees) necessary to align the two images (any rotation
n 3D space can be described by its axis of rotation and one angle;
his angle was calculated by converting the transformation matri-
es to quaternions). Because Levene’s test indicated heterogeneity
f variances in both translation and rotation measures among the
hree sets of scans (Levene 1960), we used Welch’s ANOVA, with
tudent’s t-tests as post-hoc tests. All statistical tests were con-
ucted using JMP  Pro 11. Images demonstrating initial differences

n positioning between scans were generated using Siemens Inveon
esearch Workplace software, Version 2.0.

. Results

PET signal loss fraction mean and standard deviation in head
mages due to the additional attenuating material of the 1-bird
older (for a typical scan) were 13 ± 2%. For the 2-bird holder, the
alues were 17 ± 5%. Thus, the impact of the AID on PET count
fficiency is minor.

The 3D translation distance to align CT image pairs differed sig-
ificantly among different scan conditions (Figs. 8a and 9 ; F2,6 = 5.7,

 = 0.027), with post-hoc tests indicating that the translation dis-
ance with no holder was greater than that with both the contoured
nd non-contoured head cones (no holder vs. contoured head cone:

 = 5.0, df = 14, p = 0.0002; non-contoured head cone vs.  contoured
ead cone: t = 0.77, df = 14, p = 0.46; non-contoured head cone vs.
o holder: t = −4.5, df = 14, p = 0.0005).

The amount of rotation necessary to align image pairs also dif-
ered significantly among different scan conditions (Figs. 8b and

 ; F2,5 = 5.4, p = 0.0091). Post-hoc tests indicated that the amount
f rotation with no holder and the non-contoured head cone
as greater than that with the contoured head cone (no holder

s.  contoured head cone: t = 2.5, df = 14, p = 0.027; non-contoured
ead cone vs.  contoured head cone: t = 3.2, df = 14, p = 0.007; non-
ontoured head cone vs.  no holder: t = 0.26, df = 14, p = 0.80).

. Discussion

In this paper, we describe the design, fabrication, use, PET imag-
ng performance and positional reproducibility of a 3D-printed
evice for imaging the brain of 1 or 2 small songbirds during PET and
T scans. Using the AID with both the contoured and non-contoured
ead cones significantly reduced the amount of translation nec-
ssary to align the head in pairs of CT scans (by 78% and 90%,
espectively); using the contoured head cone also significantly
educed the amount of rotation necessary for head alignment in

airs of scans (by 90%). Because spatial resolution decreases from
he center of the field of view, high positional reproducibility is
ssential to take advantage of the maximum possible resolution
ith small animal imaging and reduce partial volume error (Kessler
of  house sparrows (n = 6 pairs of scans). Error bars represent SEM; stars indicate
significant differences between groups using Student’s t-tests.

et al., 1984). Furthermore, use of this device resulted in only mod-
est PET count losses due to addition attenuating material, as shown
by our PET losses measure. Although numerous devices have been
designed to hold small animals during different in vivo imaging
procedures, these are typically made for laboratory rodents (Cheng
et al., 2009; Yagi et al., 2014), and employ design features not com-
patible with the anatomy of wild species used in ecological research
(e.g., rodent “bite bars” are not compatible with avian anatomy). To
our knowledge, our use of CT imaging to design a customized head
cone based on the actual shape, size and features of the house spar-
row skull is unique, although this particular approach could be used
in any species.

3D-printed materials are inherently compatible with PET and
CT, and they are also fast to fabricate–printing all parts of the
AID took less than two  days. The ABSplus plastic that we  used, as

well as other commonly used 3D printing plastics like polymer-
ized lactic acid (PLA), are resistant to common disinfectants and
environmentally stable over time (Novakova-Marcincinova and
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Fig. 9. Two overlaid computed tomography (CT) images, one using a grey scale and the other a red scale, demonstrating a typical amount of translation and rotation between
s ured h
o  align
a

N
o
i
a
v
r
c
r
b
h
s
R
r
m
i

cans  of the same animal using no holder (a), using the bird holder with a non-conto
f  translation (reference point offset, in mm)  and rotation (in degrees) necessary to
nd  2◦ for c. Left to right: axial, coronal, and sagittal views.

ovak-Marcincin, 2013; Herrmann et al., 2014). Although the costs
f 3D printers themselves are substantial, the raw materials used

n these printers cost very little, and design features can be easily
ltered and prototypes re-printed as needed–we printed several
ersions of the AID before arriving at the final design. Even if a
esearcher’s home institution does not have 3D printers, several
ompanies offer 3D printing services in a wide variety of mate-
ials and at various print qualities. As in vivo imaging modalities
ecome more widespread in ecological research, researchers will
ave to solve the basic problem of how to hold their particular study
pecies safely and securely for the duration of a PET, CT or MRI  scan.
ather than “reinventing the wheel,” for each new species, we  hope

esearchers can learn from the design of the AID and use our CAD

odels as a starting point for fabricating devices for their particular
maging needs.
ead cone (b) and using the bird holder with a contoured head cone (c). The amount
 each pair of images was 4.6 mm and 29◦ for a; 1.7 mm and 16◦ for b; and 0.5 mm
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