
Vol.:(0123456789)1 3

https://doi.org/10.3758/s13420-021-00507-z

Age-related reduction of hemispheric asymmetry by pigeons: 
A behavioral and FDG-PET imaging investigation of visual 
discrimination

Shiva Shabro1 · Christina Meier2 · Kevin Leonard2 · Andrew L. Goertzen1,3 · Ji Hyun Ko1,4 · Debbie M. Kelly1,2

Accepted: 30 November 2021 
© The Psychonomic Society, Inc. 2022

Abstract
Pigeons are long-lived and slowly aging animals that present a distinct opportunity to further our understanding of age-related 
brain changes. Generally, for pigeons, the left hemisphere contributes to discrimination of local information, whereas the 
right contributes to processing of global information. The function of each hemisphere may be examined by covering one 
eye, as the optic nerves decussate almost completely in birds, directing the majority of visual information to the contralateral 
hemisphere. Using this eye-capping technique, we investigated pigeons’ ability to select grains from among grit while under 
binocular and monocular viewing conditions, across three different age groups. Prior to the grit-grain discrimination task, 
pigeons were injected with a radioactive tracer, which was taken up by the brain as the pigeons performed the task. Upon 
completion of the discrimination task, the pigeons’ brains were imaged via [18F] fluorodeoxyglucose positron emission 
tomography (FDG-PET) scans. This process allowed us to compare hemispheric activity during the discrimination task 
for each individual within each age group. The Very Old subjects showed significantly worse discrimination performance 
compared to the Adult and Old subjects, particularly when needing to search primarily with their right hemisphere. Fur-
thermore, the Very Old subjects did not show differences in hemispheric activation when performing the task, whereas the 
left hemisphere was most active for the Adult and Old groups. To our knowledge, this is the first study to use FDG-PET 
imaging to evaluate whether the pigeon brain shows evidence of age-related reduction in hemispheric asymmetry during a 
visual discrimination task.
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Introduction

As one ages, many cognitive abilities decline (e.g., Hed-
den & Gabrieli, 2004). Aging also differentially affects how 
the two hemispheres of the brain are recruited to complete 
specific tasks. Results from studies examining age-related 

changes in hemispheric lateralization (the asymmetrical 
specialization of the two brain hemispheres, such that one 
hemisphere supports superior functioning or dominance over 
the other) have shown bilateral activation during tasks that 
once predominately engaged only one hemisphere (humans: 
Cabeza, 2002; Cabeza et al., 1997; Heng et al., 2018; Mad-
den et al., 1999; birds: Wilzeck & Kelly, 2012). The nature 
of these age-related hemispheric asymmetries and potential 
compensatory processes is a topic of considerable interest 
and debate. For instance, the right-hemi aging model sug-
gests that with age the right hemisphere of the brain shows 
more functional decline compared to the left hemisphere 
(Earles & Salthouse, 1995; Goldstein & Shelly, 1981). 
However, the results from studies evaluating this model are 
inconsistent, inconclusive or only weakly supportive (Dolcos 
et al., 2002; Hatta et al., 2015). The reduction in hemispheric 
lateralization may also be specifically driven by tasks requir-
ing the prefrontal cortex (hemispheric asymmetry reduction 
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in older adults model – HAROLD; Cabeza, 2002), or may 
depend on task difficulty (compensation-related utilization 
of neural circuits hypothesis – CRUNCH; Reuter-Lorenz & 
Cappell, 2008), although these hypotheses need not be mutu-
ally exclusive (Berlingeri et al., 2013). Generally, however, 
such age-related anatomical and functional changes result 
in cognitive decline (Bishop et al., 2010; Samson & Barnes, 
2013).

Examining age-related hemispheric changes in humans is 
challenging. Typically, brain activation is measured through 
imaging techniques that necessarily require a relatively sta-
tionary participant, reducing the ability to use many natural-
istic tasks. Other more invasive methods that permit longer 
delays between the engagement in a cognitive task and eval-
uation of brain activation, such as those that require injection 
of a radioactive tracer, are limited due to their inherent ethi-
cal considerations or associated health risks for aging indi-
viduals. Therefore, animal models, and in particular birds, 
present a valuable model for directly examining age-related 
brain changes and compensatory mechanisms, while provid-
ing the opportunity for using more naturalistic tasks (Aus-
tad, 1997; Barnea & Pravosudov, 2011; Clary et al., 2014; 
Clayton & Emery, 2015; Güntürkün et al., 2014; Wilzeck 
& Kelly, 2012).

Birds have long been the subjects of comparative psy-
chology and comparative cognition research, such as in the 
study of vocal communication (e.g., Todt & Naguib, 2000; 
Searcy & Nowicki, 2019; Thorpe, 1961), food-hoarding 
(e.g., Sherry, 1984; Sherry & Duff, 1996), learning and 
memory (e.g., Guigueno et al., 2014; Rogers, 1993), and 
visual discrimination (Gibson et al., 2005; Kelly & Cook, 
2003; Vallortigara et al., 1996), as a few examples. They 
have also been important to our understanding of the neu-
ral mechanisms supporting these abilities (e.g., Sherry, 
2006; Sherry et al., 2017; also see Ten Cate & Healy, 
2017). Indeed, our understanding of the structure and 
function of the avian brain has dramatically changed from 
early proposals suggesting that birds were particularly 
limited to instinctual processes (see Jarvis et al., 2005), to 
the confirmation that the neural mechanisms supporting 
learning and cognition for mammals and birds are highly 
similar (Jarvis et al., 2005). One avian species that has 
been proposed as a strong candidate for studies of cogni-
tive neuroscience, and in particular brain asymmetry, is the 
pigeon (Güntürkün et al., 2014). Birds, in general, are rela-
tively long-lived animals, undergoing a very slow aging 
process (Holmes & Ottinger, 2003) that is more similar to 
humans than other animal models of aging such as rodents 
(Holmes & Ottinger, 2003). Pigeons, in particular, have 
an average captive life span of approximately 20 years, 
reaching sexual maturity at 4–6 months of age, and can 
be considered “old” at around 9–10 years of age (Coppola 
et al., 2014; Wilzeck & Kelly, 2012). As pigeons have 

been a subject of psychological research since the early 
1900s, a considerable amount is known regarding their 
learning and memory abilities, as well as the underlying 
neural mechanisms.

Hemispheric lateralization is an area of research for which 
the study of birds is particularly important. The effects of 
lateralization can be witnessed during most cognitive tasks 
(Ocklenburg & Güntürkün

, 2012), and in particular, for humans, language, emo-
tion, and visuospatial functions have all been shown to be 
lateralized (Hervé et al., 2013). Brain lateralization is pre-
sent in many vertebrates including birds (George, 2010; 
Güntürkün & Manns, 2010), reptiles (Bonati et al., 2008; 
Csermely et al., 2010), fish (Dadda et al., 2010; Lippolis 
et al., 2009), and non-human primates (Falk, 1987; Hop-
kins et al., 2015). Brain lateralization can result in observ-
able behavioral preferences, such as which limb is chosen 
to perform certain tasks (Bell & Niven, 2016; Found & 
St Clair, 2017), directional movement and turning biases 
when hunting prey (Kurvers et al., 2017), and eye domi-
nance when foraging or remaining vigilant for potential 
predators (Rogers et al., 2004). Due to their unique visual 
system, birds, particularly pigeons and chicks, have been 
the subject of studies examining hemispheric lateraliza-
tion (George, 2010; Güntürkün et al., 2000; Güntürkün 
& Manns, 2010; Manns & Güntürkün, 2009; Tommasi 
& Vallortigara, 2001; Vallortigara et al., 1996; Wilzeck 
& Kelly, 2012). Birds possess a lateralized visual system 
wherein the optic nerves cross almost completely (mean-
ing that almost all visual information coming into one eye 
is routed to the contralateral hemisphere; Valencia-Alfonso 
et al., 2008), unlike most mammals for which there are also 
ipsilateral (i.e., uncrossed) projections (Neveu & Jeffery, 
2007). Furthermore, birds lack a connection between the 
left and right brain hemisphere like the corpus callosum that 
is present in most mammals (Prior et al., 2004). This ana-
tomical arrangement results in a situation akin to a "natu-
ral split brain", wherein visual information coming into the 
right eye is almost exclusively processed by the left brain 
hemisphere and vice versa (Güntürkün et al., 2000; Prior 
et al., 2004; Xiao & Güntürkün, 2009). As a consequence, 
covering one eye limits visual information to the opposite 
eye, and therefore to its associated hemisphere (Güntürkün 
et al., 2000; Güntürkün & Kesch, 1987; Prior et al., 2004). 
Thus, functional lateralization within the avian brain can be 
directly observed through asymmetrical viewing preferences 
or likewise through assessing the ability to perform cogni-
tive functions when limiting visual input to one hemisphere. 
The eye-covering technique has been used to investigate a 
number of cerebrally lateralized functions in the avian brain 
(Clayton & Krebs, 1994; Güntürkün et al., 2000; Rogers, 
2017; Tommasi & Vallortigara, 2001; Vallortigara et al., 
1996; Wilzeck et al., 2009).
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Studies of pigeon brain lateralization have shown a left-
hemisphere dominance during visual pattern discrimination 
tasks. Güntürkün et al. (2000) studied hemispheric laterali-
zation in adult pigeons using a food-foraging discrimination 
task, in which grains were scattered among a background of 
grit (grit-grain discrimination task). A food-deprived pigeon 
was required to discriminate the grain from the grit, while 
viewing the mixture binocularly (both eyes and both hemi-
spheres available) or monocularly (either the left eye view-
ing (right hemisphere processing) or the right eye viewing 
(left hemisphere processing)). Overall, pigeons showed the 
best discrimination performance during the binocular condi-
tion compared to either of the two monocular eye-capping 
conditions. However, the pigeons also showed significantly 
better discrimination performance when processing the 
information with their left hemisphere compared to their 
right. Furthermore, the greater the degree of left hemisphere 
lateralization, the better the performance. This study, and 
others, have provided behavioral evidence that for pigeons 
the left hemisphere is dominant during visual object dis-
crimination tasks, such as the grit-grain discrimination task. 
This functional asymmetry is correlated with known neuro-
physiological hemispheric differences in the visual system 
supporting such behaviors, which for pigeons is the tectofu-
gal visual system (Güntürkün et al., 2014).

Many studies of hemispheric lateralization using visual 
discrimination tasks have focused on behavioral measures, 
as directly measuring relative hemispheric activation along-
side behavioral measures is challenging. However, recent 
advances in brain imaging procedures may provide new 
opportunities. For example, Marzluff et al. (2012) used [18F] 
fluorodeoxyglucose positron emission tomography (FDG-
PET) to examine whether wild crows were capable of using 
human facial information to discriminate threatening from 
non-threatening individuals. Wild crows were captured and 
administered [18F] fluorodeoxyglucose (FDG) before being 
exposed to handlers wearing either a “threatening” mask (the 
mask worn when capturing the bird) or a “friendly” mask (a 
mask worn when feeding and caring for the bird). Compari-
son of the two groups showed increased FDG uptake for the 
“threatened” crows in regions of the brain known to be asso-
ciated with perception, attention, fear, and escape behaviors. 
The success of this study, and others (Swift et al., 2020), 
supports that imaging techniques, in particular FDG-PET 
imaging, may have the potential to give a better understand-
ing of avian brain function (Salerno et al., 2019). PET imag-
ing using the glucose analogue FDG (Phelps, 2004) allows 
for the mapping of glucose utilization within the brain. If 
FDG is administered immediately before an animal engages 
in a task, the region(s) of the brain involved in processing 
the task will show increased accumulation of FDG due to an 
increase in metabolic activity (Kornblum et al., 2000). We 
reasoned that FDG-PET imaging could be a useful tool for 

investigating relative hemispheric activation during visual 
discrimination tasks that have robustly shown hemispheric 
lateralization. Thus, we examined the effects of aging on 
visual discrimination performance for Adult, Old, and Very 
Old pigeons as well as the relative activation of the brain 
hemispheres, measured using FDG-PET. As previous studies 
have reported greater discrimination accuracy by pigeons 
using their left hemisphere when performing the grit-grain 
task, we expected the Adult pigeons in our study would 
also show a similar left hemisphere superiority (Güntürkün 
et al., 2000). Likewise, as these studies have shown a cor-
relation between degree of left hemisphere dominance and 
task accuracy, we expected similar results; individuals with 
the greatest asymmetry would also show the best discrimina-
tion performance (Güntürkün et al., 2000). Based on results 
from studies examining age-related changes in hemispheric 
asymmetry for humans (discussed above), we predicted that 
measures of brain activity would show reduced hemispheric 
asymmetry. Thus, the oldest pigeons should show the least 
hemispheric asymmetry and correspondingly the poorest 
visual discrimination performance. Finally, we expected that 
discrimination accuracy measured during the behavioral task 
would correlate with hemispheric activation as measured 
through PET imaging.

Materials and methods

Subjects

Fifteen pigeons (Columba livia) were used as subjects. They 
were divided into three age groups: Adult (n = 5 (three 
females and two males), 1–2 years of age), Old (n = 5 (two 
females and three males), 11–14 years of age) and Very Old 
(n = 5 (two females and three males), 17–21 years of age). 
The pigeons were housed in individual cages (60 cm length 
× 60 cm width × 38 cm height) in a colony room at the 
University of Manitoba. The colony room was maintained 
on a 12-h light-dark cycle, with light onset at 7:00 a.m. All 
subjects had ad-lib access to grit and water and individual 
weights were maintained between 85% and 90% of adlib 
weight by controlled feeding of mixed grain and seeds in 
the evening. This study was conducted in accordance with 
the requirements of the Canadian Council on Animal Care 
(CCAC) under a protocol (#F18-042) approved by the Uni-
versity of Manitoba Animal Care Committee.

Apparatus

All sessions were conducted in a uniformly white, fully 
enclosed rectangular arena with a wooden base (200 cm 
× 100 cm, length and width, respectively) and frame (213 
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cm height) with plastic curtains comprising the walls (see 
Fig. 1).

The lower part of the arena was constructed with solid 
wooden walls (60 cm height). Guillotine-style sliding doors 
were positioned at the bottom center of each wall. White 
opaque plastic sheets were suspended from the top of the 
frame and fixed to the partial walls to enclose the arena, 
as well as to prohibit access to external visual information. 
Black rubber flooring covered the floor of the arena. Light-
ing was provided by four identical fluorescent bulbs mounted 
above the ceiling of the arena. A metal tray (66 cm length × 
63 cm width,) with a rim height of 6 cm was positioned on 
the floor of the arena, which was used to confine the grit and 
grains to be used in the discrimination task. A video camera 
on a tripod was located inside the arena in front of the metal 
tray and connected to a computer, located adjacent to the 
arena, to provide a live view of the metal tray and its sur-
roundings. This system was also used to digitally record the 
experimental sessions. A GoPro Hero5 camera was attached 
to the middle of one side of the metal tray to capture the 
inside of the metal tray and provide a high-definition view of 
the tray during experimental sessions. The positioning of the 
two cameras provided two distinct angles for data analysis.

Procedure

The experiment consisted of three phases: a Familiarization 
phase, an Eye-cap Habituation phase, and a Testing phase.

Familiarization phase

An initial Familiarization phase was administered for 
pigeons that did not have any experience in the arena within 
the previous year (the rectangular arena had previously been 
used for other unrelated experiments), to familiarize them 
with the procedures of being placed inside, and retrieved 
from, the arena. Two pigeons from the Old group and one 
pigeon from the Very Old group had experience in the arena 
within the previous year, and were thus already familiar with 
the environment and did not require additional familiariza-
tion. During the Familiarization phase, a pigeon’s daily food 
ration was placed on a white plastic tray (42 cm × 29 cm, 
length and width, respectively) in the center of the metal 
tray, which was positioned at the center of the arena.

An individual pigeon was transported from the colony 
room to the arena inside an opaque plastic transport box. 
The pigeon was removed from the transport box and gently 
placed onto the darkened arena through one of four open-
ings in the white plastic sheets. Once in place, the arena 
lights were illuminated, permitting the pigeon to locomote 
within the arena and consume grains from the tray. Each 
pigeon was required to consume food from the tray for 30 s 
consecutively during two of three 30-min sessions in order 
to advance to the Eye-cap Habituation phase. Each session 
was terminated approximately 1 min after the pigeon com-
pletely stopped eating. Any remaining food was provided 
to the pigeon in its home cage during the evening feeding.

Fig. 1  Experimental arena for the grit-grain behavioral experiment. 
The left image shows the outside of the arena. The right image shows 
the inside of the arena with a view of the metal tray containing grains 

mixed with grit. Two video cameras were used to monitor the session, 
one on a tripod located inside the arena monitoring the tray from 
above and one attached to the edge of the tray along the midpoint.
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Eye-cap Habituation phase

Following successful completion of the Familiarization 
phase, pigeons were habituated to wearing an eye cap. An 
eye cap consisted of two parts. A ring constructed from the 
loop side of a Velcro strip (approximately 25 mm diam-
eter and 5 mm thick) was attached around each eye of the 
pigeon. An opaque cap constructed from a round piece of 
Tetra Pak carton, with a matching ring of the hook side of 
Velcro, glued around the perimeter. This allowed the remov-
able opaque cap to be temporarily positioned over a pigeon’s 
eye to selectively restrict visual input (Fig. 2). To prepare 
a pigeon for wearing an eye cap, the feathers around the 
pigeon’s eye were carefully trimmed, allowing the eye ring 
to be securely positioned using non-toxic eyelash adhesive. 
Each pigeon was outfitted with two eye rings that remained 
attached for the entirety of the experiment, whereas the 
opaque cap was attached over a single eye during a session 
and removed between sessions. During the Eye-cap Habitu-
ation phase, a pigeon first received its daily ration of food 
with one eye capped, alternating daily between the left or 
the right eye being capped, while in its familiar home cage. 
Once a pigeon started to eat within 30 s after receiving the 
food, the next day it received its daily food ration inside 
the arena as described above during the Familiarization 
phase, but now one eye was capped, again alternating daily 
between the left and the right eye. To advance from the Eye-
cap Habituation phase to the Testing phase, pigeons had to 
begin eating from the tray in the arena within 30 s for at least 
two consecutive sessions (one with the left eye capped and 
one with the right eye capped). Eye-cap Habituation sessions 

were interspersed among the Testing sessions throughout the 
experiment to ensure the pigeons continued to readily begin 
eating when placed in the arena, as the FDG-PET Imaging 
procedures did not permit Testing sessions to be conducted 
consecutively (see below).

Testing phase

Grit-grain discrimination task During the Testing phase, 
pigeons were presented with the grit-grain discrimination 
task (e.g., Güntürkün et al., 2000; Güntürkün & Kesch, 
1987). During the task, the metal tray was centrally posi-
tioned inside the arena and contained 300 wheat grains 
mixed with 300 g of grit (similar in color, shape, and size to 
the wheat grains). A pigeon was permitted 10 min to select 
the wheat grains from among the grit. To ensure similar tim-
ing for FDG uptake across pigeons, an individual needed to 
start searching for the grains within 15 min of the start of a 
session in order to continue directly to the FDG-PET imag-
ing component of the experiment (see FDG-PET imaging 
section below). If the bird did not search for grains within 
this period, the session was aborted and the bird did not 
proceed to the FDG-PET imaging. Each pigeon continued 
to receive sessions until three Testing sessions, one for each 
of the three eye capping conditions, were completed. The 
three eye capping conditions were: (1) binocular (BIN, nei-
ther eye was capped), during which both hemispheres were 
available, (2) left eye capped (CL), during which the left 
hemisphere was available, and (3) right eye capped (CR), 
during which the right hemisphere was available. Testing 
sessions were required to be separated by at least 1 week to 

Fig. 2  Velcro eye ring (left) and opaque cap (right) for temporarily restricting visual access to a pigeon’s eye
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allow pigeons to recover from the radiotracer injection and 
the anesthesia administered during the scan. The order in 
which the three sessions were completed was counterbal-
anced across age groups and sex. Any unsuccessful sessions 
were repeated after the completion of all scheduled sessions. 
Pigeons that did not complete all three conditions within five 
sessions were removed from the experiment and replaced 
by another pigeon. This was the case for two pigeons from 
the Old group.

[18F] Fluorodeoxyglucose positron emission tomography 
(FDG-PET) imaging To reduce blood glucose levels and 
enhance FDG uptake, pigeons were fasted for 6 h prior to 
each Testing session. As described above, an individual 
pigeon was transported from its home cage in the colony 
room to the arena in an opaque transport box. Prior to being 
placed inside the area, the pigeon was restrained by a trained 
handler, while a veterinarian staff member administered 
an intravenous wing vein injection of 35 mega becquerels 
(MBq) FDG diluted with saline solution. One subject from 
the Very Old group received an intraperitoneal injection due 
to difficulties with the wing vein injection (behavioral and 
PET data from this individual were not subjectively different 
from the other birds in the same age group). Pigeons were 
not anesthetized or sedated for the injection, and all pigeons 
were deemed to tolerate the injections well. After the injec-
tion, the bird was returned to the transport box for 2 min of 
rest, after which an eye cap was fitted to the eye correspond-
ing to the selected eye capping condition for the session.

At the beginning of the discrimination task, the subject 
was removed from the transport box and placed into the 
arena onto the metal tray, after which the arena lights were 
illuminated. The bird was permitted to engage in the grit-
grain discrimination task for 15 min to ensure proper uptake 
of the FDG during the behavioral task. If an individual did 
not engage in the discrimination task after the time allotted, 
the session was terminated. Upon completion of the session, 
the arena lights were extinguished and the pigeon was tem-
porarily placed into the transport box to allow for transition 
to the imaging procedures. The bird was anesthetized using 
inhaled isoflurane (4–5%) administered via a custom nose 
cone secured around the pigeon’s beak and nares. Once the 
pigeon was fully anesthetized, it was placed on its back on 
the bed of the Concorde Microsystems/Siemens microPET 
R4 PET system (Goertzen et al., 2012; Knoess et al., 2003). 
During imaging, the amount of anesthetic required to keep 
the bird at a depth of anesthetic was lowered (3–4%). The 
respiration rate of the subject was monitored visually by 
a veterinarian, as well as via a pad sensor connected to a 
BIOPAC monitoring system (MP160 data acquisition sys-
tem). PET data were acquired for 20 min (from approxi-
mately 28–48 min after FDG injection). Following comple-
tion of the PET imaging, the pigeon was recovered from the 

anesthesia through the administration of oxygen. The pigeon 
was temporarily housed in an individual cage (60 cm × 60 
cm × 38 cm, length, width, and height, respectively), with 
access to ad-lib food and water, inside the procedure room 
for 24 h to allow for the physical decay of the 18F-FDG. 
After this period of time, the pigeon was returned to its home 
cage in the colony room.

Data analysis

Behavioral data analysis After each session, the grains 
remaining were immediately collected and counted to 
determine the Number of Grains Eaten. Using the digitized 
GoPro video, the total Number of Pecks a pigeon made in 
attempt to select a piece of grain during each Testing session 
was determined. Thus, the individual Discrimination Suc-
cess Rate was calculated as:

PET data reconstruction and analysis PET images were 
reconstructed using the microPET Manager software sup-
plied by the manufacturer (Concorde Microsystems Inc., 
Knoxville, TN, USA). The maximum a posteriori (MAP) 
algorithm was used for reconstruction and images were 
reconstructed with an image size of 128 × 128 × 63 mm 
using a voxel size of 0.4 × 0.4 × 1.21 mm. PET data were 
initially reconstructed into 20 1-min frames. The longest 
period of consecutive frames without significant visible 
motion were selected and reconstructed into a single frame 
using the MAP algorithm. This single frame was used for 
further analysis. Analyses were conducted using the statis-
tical parametric mapping toolbox (SPM 12) (Penny et al., 
2011).

A PET template image was created in SPM 12 as shown 
in Fig. 3. We used a previously constructed 3-dimensional 
magnetic resonance imaging (MRI) atlas of the pigeon’s 
brain as a stereotaxic coordinate system that referenced 
common brain areas (Güntürkün et  al., 2013).. Recon-
structed PET images were converted to NIFTI format using 
the software package Amide (Loening & Gambhir, 2003). 
All subjects’ PET data were manually reoriented to the ori-
gin of the MRI template using 3-dimensional rigid body 
transformation. All of the reoriented images were realigned 
through a two-step process: First, all images were realigned 
to an arbitrary PET image. Second, a mean image was com-
puted to which all the images were realigned during a sec-
ond pass. A dilated brain mask derived from the MRI atlas 
(Güntürkün et al., 2013) was used to remove the non-brain 
voxels regions. The means of all realigned PET images were 

(1)
Discrimination Success Rate = (Number of Grains Eaten∕Number of Pecks) × 100
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Fig. 3  Creation of the PET template from PET data and MRI atlas. 
To create the PET template, the PET data were reoriented into the 
MRI atlas and then all the reoriented PET data were realigned and 

averaged. The averaged PET image was co-registered into the MRI 
atlas. The brain mask was used to remove non-brain areas (e.g., skull, 
eyes, muscles, etc.). The result was the PET template

Fig. 4  Normalization of reoriented PET images of each subject into the PET template to decrease the variation of image size resulting from dif-
ferences in brain size and shape of each subject
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co-registered to the MRI atlas. The result was the PET tem-
plate which was used for further analyses.

The next step was normalization (Fig. 4), which mapped each 
subject’s reoriented PET image onto the PET template. The pro-
cess of normalization applies transformations and translations 
to minimize the effects of variability between different subjects’ 
brain size and shape. All the PET images were normalized using 
the PET template using the “old normalize” routine of SPM12. 
The dilated brain mask was used as a template weighting.

A pair of binary left and right hemisphere masks were 
created by selecting the relevant brain region in each image 
frame of the MRI atlas using the software MRIcro (http:// 
www. mricro. com/). As we were not interested in the cerebel-
lum, it was not included in the masks. The right and left hemi-
sphere masks were used as regions of interest. The standard 
uptake values (SUVs) of the left and right hemisphere were 
calculated from the normalized PET images of each subject 
in each eye capping condition. The SUV is a measure of the 
amount of radiotracer concentration in a region of interest 
(ROI) normalized to the injected dose per unit body weight. 
Next, the lateralization index (LI) for each subject for each eye 
capping condition was calculated (as shown in Equation 2).

The LI measures the relative difference in SUV between 
the right and left sides of the hemisphere. It gives an indi-
cation of whether one hemisphere showed more activation 
during the behavioral task. A positive LI indicates that the 
SUV of the left hemisphere was higher than the right; con-
versely, a negative LI value indicates the SUV of the right 
hemisphere was higher than the left. A zero LI value indi-
cates equal SUV for both hemispheres.

Statistical analysis

For the behavioral and PET data, we conducted a linear 
mixed model (LMM) with the factors age group (Adult, Old, 
Very Old) and eye capping condition (BIN, CL, CR) and 
pigeon identity as the cluster variable assuming correlated 
effects. The dependent variable for the behavioral data was 
Discrimination Success Rate, whereas for the PET data the 
dependent variable was LI. Means and standard errors are 
provided for descriptive statistics. Subsequent simple-effect 
analyses were conducted to compare age groups within each 
eye capping condition or eye capping conditions within each 
age group, as applicable. Bonferroni corrections were used 
when multiple pairwise comparisons were made.

Additionally, for the behavioral data, to examine the 
potential compensatory effects associated with reductions in 
hemispheric asymmetry, we performed correlational analysis 

(2)

LI =
SUV of Left Cerebrum − SUV of Right Cerebrum

SUV of Left Cerebrum + SUV of Right Cerebrum

following the procedures outlined by Güntürkün et al. (2000). 
The asymmetry index (AI) was calculated as the absolute dif-
ference between the CL Discrimination Success Rate and the 
CR Discrimination Success Rate, wherein a larger AI is indic-
ative of a greater disparity in performance between monocular 
conditions; thus, greater asymmetry. As in Güntürkün et al. 
(2000), we correlated birds’ performance during the BIN con-
dition with their AI to evaluate whether more lateralized birds 
showed greater performance with both hemispheres available.

All analyses were carried out using jamovi version 1.2 
(jamovi project, 2020). Alpha values of p ≤ .05 were con-
sidered significant.

Results

Behavioral data

Figure 5 shows the average Discrimination Success Rate 
for each age group for the three eye capping conditions. The 
analysis revealed a significant main effect of the factor of 
age, F(2,12) = 3.93, p = .049. However, pairwise compari-
sons showed no significant difference between the Very Old 
group (M = 11.7 ± 2.58) and the Old group (M = 30.6 ± 
5.22), t(12) = 2.51, p = 0.083, nor the Adult group (M = 
29.4 ± 4.21), t(12) = 2.34, p = .11. Additionally, there were 
no significant differences between the Old group and the 
Adult group, t(12) = 0.17, p = 1.0. There was no significant 
main effect of eye capping condition, F(2,24) = 1.30, p = 
.29 (BIN: M = 28.7 ± 4.49, CL: M = 21.0 ± 4.98, CR: M 
= 22.0 ± 4.50), nor an interaction effect of the two factors 
F(4,24) = 0.31, p = .87.

The simple-effect analysis comparing age groups within 
each eye capping condition showed that differences in the 
Discrimination Success Rate between age groups occurred 
primarily in the CR condition, simple-effects ANOVA: 
F(2,31.4) = 3.29, p = .050, as the Very Old group performed 
worse than both the Old group, t(31.4) = 2.03, p = .050, 
and Adult group, t(31.4) = 2.37, p = .024, whereas the Old 
and Adult groups showed comparable performance levels, 
t(31.4) = 0.34, p = .74. There were no reliable differences 
between age groups in the BIN condition, simple-effects 
ANOVA: F(2,31.4) = 1.98, p = .15, or in the CL condition, 
simple-effects ANOVA: F(2,31.4) = 1.21, p = .31.

Correlational analyses did not support a relationship 
between the degree of lateralization and Discrimination Suc-
cess Rate, r(14) = .203, p = .469 (Fig. 6). However, visual 
inspection of the graph supports a qualitative difference 
between age groups, with pigeons showing less variability 
with increasing age (Adult group: 21.78 ± 7.59; Old group: 

(3)
(AI = |CL Discrimination Success Rate − CR Discrimination Success Rate|)
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14.50 ± 5.21; Very Old group: 7.40 ± 1.21), although this 
difference was not statistically significant, F(2,12) = 2.28, p 
= .187. The positive directionality of the correlation between 
BIN performance and AI for Adult pigeons, r(4) = .821, p 
= .089, and negative directionality of the Old and Very Old 

groups, r(4) < -.276, p > .659 (Fig. 6), were as expected, but 
failed to reach significance perhaps due to small sample sizes.

We divided the birds into High and Low performers based 
on a median split (Güntürkün et al., 2000), allowing us to 
compare distribution of High and Low performers based on 

Fig. 5  Average Discrimination Success Rate for each age group and 
eye capping condition. Success rate for each age group in three dif-
ferent eye capping condition (BIN – binocular, CL – capped left eye, 

CR – capped right eye) groups. Error bars represent standard errors. * 
denotes significant pairwise comparisons between age groups within 
a given eye capping condition at p ≤ .05

Fig. 6  Correlation between binocular discrimination performance and 
asymmetry index across age group. Comparison of Discrimination 
Success against Asymmetry Index. Dotted lines indicate the linear 
trend line for each age group. The insert in the lower right presents 

the distribution of High and Low performing individuals (based on 
a median split; blank  portion of a bar denotes number of  low per-
formers, shaded portion of a bar denotes number of high performers) 
against the distribution of Adult, Old, and Very Old pigeons
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whether the bird was left- or right-eye dominant (i.e., had 
a greater Discrimination Success Rate using one eye under 
monocular conditions compared to the other). There were no 
differences in the distribution of High and Low performing 
birds according to the dominant foraging eye, χ2 = 0.311 
(df = 1), p = .577. Additionally, there were no statistically 
significant differences in the distribution of Adult, Old, and 
Very Old birds according to the dominant foraging eye, χ2 
= 2.40 (df = 2), p = .301, although visually more individu-
als in the Very Old group were Low performers (see insert 
of Fig. 6).

PET data

The LI is a ratio measure showing the relative activation of 
one hemisphere over total activation (see Equation 2 above). 
A positive LI indicates that the SUV of the left hemisphere 
was higher than that of the right hemisphere, indicating that 
the left hemisphere was more active than the right hemi-
sphere. Likewise, a negative LI value indicates the SUV of 
the right hemisphere was higher than that of the left hemi-
sphere, indicating that the right hemisphere was more active 
than the left hemisphere. A LI value of zero indicates equal 
SUV for both hemispheres, indicating that both hemispheres 
were equally active. Thus, the directionality of the LI (posi-
tive or negative) is a reflection of which hemisphere is most 
active when engaged in the behavioral task.

Figure 7 shows the average LI for each age group and 
each eye capping condition. Although there was not a signif-
icant main effect of age, F(2,12) = 0.21, p = .80, the analysis 
revealed a significant main effect of eye capping condition, 
F(2,24) = 26.66, p < .001, and a significant interaction of 
age group x eye capping condition, F(4,24) = 4.53, p = 
.007. Pairwise comparisons showed that overall during the 
CR condition, subjects had significantly smaller LI (Adult 
group: -0.003 ± 0.002; Old group: 0.009 ± 0.002; Very Old 
group: 0.006 ± 0.009) compared to during the BIN condition 
(Adult group: 0.022 ± 0.002; Old group: 0 .012 ± 0.005; 
Very Old group: 0.015 ± 0.009), t(24) = 4.15, p = 0.001, as 
well as when compared to the CL condition (Adult group: 
0.035 ± 0.005; Old group: 0.025 ± 0.004; Very Old group: 
0.018 ± 0.005), t(24) = 7.28, p < .001. The LI during the 
BIN condition was significantly smaller than the CL condi-
tion, t(24) = 3.13, p = 0.014 (see Fig. 7).

A subsequent simple-effect analysis comparing eye cap-
ping conditions within each age group showed that the LI 
between eye capping conditions varied significantly for 
Adult pigeons (see Fig. 7, BIN: 0.022 ± 0.002; CL: 0.035 ± 
0.005; CR: -0.003 ± 0.002, simple-effects ANOVA: F(2,24) 
= 27.62, p < .001) and Old pigeons (BIN: 0.012 ± 0.005; 
CL: 0.025 ± 0.004; CR: 0.009 ± 0.002, simple-effects 
ANOVA: F(2,24) = 5.42 , p = .011), but there were no sig-
nificant differences for the Very Old pigeons (BIN: 0.015 ± 
0.009; CL: 0.018 ± 0.005; CR eye: 0.006 ± 0.009, simple-
effects ANOVA: F(2,24) = 2.67, p = .09). The reduction in 

Fig. 7  Lateralization Index for each age group in three different eye 
capping conditions (BIN – binocular, CL – capped left eye, CR – 
capped right eye). Error bars represent standard errors. *, **, and *** 

denote significant pairwise comparisons between eye capping condi-
tions within each age group at p ≤ .05, p ≤ .01 and p ≤ .001, respec-
tively
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asymmetry can further be seen in the relative differences 
between the Adult and Old groups. For the Adult group, the 
LI was significantly higher during the CL condition com-
pared to both the CR and BIN conditions, t(24) = 7.28, p < 
.001, and t(24) = 2.32, p = .029, respectively. The LI in the 
BIN condition was also significantly higher than the CR con-
dition, t(24) = 4.95, p < .001. Likewise, for the Old group, 
the LI was significantly higher in the CL compared to the CR 
and BIN conditions, t(24) = 3.10, p = .005 and t(24) = 2.51, 
p = .019, respectively. The LI in the BIN and CR conditions 
were comparable, t(24) = 0.59, p = .56.

Discussion

Our study used a behavioral approach coupled with FDG-
PET imaging to investigate whether, with age, pigeons 
would show reduced hemispheric lateralization during a 
visual discrimination task. As we used the well-studied 
grit-grain discrimination task, we expected to replicate 
previous studies with adult pigeons showing a robust left-
hemisphere advantage in discrimination accuracy. Likewise, 
we predicted that individuals with the greatest asymmetry 
would show the best discrimination performance. With age, 
hemispheric asymmetry has been reported to decline with 
humans but has not been previously examined for birds. 
Therefore, our study is the first to examine whether pigeons 
also show an age-related reduction in hemispheric asym-
metry. Thus, based on previous studies with humans, we 
predicted that the oldest pigeons would show the least hemi-
spheric asymmetry as well as poorer visual discrimination 
performance. Finally, we predicted that the visual discrimi-
nation performance seen during the behavioral task would 
be supported by corresponding hemispheric activation as 
measured through PET imaging.

Left-hemisphere advantage Previous studies have reported 
a left-hemisphere advantage by pigeons engaged in the 
grit-grain discrimination task (Güntürkün et  al., 2000; 
Güntürkün & Kesch, 1987). Our behavioral results did not 
replicate this advantage regardless of age group, as within 
each age group discrimination performance was similar 
duing all three eye capping conditions. However, when 
examining the PET imaging results, we consistently found 
the highest hemispheric activation when the birds performed 
the discrimination task with their left eye capped (left hemi-
sphere active), with the exception being the Very Old group, 
for which no differential hemispheric activity was found. 
Thus, although our behavioral data do not support previ-
ous studies, examining the activation of each hemisphere 
when the birds were completing the task may have provided 
a more “sensitive” measure of hemisphere use compared to 
the output measured by the behavioral task. The imaging 

results suggest that although the left hemisphere likely does 
support this visual discrimination task, as shown by previous 
studies, our behavioral results may not have been powerful 
enough to capture this relationship. This may be due to low 
sample size, longer time permitted during a trial to complete 
the discrimination task, or fewer number of trials completed 
compared to previous studies. Although these concerns may 
be addressed through future behavioral studies, the protocols 
necessary for measuring hemispheric activation imposed 
limitations, such as the additional time requirements for 
FDG uptake and imaging procedures.

An alternative explanation may be considered when inter-
preting our behavioral results. During the current study, 
although we adopted a very similar methodology to those 
of previous studies, we necessarily needed to modify some 
of the procedural details to allow for a sufficient amount 
of time to permit the uptake of FDG for later imaging ses-
sions. In particular, previous studies provided only 30 grains 
in a tray filled with 30 g of grit, and each pigeon was only 
permitted 30 s to select the grains per trial. We needed to 
substantially increase the overall amount of time an indi-
vidual was allotted to complete a trial (a bird must have 
started to select grains within 15 min of starting a trial). To 
ensure continuous searching throughout the trial, we also 
provided the birds with more grains (and relatively more 
grit). Our procedural differences may have resulted in the 
behavioral task being more similar to a visuospatial task, for 
which a left-sided bias (due to right-hemispheric process-
ing) has been reported (Diekamp et al., 2005; Letzner et al., 
2017; Wilzeck & Kelly, 2013). Therefore, the results from 
our behavioral task may show a contribution of a right-hem-
isphere superiority for visuospatial attention coupled with a 
left-hemisphere superiority for object discrimination, sug-
gesting that both hemispheres may contribute differentially 
during normal foraging behavior of pigeons. Future studies 
designed to manipulate the duration of time allotted and the 
number of grains available during the grit-grain task will be 
necessary to evaluate this possibility further.

Asymmetrical advantage The possible advantages of asym-
metrical processing include increased efficiency, reduced 
redundancy, facilitated processing speeds, or removal of 
hemispheric conflict (Güntürkün et al., 2000). Although 
previous studies have reported a significant correlation of 
performance differences between the left and right monocu-
lar conditions and the binocular condition (Güntürkün et al., 
2000), we did not find such a correlation. Yet, our results 
may provide indirect support. We found that the Very Old 
group showed no differences among eye capping conditions, 
and had the poorest discrimination performance, with the 
majority of individuals in this group considered Low per-
formers. These indirect insights regarding how aging may 
result in reduced hemispheric asymmetry, which could 
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contribute to such low visual discrimination performance, 
are certainly worthy of direct future investigation.

Age-related decline Studies of human brain lateralization 
generally show a reduction in hemispheric asymmetry with 
advancing age. The right-hemi-aging model proposes that 
the right hemisphere is more vulnerable to effects of aging 
compared to the left hemisphere (Earles & Salthouse, 1995). 
However, several studies with humans do not robustly sup-
port this model (Elias & Kinsbourne, 1974; Mittenberg 
et al., 1989; Moreno et al., 1990). The results of our current 
study with pigeons also does not support this model. Stud-
ies examining hemispheric asymmetry reduction in older 
adults (HAROLD; Cabeza, 2002; Park & Reuter-Lorenz, 
2009) generally support that in adulthood functions that 
once showed lateralized patterns of activity show a more 
widespread pattern of brain activation across both hemi-
spheres in older individuals. This reduction in brain later-
alization has been proposed as a mechanism to compensate 
for degenerative processes for humans. Whether birds expe-
rience a similar reduction in brain lateralization was not pre-
viously known. The results of our current study suggest that 
pigeons do show a reduction of lateralization with age. We 
did not observe significant differences in hemispheric activ-
ity (measured by LI) for the Very Old group, whereas both 
the Old and Adult groups showed more activation of the left 
hemisphere when performing the discrimination task. Exam-
ining the lateralization results even within the Old group, 
evidence of age-related changes may be present. For the 
Adult group, activation during the BIN condition was signif-
icantly higher than during the CR condition, whereas for the 
Old group, activation during these two conditions were simi-
lar and relatively high. This may be attributable to the left 
hemisphere showing less ability to inhibit interhemispheric 
conflict coming from the subdominant right hemisphere 
during the BIN condition (Keysers et al., 2000; Güntürkün 
et al., 2000). Furthermore, under CR conditions, generally 
both hemispheres were similarly active. These results may 
be partially explained considering that the left hemisphere 
receives input from both the left and the right eye through 
an asymmetrical tectorotundal projection (Güntürkün et al., 
1998; Letzner et al., 2020). Although such a connectivity 
bias would likely result in smaller effects than the imaging 
results reported here, the anterior commissure may further 
support the left to right hemispheric activation (Xiao & 
Güntürkün, 2021).

We found that the Very Old group showed the poorest 
discrimination performance, which would seem at first not 
to support the compensation hypotheses. However, stud-
ies reporting a reduction in lateralization often show great 
variance within the oldest group of participants, with some 
participants showing High performance and others Low per-
formance; often explained as possibly indicative of healthy 

and degenerative aging processes (e.g., Cabeza et al., 2002). 
To assess whether these individual differences are present in 
birds would require a larger sample size than we were able 
to obtain due to the imaging procedure restrictions. It should 
also be noted that our Very Old pigeons were quite aged for 
the species, nearing the end of their lifespan in captivity. 
Previous research has found cognitive deficits in pigeons 
at as young as 10 years old; however, those deficits were 
related to more cognitively demanding tasks, such as spatial 
working memory tasks (Coppola et al., 2014) and memory 
capacity (Meier et al., 2021). Our study is the first to find 
such differences in the comparatively simpler task of grit/
grain discrimination. Thus, it appears that visual discrimina-
tion abilities are relatively well preserved with age, and only 
experience significant declines at advanced stages of aging.

Hemispheric activation and discrimination perfor-
mance One goal of our study was to evaluate whether 
behavioral measures of asymmetry would correspond to dif-
ferences seen in hemispheric activation. Overall, we found 
poorest discrimination performance by the Very Old group, 
although this only reached significance with the CR con-
dition. We also found that the Very Old group showed no 
differences in hemispheric asymmetry in activation levels 
compared to the Old and Adult groups for which differences 
in asymmetry were found. For the hemispheric activation 
levels to correspond to the discrimination performance, we 
would expect that the discrimination performance should 
also be equally low across all viewing conditions. However, 
one interpretation of our results might be that the imaging 
procedure is showing age-related reductions in hemispheric 
asymmetry, but the behavioral measures we used may not 
be quite sensitive enough to reflect fully these physiological 
changes. Thus, FDG-PET imaging or other techniques may 
be an important tool to use alongside behavioral measures 
to more fully understand age-related cognitive decline in 
birds and other animals, an often-used approach for human-
based studies.

To our knowledge, this is the first investigation of age-
related changes in the brain lateralization in the avian brain 
using FDG-PET imaging. Our results clearly show an 
age-related decline in the visual discrimination abilities of 
pigeons as well as the reduction in hemispheric asymmetry. 
Although several of our interpretations remain speculative 
and in need of further investigation, our study provides an 
important contribution to the study of age-related cognitive 
degeneration in birds – a field in which relatively little is 
known. Additionally, our study provides further validation 
of using FDG-PET imaging to investigate avian brain activa-
tion during behavioral procedures. Understanding how the 
aging process affects the avian brain, and the consequent 
behavioral changes, provide important insights into the gen-
erality of age-related cognitive degeneration.
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