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In Vivo Measurement of T, and T, Relaxation
Times in Awake Pigeon and Rat Brains at 7T
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Purpose: Establishment of regional longitudinal (T4) and trans-
verse (T,) relaxation times in awake pigeons and rats at 7T
field strength. Regional differences in relaxation times between
species and between two different pigeon breeds (homing
pigeons and Figurita pigeons) were investigated.

Methods: T and T, relaxation times were determined for nine
functionally equivalent brain regions in awake pigeons and rats
using a multiple spin-echo saturation recovery method with
variable repetition time and a multi-slice/multi-echo sequence,
respectively. Optimized head fixation and habituation protocols
were applied to accustom animals to the scanning conditions
and to minimize movement.

Results: The habituation protocol successfully limited move-
ment of the awake animals to a negligible minimum, allowing
reliable measurement of Ty and T, values within all regions of
interest. Significant differences in relaxation times were found
between rats and pigeons but not between different pigeon
breeds.

Conclusion: The obtained T4 and T, values for awake pigeons
and rats and the optimized habituation protocol will augment
future MRI studies with awake animals. The differences in
relaxation times observed between species underline the
importance of the acquisition of T¢/T, values as reference
points for specific experiments. Magn Reson Med 79:1090-
1100, 2018. © 2017 International Society for Magnetic Res-
onance in Medicine.
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INTRODUCTION

MRI is increasingly used in animals, allowing noninvasive
mapping of brain processes in diverse species, which serve
as models for neuroscientific questions. The majority of
vertebrate models used in neuroscience are rodents (rats
and mice), but increasingly bird species such as zebra
finches and pigeons also are used. Whereas zebra finches
as songbirds are an excellent model for vocal learning
(1-3), pigeons typically are used to study mechanisms of
learning and memory (4). However, pigeons also are
increasingly tested with cognitive tasks assessing
functions, such as sequence acquisition (5), equivalence
learning (6), categorization (7-9), transitive inference (4),
and even orthographic processing (10). A recent study by
Levenson et al. (11) even has shown that the capacity of
pigeons to visually categorize would make them well
suited to identify breast cancer in human tissue samples.
In contrast to rodents, some bird species such as corvids
additionally demonstrate high cognitive abilities that are
equivalent to those of nonhuman primates (12). These
include complex social interactions, future planning, tool
and meta-tool use, mirror self-recognition, and physical
problem solving (13).

Despite this overlap in cognitive performance, birds and
mammals differ substantially with regard to structural
properties of their brains. In mammals, the telencephalon
consists to a large extent of the laminated neocortex. In
birds, this laminar architecture is mostly absent and
replaced by structures organized in a nuclear fashion (14).
Moreover, cellular densities differ substantially between
animals, even within a class (15). It is most likely that
these differences in structural and cellular organization
critically influence the relaxation-time constants of differ-
ent brain tissues during MRI.

To the best of our knowledge, these relaxation-time con-
stants to date have not been reported for bird brains. Aside
from their general value as biophysical properties, these
constants are of high practical importance for MRI and
functional MRI (fMRI) studies because relaxation times dic-
tate MR signal contrast and signal-to-noise ratio (SNR).
Both contrast levels and SNR are required to conclusively
separate tissue components and to optimize quantitative
sequences in order to obtain other parameters of
interest, such as blood perfusion and blood—oxygen-level-
dependent (BOLD) parameters. Thus, to obtain reliable
results, it is important to quantify relaxation-time constants
specifically for the used model species, as well as for differ-
ent tissue components (16).

Apart from differences in structural brain organization,
acquisition of reliable MR data in different species is fur-
ther complicated by differences in skull structure. Pigeons,
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for example, possess air cavities in their skulls (17). These
cavities cause very strong local magnetic field inhomogene-
ities, resulting in severe signal loss. As a consequence, gra-
dient echo-planar imaging (EPI) sequences, which are
commonly used in fMRI in humans and rodents, cannot be
used in pigeons. Instead, fast multiple spin-echo sequences
(RARE) in which SNR and signal contrast rely on longitu-
dinal (T,) and transverse (T,) relaxation times have been
proposed for fMRI in birds (18,19).

The application of functional imaging in awake rodents
and birds, which provides several potential advantages
over imaging in anesthetized animals (20-24), has
introduced even more technical and methodological chal-
lenges. Among these challenges, the prevention of move-
ment artifacts by body and head fixation is of utmost
importance given that uncontrolled movement can render
whole datasets unusable.

The aim of the present study was to address these prob-
lems by 1) validating in-house developed fixation proto-
cols to reduce head movement to an absolute minimum for
two model species ubiquitously used in scientific
research, specifically a mammal (rat, Rattus norvegicus),
and a bird (pigeon, Columba livia); 2) assessing regional T,
and T, relaxation times at 7T in different brain areas in
pigeons as compared to rats to check for possible species
differences; and 3) also applying said assessment in two
different pigeon breeds (homing pigeon and Valencian
Figurita) to investigate if relaxation times are also modu-
lated by breed. Typically, homing pigeons and Valencian
Figuritas have been bred for different purposes. Homing
pigeons have been bred for their navigational skills and
flying speed, whereas Figurita pigeons have been bred for
a small body size and an angular-shaped head. Therefore,
the size and some of the functional properties of the brains
differ between these two breeds even though their general
neuroanatomy is identical.

METHODS
Sample

Five adult homing pigeons (weight: 330-350g, 3—4 years
old), five adult Figurita pigeons (weight: 170-200g, 3 years
old), and four adult male Long-Evans rats (weight: 400—
450g, 1 year old) were used for the experiments. Animals
were housed individually in cages under a 12h/12h light/
dark schedule and had access to water and food ad libi-
tum. All procedures were carried out in accordance with
the guidelines for care and use of animals provided by a
National Ethics Committee of the State of North Rhine-
Westphalia, Germany.

Head-Holding Apparatus

To prevent motion artifacts, both pigeons and rats were
implanted with an MR-compatible plastic pedestal to
fixate the animals’ heads during MR scanning. For
implantation, animals were anesthetized with ketamine/
xylazine (70% ketamine, 30% xylazine, 0.075mL/100g)
and gas anesthesia (only for pigeons: isoflurane (Forane)
100% (volume/volume percent), Mark 5, Medical
Developments International, Abbott GmbH and Co KG,
Wiesbaden, Germany). The animals’ heads were then
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fixed in a stereotactic apparatus (25). After removing the
skin and soft tissues, four to 10 micro pan head screws
made of polyether ether ketone were screwed into the
skulls in order to provide additional adhesion to the
cement. Finally, custom-made plastic pedestals and
screws were embedded with dental cement (OMNIDENT,
Rodgau, Germany). Following each surgery, analgesic (car-
profen (Rimadyl), Zoetis Deutschland GmbH, Berlin, Ger-
many 10 mg/kg) and antibiotic (Baytril, Bayer Vital GmbH,
Leverkusen, Germany, 2.5 mg/kg) treatments were admin-
istered every 12 hours for at least 3 days.

Habituation Procedure

To reduce the stress associated with head fixation and to
minimize body motion artifacts, all animals were habitu-
ated to the holding device shown in Figure 1.

For pigeons, an adjustable cloth jacket was used to
prevent flapping. The cloth jacket covered the animal’s
body completely except for the head, neck, and tail. To
habituate the animals to being restrained, pigeons were
placed in a dark room, while in the jacket, for increasing
periods of time over the course of 5 days (15, 30, 60, 90,
and 120min per day). After initial habituation, animals
were placed in a custom-made MR-compatible restrainer
(Fig. 1) and were fixed via the implanted plastic pedes-
tal. The restrainer was placed in a plastic tube (8-cm
diameter) and put into a dark room to simulate the MR
scanner bore. Animals took a maximum of 10 days to
acclimate to the immobilized condition. The duration of
immobilization started at 10min on the first day and
was extended step by step (10, 20, 40, 60, 90, and
120min per day) until animals were completely habitu-
ated to immobilization and head fixation and no longer
showed visible stress responses. In the last habituation
step, animals were acclimated to the sound produced by
the MR scanner (26). For this, pigeons were fixed in
place, as described above, and then placed into the
actual scanner bore. On the first day, a prepared MRI
sequence that was identical to the test sequence was run
for 5min. Scan time was then increased in increments of
5min until the duration required for the actual experi-
ment (20min) was reached. Between each increase, ani-
mals were given a resting period of 5min. This protocol
was repeated for two consecutive days.

For rats, immobilization was achieved by wrapping the
animal in a felt cloth, which was fixed to a plastic carrier
with generic hook and loop fasteners. The time of immobi-
lization was extended incrementally over a period of 3
weeks from 3 x 1min, to 3 x 3min, 3 x 10min, 2 x 15 min,
and to once 45 min per day. Once animals behaved calmly
during 45 minutes of being restrained, they too were habit-
uated to the scanner sound. However, instead of a direct
auditory habituation in the scanner, at first only an audio
recording of scanner sounds was presented because rats
reacted much more strongly to the scanner sounds. Thus, a
more gradual habituation process was chosen. After this
initial habituation, surgery for head-fixation implantation
was performed. After surgery, animals were habituated to
the head fixation and the real scanner sounds. To this end,
rats were placed in the custom-made rat carrier with their
heads lightly immobilized by fixating the head implant
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FIG. 1. Schematic drawing of the pigeon restrainer. (a) A custom-made MRI-compatible restrainer used in the experiments. Animals
were immobilized by a cloth jacket, placed into the restrainer, and fixated via an implanted head pedestal and a plastic screw. The
restrainer with the awake animal was then positioned in the middle of the scanner bore with the surface coil positioned directly over the
animal’s head. A holder for optical fibers, a water receptacle for reinforcement, and a piezo element to detect responses were included
in the design to allow for future behavioral experiments in the restrainer. (b) Frontal view of the fixated pigeon in the restrainer. (c) Loca-

tion of the head pedestal.

with tape. The rat carrier was then placed next to the MRI
scanner for 3 to 5 days to achieve full habituation to the
scanner sounds.

MRI Protocols

MRI measurements were acquired with a horizontal bore
scanner (BioSpec, 70/30 USR, Bruker, Ettlingen, Germany)
using an 80-mm transmit quadrature birdcage resonator
and a planar single-loop 20-mm receiver coil from the
same vendor. The imaging and shim unit was a Bruker
BGA 12s model with 444 mT/m maximal strength. To
reduce motion artifacts resulting from body movements,
the receiver coil was positioned around the head of the
animal and fixed to the animal head-holding system (Fig.
1). MR images were acquired using Bruker ParaVision 5.1
software. During MR scanning, the respiration rate of the
animals was continuously monitored using a respiration
sensor placed on the breast muscles of the pigeons or on
the abdomen of the rats, respectively.

T, measurements were acquired using a multiple spin
echo saturation recovery method with variable repetition
time(TR) (RAREVTR). The following imaging parameters
were used: effective echo time (TE)=53.3 ms; TR
array =0.2, 0.4, 0.7, 1, 1.4, 1.8, 2.4, 3.2, 4.5, 10 s; number
of average =2; RARE factor = 14; matrix size =256 x 256;
field of view (FOV)=30x30mm? resolution=
0.117 x 0.117 mm?, slice thickness=1mm; number of
slices=1 (to avoid interslice signal modulation); read
orientation = anterior—posterior. The total acquisition
time for T, measurements was 13 min 30 s.

For T, measurements, the Bruker multi-slice/multi-
echo (MSME) sequence was used. Imaging parameters
were as follows: TR=3 s, with an effective spatial band-
width of 60 kHz; no averaging; number of slices=1;

number of echoes =16, with first echo time=10.73 ms.
The geometry was kept identical to the geometry used
for T, measurements. The total acquisition time for T,
measurements was 12 min 48 s.

To obtain T, and T, maps of the pigeon brain, a single
slice was positioned directly posterior to the eyes (to
avoid eye motion) at A-8.0, according to the atlas of
Karten and Hodos (25) to obtain the maximum possible
number of regions. To cover as many functionally com-
parable areas in rats as in pigeons, T, and T, measure-
ments in rats were taken from two different slices (one
coronal at approximately Bregma —3.6 mm, and one sag-
ittal at approximately 3.9mm from the median plane) in
two sequential scanning sessions. To verify the correct
location of the coronal slice, one sagittal slice placed
exactly in the median plane was recorded (RARE
sequence: TE =15 ms, TR=4.7 s, RARE factor=8, FOV =
42.2 x 24.0mm?, matrix size=256 x 160). The coronal
slice was then positioned at the posterior end of the thala-
mus. For verification of the position of the sagittal slice,
one coronal slice, placed exactly posterior of the thalamus
in the previously obtained median slice, was recorded.
The sagittal slice to be used was then placed exactly along
the medial boundary of the hippocampus in the said coro-
nal slice. Slice position was verified visually with the rat
brain atlas by Paxinos and Watson (27).

As mentioned above, a critical issue in imaging of
fully conscious animals is motion artifacts. To evaluate
motion parameters for pigeons, MR images were acquired
using a T2-weighted RARE with the following parame-
ters: TR=2 s (acquisition time of each image=38 s);
effective echo time=60 ms; RARE factor=16; FOV=
30 x 30mm? matrix size=64 x 64; number of slice=5
axial slices; slice thickness =1 mm; no interslice distance;
number of volumes =100. To evaluate motion parameters
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for rats, 10 coronal slices were recorded over a period of 6
minutes using a multi-slice single-shot gradient echo -EPI
sequence, TR=2 s, TE=17.5 ms, FOV=21.8 x 20 mm?,
matrix size =60 x 45, slice thickness=1mm, interslice
distance = 0.2 mm. Data stability was estimated by a 3D
ridge body model with a six degrees of freedom affine reg-
istration using MCFLIRT (multi-resolution rigid-body cor-
egistration of volume) (28) over a 13-min imaging session.

To investigate the test-retest reliability of T, and T,
measurements, the same animals were scanned twice
using the same protocols, with an interval of 6 days
between sessions.

Regions of Interest

To determine the precise location of the regions of inter-
est (ROI) in the pigeon brain, a T2-weighted RARE
sequence with the following parameters was used to cre-
ate a whole brain anatomical image: TR=3 s; effective
TE=75 ms; RARE factor=16; number of average=2;
matrix size =256 x 256; FOV =30 x 30 mm?; resolution =
0.117 x 0.117m?; spectral bandwidth =50 kHz; number
of slices =17 axial slices (centered at the same slice that
was used for T, and T, mapping); slice thickness=
1mm; no interslice distance. Acquisition time was 3 min
12 s. The whole brain anatomical scan was spatially
normalized to the pigeon brain MRI atlas (29) using the
functional MRI of the brain (FMRIB) software library
toolbox, FMRIB’s linear image registration tool (28). The
inverted transformation matrix was used to transfer the
ROIs from atlas space into an anatomical image. Ten
regions, defined based on the pigeon brain MRI atlas
(29), were selected bilaterally: entopallium (E); nucleus
geniculatus lateralis pars dorsalis (GLd); hyperpallium
apicale, including interstitial nucleus of the hyperpallium
apicale (HA); hyperpallium intercalatum and hyperpal-
lium dorsal (HI-HD); field L; arcopallium (Arc); striatum
(S); amygdala (Am); hippocampus (H); and ventricle (V).
To identify corresponding areas in the rat brain, the
recorded coronal and sagittal slices were visually
inspected, and the position of ROIs was decided based
on the corresponding slices of the Paxinos and Watson
rat brain atlas (27). Eleven ROIs, which correspond to
the ROIs in the pigeon brain, were selected. In the coro-
nal slice, the following ROIs were selected bilaterally:
primary auditory cortex (Aul, corresponds to field L),
amygdala (A), primary somatosensory cortex, barrel field
(S1BF, corresponds to anterior HI-HD), hippocampus
(H), ventricle (V), and corpus callosum (CC, as a white
matter structure). In the sagittal slice, the selected
ROIs were primary motor cortex (M1, corresponds to
arcopallium), primary visual cortex (V1B, corresponds to
posterior HA), secondary visual cortex, lateral area (V2L,
functionally corresponds to the entopallium, although
the entopallium is possibly homologous with regard to
its connectivity to medial temporal area (MT/V5)), dorso-
lateral geniculate nucleus (DLG, corresponds to GLd),
and caudate putamen (striatum). For six of the ROIs with
a layered structure (S1BF, Aul, M1, V1B, V2L, and H),
T, and T, measurements were taken at three different
gray matter levels (superficial, medial, and deep layers).
For subsequent analysis, values from these different gray
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matter levels were averaged. The CC was selected to
obtain a measure of white matter.

Relaxometry Analysis

T, and T, relaxation-time constants were estimated
voxel-wise by nonlinear least square data fitting using
the image sequence analysis toolbox of Paravision 5.1
(Bruker BioSpec). T, values were estimated using the fit
function: y(t) = Axexp(—t/T,) + B, with y(t) as time-
dependent signal intensity calculated at various echo
times t, A as monoexponential signal intensity prior to
any transverse relaxation, and B as the absolute bias. T,
values were determined by fitting the saturation recovery
fit function y(t) = A(1 — exp(—t/Ty)), with y(t) as time-
dependent signal intensity calculated at the recovery
times t, and A as signal intensity after full recovery of
the longitudinal magnetization. Next, T, and T, values
within the selected ROIs were averaged for subsequent
analysis.

In addition to using the T, average from the T, maps, we
checked the stability of the fit method against low SNR in
last echoes by fitting T, to the magnitude of the complex
signal average of each ROI. Signal-to-noise of the last echo
for the signal average was always higher than 10. Statisti-
cal testing found no significant differences between the
two methods of ROI T, estimation (P > 0.05).

Estimation of SNR

Signal-to-noise ratio in the images was calculated as signal
intensity of a single voxel divided by the standard devia-
tion (SD) of the background noise obtained from a large
ROI placed in the image background without any artifacts.
The SD of the noise was corrected using the relation
O complex = 1.5270 magnitude to estimate the SD of the underly-
ing Gaussian distribution of the original complex data.

Statistics

Mean values of T, and T, time constants for each region
were calculated for the different species and breeds.
Paired ¢ tests were used to compare T, and T, time con-
stants within species or breeds, and one-way analysis of
variance (ANOVA) was used for between-breed and
between-species comparisons, with Bonferroni correction
for multiple comparisons. To assess the reliability of
measurements, a type of interclass correlation coefficient
(ICC) that estimates correlations between two measure-
ments using two-way random effects ANOVA and the
absolute argument (30)) was applied on the first and sec-
ond session dataset. To explore the association between
test and retest datasets, Pearson’s correlation coefficients
were calculated. An ICC close to 1 (maximum value)
indicates no within-subject variation, and a value of zero
(minimum value) indicates that the data acquired from a
single subject at two different time points has large
within-subject variations.

RESULTS

Using the habituation protocol described above, both
pigeon breeds as well as rats were successfully habituated
to the holding device. The custom-made restrainer was
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able to minimize body and head movements. Analysis of
data stability demonstrated that all birds and rats were
immobile during the scanning process (Fig. 2) (Supporting
Fig. S1). Although small movements were visible in the
motion parameters, these motions were much smaller than
the voxel size (for pigeons: voxel size=0.46 mm?® mean
motion across all animals in any direction 0.006 = 0.003 mm
(mean = SD); for rats: voxel size=0.34 mm®, mean motion
across all animal in any direction 0.031 * 0.022 mm), and
thus were negligible.
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Figure 3 shows selected ROIs used to determine T,
and T, relaxation times on a representative series of
RARE images from pigeon and rat brains. The selected
ROIs corresponded to five main neural systems: visual,
auditory, somatosensory, motor, and limbic. T; and T,
relaxation times were also acquired from the ventricle.

Relaxation time values between left and right hemi-
spheres did not show significant differences (P> 0.05 for
all ROIs; results are not shown). Thus, data were averaged
across hemispheres for subsequent analysis. Figures 4a

FIG. 3. Image series acquired with the fast multiple spin-echo sequence at 7T from a pigeon (top row, frontal view) and rat brain (middle
row, frontal view and bottom row, sagittal view) to indicate relevant regions of interest. T; (middle column) and T, relaxation maps (right
column) for each species are depicted. Note the clear separation of gray and white matter in the rat cortex in the Ty map, which is
mostly absent in the forebrain of the pigeon.A, anterior; Am, amygdala; Arc, arcopallium; Aul, primary auditory cortex; CC, corpus
callosum; Cpu, caudate putamen (striatum); DLG, dorsolateral geniculate nucleus; E, entopallium; H, hippocampus; HA, hyperpallium
apicale; HI-HD, hyperpallium intercalatum and hyperpallium dorsal; L, left; M1, primary motor cortex; P, posterior; R, right; ROI, region
of interest; S, striatum; S1BF, primary somatosensory cortex, barrel field; V, ventricle; V1B, primary visual cortex; V2L, secondary visual
cortex, lateral area.
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FIG. 4. (a) T4 relaxation times of different ROIs within different spe-
cies. (b) T, relaxation times of different ROIs within different species.
The plots represent the mean of the relaxation times in each ROI
across subjects; error bars represent standard error of mean across
subjects.Am, amygdala; Arc, arcopallium; Au1, primary auditory cor-
tex; CC, corpus callosum; Cpu, caudate putamen; DLG, dorsolateral
geniculate nucleus; E, entopallium; H, hippocampus; HA, hyperpal-
lium apicale; HI-HD, hyperpallium intercalatum and hyperpallium
dorsale; M1, primary motor cortex; S, striatum; S1BF, primary
somatosensory cortex, barrel field; V, ventricle; V1B, primary visual
cortex; V2L, secondary visual cortex, lateral area.

Regions of Interest (ROIs)

and 4b summarize the in vivo T, and T, relaxation times
for selected ROIs in pigeons and rats. Standard deviations
for each ROI were less than 5%, indicating high consis-
tency of T, and T, relaxation times within an area. To
confirm data quality, an example of T, decay, with an echo
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spacing of 10.7 ms and T, recovery curves, from one of the
animals was acquired within the entopallium ROI (Fig. 5).

T, and T, relaxation times for the different breeds and
species were compared by using one-way ANOVAs (Sup-
porting Table S2). For each set of comparable ROIs and for
each relaxation time, single one-way ANOVAs were calcu-
lated. There were no significant differences in T, and T,
relaxation times between the two pigeon breeds for all ana-
lyzed brain regions (P>0.0167, Bonferroni corrected for
multiple comparisons). Between rats and pigeons, post-
hoc analyses revealed that T, values differed significantly
for all regions, except for the hippocampus, primary audi-
tory areas (field-L and Au1), and primary motor areas
(arcopallium and M1) (P<0.016) (see Supporting Table
S2). In addition, T, values of the analyzed brain regions
also differed significantly between rats and pigeons
(P<0.016) (see Supporting Table S2), except for primary
auditory areas (field-L and Au1l) and amygdala. T, and T,
relaxation times for the ventricle did not differ signifi-
cantly between breeds or species (all P> 0.05).

The lowest values for T; were found for the GLd in
pigeons and the DLG in rats. For T, relaxation times were
lowest in E in pigeons and in DLG in rats (P<0.001). T,
and T, values for the ventricle ROI were 3.45 = 0.28 s and
157.2 = 20.0 ms (mean *+ SD) in pigeons and 3.31 +0.32 s
and 135.4 = 38.2 ms (mean * SD) in rats. Because differen-
tiation between white and gray matter is absent in birds,
we cannot report differences between these for the two
pigeon breeds. Average values of T, and T, for pigeons
were 1.98 + 0.08 s and 51.8 * 2.6 ms, respectively. In con-
trast, pure white matter, as measured in the corpus cal-
losum of rats, had the lowest T;- and T,-values compared
to all other brain regions (Fig. 4). To render the morpholog-
ical basis of T, and T, values similar between species, we
averaged gray and white matter values for the rats. These
averages were 1.94 + 0.21 s for T, and 48.2 = 4.0 ms for T,
and no longer differed significantly between pigeons and
rats (two sample t test, P > 0.05).

To determine test-retest reliability, relaxation times of each
animal were acquired a second time in a separate session.
Table 1 depicts test-retest reliability results in homing
pigeons. Interclass correlation was computed using two-way
random effect ANOVA and the absolute argument definition.
Interclass correlation results revealed a statistically signifi-
cant correlation between the two scanning sessions (P < 0.05)
for all regions. Interclass correlation for T, relaxation times
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lium at a given repetition time of TR=3 £ =
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. ) ) . c 100 c
from a pigeon’s entopallium at a given =) k=]
echo time of TE=53.3 ms.TE, echo 7] (] 100
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Table 1

Test-Retest Reliability of T4 and T, Relaxation Times for Various Brain Regions in the Awake Homing Pigeon

T1(s) T2 (ms)

Structures  Session 01  Session 02 ICC,; Paired t Test r Session 01 Session 02  ICC, 4 Paired t Test r
Am 1.89+0.09 1.98+0.13 0.82 ns 0.88 545+1.4 54.9+1.5 0.97 ns 0.97
Arc 2.01+0.10 2.04+=0.15 0.58 ns 0.76 53.6 0.7 53.6+1.1 0.90 ns 0.97
E 1.94+0.06 1.95+0.13 0.68 ns 0.72 46.0+1.0 459+1.1 0.88 ns 0.94
Field L 1.96 +0.08 1.94+0.11 0.55 ns 0.69 49.5+1.6 49.5+1.6 0.95 ns 0.96
GLd 1.84+0.08 1.80+0.14 0.69 ns 0.76 52.4+1.1 52.3+1.0 0.89 ns 0.89
H 2.01+0.08 2.02+0.14 0.60 ns 0.71 52.7+0.8 52.6+0.8 0.89 ns 0.90
HA 2.08+0.06 2.06+0.13 0.56 ns 0.67 53.4+2.2 53.4+2.0 0.90 ns 0.97
HI-HD 2.07+0.06 2.13+0.13 0.76 ns 0.80 51.8+1.0 51.7+1.3 0.98 ns 0.94
S 1.99+0.08 2.00x0.17 0.88 ns 0.91 52.6+0.8 52.6+0.8 0.93 ns 0.93
Vv 3.09+-0.36 3.09+0.37 0.91 ns 099 129.6+16.7 1295+16.6 0.98 ns 0.98

ICC was calculated using two-way random effects analysis of variance and the absolute argument, P <0.05 in all ROIs for ICCs. T4
and T, means from the same animals were compared using paired t test, where P> 0.05 for all ROIs. The values are reported as

mean * standard deviation.

Am, amygdala; Arc, arcopallium E, entopallium; GLd, nucleus geniculatus lateralis pars dorsalis; H, hippocampus; HA, hyperpallium

apicale; HI-HD, hyperpallium intercalatum and hyperpallium dorsal;

S, striatum; V, ventricle.

ranged from 0.53 to 0.69 for Arc, E, field L, GLd, H, and HA—
and from 0.82 to 0.96 for S, Am, HI-HD, and V. Interclass cor-
relations for T, relaxation times were bigger than 0.88 for all
regions. To control for systematic errors, data from the two
sessions were compared using paired ¢ tests. Results showed
no significant differences between the two sessions (P>
0.05). Test—retest reliability for Figurita pigeons was identical
to that of homing pigeons (Supporting Table S1).

DISCUSSION

The present study aimed to establish values for regional T,
and T, relaxation times for several brain regions in awake
pigeons and rats at 7.0T field strength. To this end, we first
established an optimized habituation and head fixation
protocol that allowed for MRI and fMRI in awake animals
free of any confounding motion. Relaxation time data were
acquired from nine ROIs associated with five main neural
systems: visual, somatosensory, auditory, motor, and lim-
bic. Because consistent protocols were used to obtain the
MRI data, measurements could be compared between ani-
mal species (rats vs. pigeons) as well as between two
breeds of pigeons (homing pigeons vs. Figurita pigeons).
Results revealed a significant difference between relaxa-
tion times in pigeons and rats, whereas no difference was
found between the pigeon breeds. These results are of high
relevance because they can be used for further optimiza-
tion of imaging protocols for small awake animals. In the
following, we will discuss why imaging in awake animal
should be preferred over imaging in anesthetized animals,
and what implications the differences in relaxation times
between species might have for the present as well as for
future fMRI studies.

fMRI in Awake Animals

Immobilization of an animal’s head is an important per-
quisite for obtaining accurate fMRI results. The common
procedure to prevent motion of an animal’s head during
scanning is to use sedation or even deep anesthesia.
However, drugs strongly confound MRI results. Most
anesthetics  significantly affect the proton NMR

ICC, interclass correlation; ns, not significant; ROI, region of interest;

relaxation of biological tissue. which causes changes in
T, and T, relaxation times (31). Moreover, anesthetics
cause changes in the brain state by interacting with cere-
bral blood flow, cerebral glucose metabolism, and blood
oxygenation level, thereby severely affecting the BOLD
signal (32). To avoid such distorting effects of anesthesia
and to improve generalizability of findings across spe-
cies, MRI increasingly has been used in awake animals.
However, this comes at a cost because it makes head
immobilization necessary.

There are two major sources for motion artifacts that can
distort the MR signal. The first source is whole head motion
caused by the neck muscles. Even minor motion can cause
changes in voxel position over the course of a scan and thus
distort the signal as a whole. The second source of motion
artifacts is motion outside the scanning field of view (33),
which can be caused by movements of the eyes, jaw, and
lips, or even movements caused by respiration. Although
not as severe as whole head motion, these movements can
change and obscure the activation map by altering the field
homogeneity within the scanned tissue. The custom-made
restrainer designed for the present study was able to mini-
mize the first source of motion artifacts in both pigeons and
rats (Fig. 1). Thus, our results for both species show that
movements during MRI in awake animals can be controlled
and prevented: MRI in awake animals is a feasible option
and alternative to MRI in anesthetized animals (Fig. 2).

Another important parameter that can substantially
affect MRI results, and the BOLD signal in particular, is
temperature. During fMRI in anesthetized animals, the
body temperature of homeothermic species needs to be
stabilized artificially because most anesthetics impair an
organism’s capability to regulate its body temperature
(34). In contrast, MRI in awake animals yields the dis-
tinct advantage that the animals can maintain their body
temperature independently.

Relaxation Times

Apart from their crucial role in defining MR signal con-
trast and SNR, reports on NMR relaxation times for
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Table 2
In Vivo T4 and T, Relaxation Times for Specific Brain Areas in the
Rat at 7T

Structures T4 (s) T (Ms)

Am 2.05+0.03 53.1+0.9
Aul 1.93+0.06 49.1+0.6
CC 1.51+0.08 39.8+0.7
Cpu 1.77 £0.01 48.4+0.6
DLG 1.63 +0.01 429+0.4
H 2.05+0.06 51.4+0.6
M1 2.00+0.03 50.7 + 0.6
S1BF 1.92 +0.04 48.2+0.6
V1B 1.98 =0.04 48.6 +0.5
V2L 2.20+0.04 50.4+0.3

The values are reported as mean = standard deviation.

Am, amygdala; Au1, primary auditory cortex; CC, corpus callosum;
Cpu, caudate putamen; DLG, dorsolateral geniculate nucleus; H,
hippocampus; M1, primary motor cortex; S1BF, primary somatosen-
sory cortex, barrel field; V1B, primary visual cortex; V2L, secondary
visual cortex, lateral area.

singular brain regions in rodents are surprisingly sparse
and, if available, measures were usually obtained from
anesthetized animals. In birds, T, values were reported
for the first time by De Groof et al. (35) in auditory-
related regions in anesthetized European starlings. To
our knowledge, T, values to date have not even been
published for anesthetized birds. The reported values for
T, by De Groof et al. (35) ranged from 27 =1 ms in the
optic chiasma to 39 *3 ms (mean * SD) in the hyper-
striatum ventrale, pars caudalis-robust nucleus of the
arcopallium (HVC-RA) tract. Here, we report for the first
time the values for T, and T, relaxation times for awake
pigeons and rats (Fig. 4) (Tables 1 and 2) (Supporting
Table S1). Regional differences in T, and T, values were
observed between selected ROIs from five main neural
systems: visual, somatosensory, auditory, motor, and
limbic (Fig. 3), with no differences between hemi-
spheres. Although values between functionally equiva-
lent regions differed between rats and pigeons, there
were no differences between the two pigeon breeds (Sup-
porting Table S2).

To allow for comparisons between the present study
and previous work, we also have listed T1 and T, values
obtained from anesthetized rats at 7T, as provided in the
literature (Table 3). These values show large variability
between different experiments, likely due to differences
in hardware, pulse sequence, curve-fitting procedure
(22), stimulated echoes, and/or different anesthesia
regimes. T, values of our rat brain tissue vary between
40 ms and 53 ms and are in the midrange of the values
at 7T reported in the literature. Furthermore, they are
approximately two times lower than our T, measure-
ments in skeletal muscles (T, of 23.7 0.6 ms (N =4)).
For comparison with published work, only one reference
reports combined brain and muscle T, measurements
(37). Our T, measurements in brain and skeletal muscles
reproduce all findings by Crémillieux et al. very well
(37). Compared to (37), our T, values differ only by 4%
in skeletal muscles and are slightly higher in brain tis-
sue, with variations of 7% to 13%, depending on the
brain ROIs considered. More research clearly is needed
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to systematically characterize the effects of anesthesia on
relaxation time, optimally using within-subject designs
under controlled conditions. In general, the present
study, among the first to report relaxation times for
awake animals as well as effective habituation and
immobilization protocols, has laid the groundwork for
such further investigations.

Notably, the range of T, values for different brain
regions in European starlings, as reported by De Groof
et al. (35), was lower than the range of T, values for
pigeons in the present study (Supporting Table S3). This
difference may be due to the application of very different
experimental protocols: thin (400 um) multiple-slice sin-
gle-spin echo sequence at two different echo times with
animals under anesthesia in (34), versus 1-mm single-
slice 16-echo MSME sequence with awake animals in
the present study.

In general, the wide range of reported T, values in the
present study, as well as in previous work, emphasizes
the challenges associated with measuring T,, which
mainly are rooted in different experimental difficulties
(slice profile, stimulated echoes, and shim) and in the
dependence of T, on the use of specific sequences and
sequence parameters. In the present 7T study, we have
used a CPMG sequence with 10.73-ms interpulse inter-
val. Studies in humans and animals have reported that
T, values measured in brain tissue using CPMG (44)
sequences are dependent on the refocusing interval due
to dynamic dephasing (45—48) caused by the strong mag-
netic field gradients created by deoxygenated blood in
veins and eventual iron/ferritin deposits. Therefore, it is
important to keep in mind that the T, values reported in
the present study correspond to the so-called apparent
T,, as defined in (47). The reported T, values can serve
as a valid starting point for optimization of the effective
echo time of a given RARE sequence. But in practice and
for more tailored results, it may be preferable to re-
measure the T, value of interest after matching the
acquisition parameters related to the CPMG pulse train
(in particular, the refocusing interval) in both the MSME
pulse sequence used for T, mapping and the RARE pulse
sequence of interest.

In the present study, specific care was taken to mini-
mize possible confounds that could have overshadowed
the between-species comparisons. We used the same
hardware and same pulse sequences to obtain T, and T,
relaxation times in all animals. Cross-species comparison
of T, and T, relaxation times showed significant differ-
ences between rats and pigeons in T; and T, values for
all regions except for the hippocampus and the auditory
and motor regions for T,, as well as the amygdala and
auditory regions for T, relaxation times. These differ-
ences between species most likely are caused by species-
dependent differences in neuro- and cytoarchitecture.
The rodent cortex, just like that of all mammals, can be
divided into two major components: gray matter and
white matter (49). Gray matter mainly is composed of
cell bodies as well as neuropil and represents the major
information-processing component of the forebrain. In
contrast, white matter primarily is made up of bundles
of myelinated axons that connect various gray matter
regions to each other. In birds, this clear distinction
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Table 3

Behroozi et al.

T4 and T, Relaxation Times in Various Brain Regions of the Anesthetized Rat at 7T, as Reported in the Literature

Pulse Sequence

References Anesthesia Regime ROIs Name Values Details
T, (Ms) Massicotte, 2000 (36) 1.5%-2% halothane in a C 68.8 0.9 MSME
70:30 mixture of N,O:0, CC 61.9+1.2 ETL=8
Cpu 70.7+1.2 TR=1.65s
ES =20 msec
Crémillieux, 1998 (37) ketamine:xylazine (81:11mg/kg) C 41817 MSME
CcC 35.8+1.8 ETL=16
Cpu 421+15 TR=1s
CSF 1251 +9.2 ES =8.8 msec
H 47.9+0.6
Liachenko, 2017(38) 1.2%-1.8% isoflurane in O, Am 61.2+1.4 MSME
C 56.8 0.8 ETL=16
Cpu 56.4+1.2 TR=6s
H 58.3*1.1 ES =15 msec
Gigliucci, 2014 (39) 1.5%-2% isoflurane CSF 82.8+4.5 MSME
H 52.3+0.4 ETL=12
VC 522+04 TR=2s
ES =8.1 msec
Del Bigio, 2011 (40) 1.5%-2% isoflurane in a C 48.4+0.3 Spin-Echo
70:30 mixture of N,O:0O, CcC 49.2+0.7 ETL=8
Cpu 50.0+0.3 TR=6s
ES =20 msec
Koundal, 2015 (41) ketamine:xylazine (80:10mg/kg) CcC ~50 MSME
H ~56 ETL=11
TR=6s
ES =12 msec
Suleymanova, 2014 (42) Chloral hydrate (350mg/kg) Am ~58 FSE
H ~60 ETL=15
ES =16 msec
Ti(s) Massicotte, 2000 (36) 1.5 to 2% halothane in a C 1.88 =0.02 TurboFLASH
70:30 mixture of N,O:0, CcC 1.77 =0.03 IT=8 (60—
Cpu 1.75+0.02 8550 msec)
TR=38.7 msec
TE=2.8 msec
Barbier, 2005 (43) 5% isoflurane in 30:70 CcC 1.80+0.03 FLASH
mixture of O:air Cpu 1.64 +0.07 IT=22 (20-
9000 msec)
TR=5.7 msec
TE=3.2 msec
Del Bigio, 2011 (40) 1.5% —2% isoflurane in a C 1.78 £ 0.04 TurboFLASH
70:30 mixture of N,O:0, CcC 1.72+0.08 IT=8 (246-
Cpu 1.71 £0.05 8738 msec)
TR=38.7 msec
TE=2.3 msec
Gigliucci, 2014 (39) 1.5-2% isoflurane H .88 £0.02 RAREVTR
VC 1.94 = 0.021 TE=25.3ms
TR=2300-
8000 ms

Am, amygdala; C, cortex; CC, corpus callosum; Cpu, caudate putamen (striatum); CSF, cerebrospinal fluid; ES, echo spacing; ETL,
echo train length; FSE, fast spin echo; H, hippocampus; IT, inversion times; MSME, multi-slice/multi-echo; ROI, region of interest; TR,
repetition time; TE, echo time; VC, visual cortex; RAREVTR, multiple spin echo saturation recovery method with variable repetition time.

between white and gray matter mainly is absent. In addi-
tion, the laminar organization of the neocortex, which
constitutes major parts of the telencephalon in mammals,
is replaced by nuclear-organized structures in pigeons
(14). Because gray and white matter differ strongly in
terms of relaxation times (50), it is likely that a pure gray
matter area in rodents has different relaxation times than
a functionally equivalent area in birds in which gray and
white matter components are intermingled. Aside from
the different neuroarchitecture in mammals and birds, a

recent study (15) also demonstrated that avian and mam-
malian brains differ in neuron density. In all examined
avian species, neuron densities were higher than in
mammals, with species excelling in cognitive abilities,
such as crows and parrots, showing densities twice as
high as those in primates. It is likely that these differ-
ences also have an impact on relaxation times, thus con-
tributing to the species-dependent differences in T; and
T, values. Unfortunately, region-specific neuron densi-
ties for mammals and rodents, which could explain area-
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specific differences in relaxation time between species,
have not yet been reported in the literature.

CONCLUSION

The present results confirm that MRI in awake small ani-
mals is a feasible alternative to MRI in anesthetized ani-
mals, provided that suitable head fixation and
habituation protocols are available. We acquired T, and
T, relaxation times for specific brain regions in awake
pigeons and rats. We found significant differences in T,
and T, relaxation times between different species but not
between two breeds of the same species. We assume that
these differences are caused by differences in neuro- and
cytoarchitecture between birds and mammals. The
reported relaxation times provide comprehensive and
quantitative in vivo T, and T, profiles, and represent a
helpful starting point for the optimization of MRI
sequences for future MRI studies on awake birds and
rodents.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this
article.

Fig. S1. Motion parameters for individual animals. Each figure shows trans-
lation parameters in x, y, and z directions for individual animals. Rotation
parameters in any direction were less than 0.01 degree and are not shown.
Table S1. Test-retest reliability the Ty and T, relaxation times in various
regions of the awake Figurita brain. Interclass correlation (ICC) was calcu-
lated using two-way random effects ANOVA and the absolute argument,
p<0.05 in all cases for ICCs. T and T, means from the same animals were
compared using paired t-test, where p>0.05 for all cases. The values are
reported as mean+SD.

Table S2. Results of the statistical post-hoc comparison of T4 and T, relax-
ation time mean values between homing pigeons (H), figurita pigeons (F),
and rats (R). The significance level was Bonferroni-corrected for multiple
comparisons (p<0.0167). Significant differences are marked in bold letters.
For abbreviations, see Figure 1 and text.

Table S3. Reported T, (ms) relaxation times in various regions of the anes-
thetized starling at 7T as reported by De Groof et al. (35). Animals were
anesthetized using ketamine/xylazine mixture. DM=dorsomedial nucleus of
the intercollicular complex; HVC = high vocal center; OM=tractus occipito-
mesencephalicus; RA=robust nucleus of the arcopallium; LaM=Ilamina
mesopallialis; LMAN=lateral magnocellular nucleus of the anterior nidopal-
lium; LPS=lamina palliosubpallialis; CoA=anterior commissure; CO=optic
chiasma; CoP=posterior commissure. The values are reported as
mean=+SD.



