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Abstract
Deficits in auditory function and cognition are hallmarks of normative aging. Recent evidence suggests that
hearing-impaired individuals have greater risks of developing cognitive impairment and dementia compared to people with
intact auditory function, although the neurobiological bases underlying these associations are poorly understood. Here, a
colony of aging macaques completed a battery of behavioral tests designed to probe frontal and temporal lobe-dependent
cognition. Auditory brainstem responses (ABRs) and visual evoked potentials were measured to assess auditory and visual
system function. Structural and diffusion magnetic resonance imaging were then performed to evaluate the
microstructural condition of multiple white matter tracts associated with cognition. Animals showing higher cognitive
function had significantly better auditory processing capacities, and these associations were selectively observed with
tasks that primarily depend on temporal lobe brain structures. Tractography analyses revealed that the fractional
anisotropy (FA) of the fimbria-fornix and hippocampal commissure were associated with temporal lobe-dependent visual
discrimination performance and auditory sensory function. Conversely, FA of frontal cortex-associated white matter was
not associated with auditory processing. Visual sensory function was not associated with frontal or temporal lobe FA, nor
with behavior. This study demonstrates significant and selective relationships between ABRs, white matter connectivity,
and higher-order cognitive ability.
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Introduction
Age-related hearing loss, or presbycusis, is the third most com-
mon chronic medical condition in older adults, impacting nearly
80% of individuals over the age of 80 to some degree (Gopinath
et al. 2009; Wattamwar et al. 2017). The clinical and societal
implications of presbycusis extend well past the obvious

difficulties in processing acoustic information, as late-life
hearing loss has been suggested to be a contributing factor
for depression, social isolation, and frailty at older ages
(Mick et al. 2014; Panza et al. 2015; Jayakody et al. 2018).
Additionally, large longitudinal studies have indicated that
moderate to severe hearing impairment may be a risk factor
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for developing dementia in older adults (Lin 2011; Deal et al.
2017). The clinical importance of understanding the robustness
of and the neurobiological mechanisms contributing to the
potential association between presbycusis and age-related
cognitive decline is highlighted by recent observations that
individuals equipped with cochlear implants may experience
a partial restoration of cognitive function (Jayakody et al. 2017).
From a basic research perspective, understanding covariations
in sensory and cognitive function across the lifespan may
provide valuable insights into fundamental principles, by which
neuronal networks compensate for, and adapt to, functional
alterations that arise across the aging brain.

Experiments using animal models to understand the aging
brain have yielded invaluable data ranging from molecular to
electrophysiological to behavioral levels of analysis. Macaque
monkeys have been used for decades to study the neurobi-
ological mechanisms underlying presbycusis and age-related
cognitive decline, although these brain functions have been
studied independently of one another. Similar to older humans,
it is clear that aged nonhuman primates undergo declines
in both sensory and cognitive functions (Moore et al. 2006;
Juarez-Salinas et al. 2010; Hara et al. 2012; Engle et al. 2013; Ng
et al. 2015; Gray and Recanzone 2017). Experiments designed
to acquire functional and behavioral measures of sensory
and cognitive function within the same set of monkeys
do not currently exist, and are an important step toward
understanding the brain processes underlying the apparent
association between sensory deficits and age-related cognitive
decline (Humes et al. 2013). Toward this goal, the present
study combines a battery of behavioral tests designed to
probe frontal and temporal lobe-dependent cognitive functions,
auditory brainstem response (ABR) and visual evoked potential
(VEP) electrophysiological recordings, and diffusion magnetic
resonance imaging (dMRI) tractography analyses of white
matter tracts associated with cognitive processing (Fig. 1A).
The results presented here provide evidence for domain-
specific associations between auditory and cognitive function
alongside anatomical evidence that the structural integrity of
medial temporal lobe white matter is associated with acoustic
information processing in aging macaque monkeys.

Materials and Methods
Animal Subjects

Five aged (mean: 26 years; range 24.25–30.8 years) and 7 adult
(mean: 11.42 years; range: 10–15 years) female bonnet macaque
monkeys (Macaca radiata) participated in the present experi-
ments. Note, however, that not every monkey participated in
every component of the study (see Table 1). Behavioral, struc-
tural MRI, and diffusion tensor imaging data from this same
cohort of animals have been reported previously (Burke et al.
2014; Gray et al. 2017; Comrie et al. 2018). Semiannual health
evaluations were performed on each animal by the veterinary
staff at the University of Arizona (Tucson, AZ), and no monkey
displayed health concerns prior to or during the experimental
timeline. All monkeys were pair-housed in a temperature- and
humidity- controlled vivarium, and were maintained on a 12-h
light–dark cycle with ad libitum access to food and water. For
cognitive testing, all monkeys underwent behavioral shaping
to allow transport from the home vivarium to the behavioral
testing apparatus (described below) via a specialized nonhu-
man primate holding box (dimensions: 50.8× 31.1 × 40 cm).

All experimental protocols described here were approved by the
Institutional Animal Care and Use Committee at the University
of Arizona and complied with guidelines set by the National
Institutes of Health.

Cognitive Testing

Testing Apparatus and Stimuli
All cognitive assessments were executed in a modified Wiscon-
sin General Testing Apparatus (WGTA; Harlow and Bromer 1938).
The WGTA is composed of a holding compartment, in which
the monkeys reside during behavioral testing. At one end of the
box, vertical bars separate the animals from a panel containing
three equally spaced circular holes that are used for stimulus
presentation and food reward delivery. A wooden guillotine door
that can be manipulated by the experimenter is used to control
the monkeys’ access to and visibility of stimuli. Additionally, the
apparatus contains a transparent acrylic guillotine door to allow
animals to view test objects without being able to interact with
them. A one-way mirror separates the experimenters from the
monkeys, allowing for the animals’ performance to be overseen
without detection. Stimuli include plastic toy objects of compa-
rable size (∼8 cm3). Fresh fruit, vegetables, and sugar-free candy
were used as rewards. All of the data from the cognitive battery
described below have been published (Burke et al. 2014; Gray
et al. 2017; Comrie et al. 2018), thus only brief descriptions of
each paradigm are presented here.

Concurrent Object Reversal Learning Procedure
A complete protocol for the object reversal learning paradigm
is as described in Burke et al. (2014); Gray et al. (2017); and
Supplementary Figure S1A. Briefly, during the initial object dis-
crimination learning phase of the task, the monkeys were pre-
sented with 40 object pairs per session, in which only one object
in the pair was baited with a food reward. A given object pair
was encountered only once in a daily session. Monkeys were
allowed to displace only one object of each presented pair and
were rewarded only if the correct choice was made. The baited
object did not change between testing sessions. Once animals
reached learning criterion (90% over 5 consecutive sessions) they
progressed to the reversal learning component of the task. Here,
the rewarded and unrewarded object in each pair was switched,
and the monkeys were required to learn these new association
contingencies to the same 90% criterion across 5 consecutive
days. The effects of reversal learning were quantified using
a state-space model of the binary trial response data (Smith
et al. 2004; Gray et al. 2017). This analysis estimates a learning
curve, from which an estimated learning trial can be derived.
The “learning trial” is thus the metric of learning used in this
study.

Visual-Pattern Discrimination
Visual-pattern discrimination abilities were assessed in a
smaller subset of these monkeys (n = 4 adult and n = 3 aged)
using a discrimination task with LEGO (Billund, Denmark;
Supplementary Fig. S2A) stimuli. The full protocol for this task
has previously been described in detail (Burke et al. 2011). LEGOS
were used in order to systematically vary the degree of overlap
between patterns to be discriminated. Overlap scores were
computed by dividing the total number of LEGO nobs that were
the same between the two patterns by the total number of nobs
in the two patterns. Similarities of 60, 71, 86, and 92% were
used. As with the object discrimination task described above,
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Figure 1. Schematic of experiment, composite cognitive and sensory scores, and the relationship between measures of sensory function and cognition. (A) Left panel:

image of an aged bonnet macaque making a selection in the Wisconsin General Testing Apparatus used for the cognitive battery. Middle panel: representative temporal
ABR recording from an adult and aged monkey. The black traces are derived from a recording, in which acoustic stimuli were presented at a rate of 20 Hz, whereas gray
traces are derived from recording, in which the acoustic stimuli were presented at 50 Hz. Scale bar represents 1 μV. Right panel: FA and a directional encoded color

(DEC) map obtained from diffusion-MRI analyses. (B) Box and whisker plot of composite cognitive scores for adult and aged macaques. Boxes denote the middle 50% of
the data, and horizontal lines indicate the median of each distribution. Filled circles represent an individual monkey, with adult animals represented by black circles
and aged animals with gray. Aged monkeys had lower composite cognitive scores relative to adults. (C) Box and whisker plot of composite sensory scores for adult and
aged macaques. Box and whisker plot as in (B). Aged monkeys had higher composite sensory scores relative to adults. Note that greater values indicate poorer sensory

function. (D) Scatter plot of z-score normalized measures of auditory processing (temporal ABR), auditory thresholds (threshold ABR), and visual system processing
(temporal VEP) data plotted against composite cognitive scores. Solid trend line represents a significant relationship and dotted trend lines represent nonsignificant
relationships. A significant relationship between auditory processing measures and composite cognitive scores was observed. ∗ = P < 0.05; ∗∗ = P < 0.01.

one pattern was always associated with a reward, whereas
the other was not. Monkeys performed 30 trials a day at each
similarity level until reaching a performance criterion of 90%
over 3 consecutive sessions. The number of errors performed
before reaching criterion was the measure of visual-pattern
discrimination learning used throughout this manuscript.

Reward Devaluation Procedure
The full protocol for the reward devaluation task (Supplemen-
tary Fig. S3A) is as described in detail in Burke et al. (2014) and
Gray et al. (2017). Briefly, all animals underwent a food prefer-
ence testing procedure to establish each individual monkey’s
food preferences. The monkeys were then trained on an object
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Table 1 Table of monkey ages, the components of the study that each animal participated in (demarcated with an “X” in each respective
column), and the reason for exclusion from a particular component of the project, if applicable

Monkey Age (years) Cognitive
assessment

Sensory
assessment

Diffusion
MRI

Reason for exclusion

07 M06 25 X X X
07 M05 24 X X Substantial noise in recording.
08 M01 32 X X X
08 M02 24 X X X
08 M03 11 X X Did not reach performance criterion
08 M04 11 X X X
07 M04 26 X X X
07 M08 15 X X X
07 M11 14 X X X
07 M12 14 X X X
07 M10 14 X X Poor diffusion-MRI quality, tractography not possible
07 M09 14 X X X

discrimination task, in which half of rewarded objects were
always rewarded with a particular type of food while the other
half were always rewarded with a distinct type of food, thus
creating secondary associations between rewarded objects and
food type. After the object discrimination phase, the monkeys
completed the devaluation task. In these sessions, only the
rewarded objects from the object discrimination training were
used, and items were paired such that each choice would be
reinforced with a distinct food reward. Monkeys were required
to select only 1 of the 2 objects and retrieve the reward. Mon-
keys underwent baseline sessions where no food was given to
animals before testing as well as selective satiation sessions, in
which animals were given 1 of the 2 rewards ∼10 min before
testing. Each monkey also underwent the same testing proce-
dure without objects, in which the reinforcement options were
directly presented. This served to control for the possibility
that the satiation procedures differentially modified food pref-
erences in adult versus aged monkeys. The effect of reward
devaluation was quantified using a difference score defined
as the change in choices of each object/food type in selective
satiation sessions relative to baseline sessions.

Delayed Nonmatching-to-Sample Procedure
Detailed descriptions of the delayed nonmatching-to-sample
procedure used (Supplementary Fig. S4A) were as described in
Comrie et al. (2018). Briefly, trials were initiated by the presenta-
tion of a single object over the center, baited well of the WGTA,
and monkeys were allowed to displace the object and retrieve
the food reward underneath it. The guillotine door was then
lowered to impose a delay period of 10 s during training, and 15,
30, 60, 120, or 600 s during testing. Following the delay, the pre-
viously viewed sample object was presented alongside a novel
one, and only the well underneath the novel object was baited.
Monkeys learned through trial and error that the novel object
was the baited object, and thus to make the correct response.
All objects were unique across trials throughout the experiment.
Training at the 10-s delay was carried out until animals reached
a learning criterion of greater than 90% performance across 5
sessions. Five days of testing were completed at the remaining
delays in sequentially increasing order. Acquisition data pre-
sented here are the number of completed trials required to reach
the 90% learning criterion, and performance measures are the
averaged proportion of correct responses across the 5 test delay
conditions.

Delayed-Response Procedure
The delayed-response task (Supplementary Fig. S5A) used to
assess visuospatial short-term memory is as described in detail
by Comrie et al. (2018). Briefly, trials were initiated by raising the
wooden guillotine door and dropping the acrylic glass door of
the WGTA to allow monkeys to observe the experimenter bait
one of the two lateral wells with food reward. Two identical
opaque plaques were then used to cover the two lateral wells
before dropping the guillotine door to obstruct the animal’s
view of the objects and impose a delay period of either 0,
1, 5, 10, 15, 30 or 60 s. Following the delay, both doors were
lifted and the animals were allowed to displace just one of
the plaques. If the monkey selected the baited plaque, then it
was allowed to retrieve the food reward. The 0 and then 1 s
delays were used during the training phase of the task. In both
cases, a learning criterion of greater than 90% performance over
3 consecutive 30-trial sessions was used. Once criterion had
been met, testing on the remaining delays was administered in
sequentially increasing order. Acquisition data presented here
are the number of completed trials required to reach the 90%
learning criterion at the 1 s delay, and performance measures
are the averaged proportion of correct responses across the 5
test delay conditions.

Composite Cognitive Score
Data from the tasks described above were z-score normalized in
order to standardize the units of all data across tasks. In all cases
the data were normalized so that higher z-score values indicate
better performance on the tasks. All z-scores were averaged
for every individual animal, and these values served as the
composite cognitive score.

Assessment of Sensory Function

Auditory Brainstem and Middle Latency Responses
The auditory brainstem response (ABR; Supplementary Figs
S6A,B,D) recording protocols followed guidelines published in
previous nonhuman primate studies (Fowler et al. 2010; Engle
et al. 2013; Ng et al. 2015). Monkeys were anesthetized with
a mixture of ketamine (1.5–2.0 mg/kg) and DexMedetomidine
(0.007–0.01 mg/kg) and placed in the prone position with
their heads elevated. Soft insert earphones (etymotic ER3A
transducers) were placed into each ear canal. The skin behind
both ears, forehead, and back of the neck were sterilized with
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an alcohol scrub, and 22-guage stainless steel electrodes were
placed subcutaneously at each location (Allen and Starr 1978;
Fowler et al. 2010). An Intelligent Hearing System (Smart EP Win
USB, v. 3.97) on a laptop computer was used to acquire all evoked
potentials. Stimuli consisted of 2, 8, 16, or 32 kHz pure-tone
bursts, all delivered in a 10 ms trapezoidal envelope with a 2 ms
rise/fall time. All acoustic stimuli were repeated a minimum
of 2000 times to obtain reliable average evoked responses.
Evoked signals were amplified by 100 000 and bandpass filtered
between 100 and 1500 Hz to extract the ABR waveform. Peaks
II and IV of the ABR were most reliably observed in these
data, as has been reported previously in macaque recordings
(Ng et al. 2015). Thus, only these two peaks were considered
for this analysis. The latency of each peak was defined as
the time from stimulus onset to the apex of the wave in
consideration. In cases where no waveform was present at a
given sound pressure level, no latencies were extracted. Latency
data presented throughout this report consider only conditions,
in which stimuli were presented at a sound pressure level of
60 dB. Peak amplitudes were not considered for these analyses
as age-associated changes in bone density (Kiebzak 1991;
Mosekilde 2000) can affect ERP amplitudes, possibly introducing
an additional covariate that could lead create false-positives
when interpreting these data. The frequency of presentation
and intensity of auditory stimuli differed between the temporal
and threshold ABR as described below.

Threshold ABR
All stimuli were presented binaurally at 50 Hz. Initially, all stim-
uli were presented at 80 dB peak sound pressure level. The
intensity of the acoustic stimuli was then reduced in 20 dB steps
until a discernable ABR waveform was no longer evident. Once
the evoked response had disappeared, the sound intensity was
raised by increments of 5 dB until the waveform was reestab-
lished. The ABR threshold was taken as the average sound
pressure level, at which the waveform was absent and the level
where it was visible for the final time. See Supplementary Fig.
S6A,B, for example threshold ABR recordings.

Temporal ABR
All acoustic stimuli were presented binaurally at 60 dB peak
sound pressure level. Stimuli were first presented at 50 Hz, and
then again at 20 Hz. Wave II and Wave IV peak latencies were
calculated for the 20 and 50 Hz conditions, respectively, and the
difference between the two (50 Hz minus 20 Hz) was used as the
estimate of temporal auditory processing.

The temporal ABR was designed specifically to test tempo-
ral auditory processing deficits since threshold ABR measures
are not sensitive to these impairments as they generally arise
at suprathreshold sound intensity levels. Latency differences
between conditions with different stimulus presentation rates
are thought to reflect temporal auditory processing since it
has been shown that ABR waveform latencies increase as the
interval between acoustic stimuli decreases in forward mask-
ing paradigms (Mehraei et al. 2016). This shift is thought to
reflect a reduced reliability of neural responses to faster stimuli,
potentially due to a depletion of readily releasable vesicle pools
(Mehraei et al. 2017). Importantly, latency differences between
fast and slow interstimulus interval conditions correlate with
perceptual gap detection capabilities, which is a psychometric
test of temporal processing in the auditory system (Eggermont

2015; Mehraei et al. 2016; Mehraei et al. 2017). See Supplementary
Fig. S6D, for example temporal ABR recordings.

Visual Evoked Potential
VEPs (Supplementary Fig. S6G) were acquired using the same
Intelligent Hearing System (Smart EP Win USB, v. 3.97) software
used to acquire the ABR recordings. Electrode placements fol-
lowed the guidelines set by the manufacturer (Smart EP), with
minor adjustments to translate the configuration from a human
head to that of a macaque. Specifically, a midoccipital scalp
electrode was placed roughly an inch above the inion. Right-
and left-occipital electrodes were placed an inch to either side
of the midoccipital location. A reference electrode was placed
on the top of the scalp along the midline, and the ground was
placed just posterior to the brow ridge. Animals were placed
in the prone position with their heads elevated and looking
forward. A full-field checkerboard pattern delivered via an Intel-
ligent Hearing System VEP stimulator was used as the stimulus.
The VEP stimulator was placed roughly 50 cm in front of the
monkey’s face. Stimuli were delivered at either 1 Hz or 2 Hz.
All visual stimuli were repeated a minimum of 100 times to
obtain reliable average evoked responses. Evoked signals were
amplified by 100 000 and bandpass filtered between 1–300 Hz.
The most reliably observed evoked potential in both adult and
aged monkeys was a positivity around 75 ms, which will be
herein referred to as P75 (Supplementary Fig. S6G). In some
instances a second positivity was observed around 100 ms, but
P75 was the only VEP signal analyzed for the present study since
it was observed in every subject. The latency of each peak was
defined as the time from stimulus onset to the apex of P75.
Latency data presented in this study were derived from the 1 Hz
stimulus presentation conditions. Latency difference data were
calculated by subtracting the P75 latency from 1 Hz stimulus
presentation rate conditions from the 2 Hz condition to give an
estimate of temporal processing in the visual system.

Composite Sensory Scores
Data from the threshold ABR, temporal ABR, and VEP were z-
score normalized in order to standardize the units of all data.
All z-scores were averaged for every individual animal and these
values served as the composite sensory score. Note that for this
measure, higher values reflect poorer function.

Diffusion Tensor Imaging and Tractography Protocol

Image Acquisition and preprocessing Protocol
In-depth descriptions of the image acquisition and preprocess-
ing protocols are as in (Gray et al. 2018). Briefly, all MR images
were acquired on a 3 T GE (General Electric, Milwaukee, WI)
Signa scanner using a body coil for the radio frequency exci-
tation and an 8-channel head coil for reception. Three scans
were obtained for each monkey. 1) High-resolution anatomi-
cal whole-brain T1-weighted images were acquired with a 3D
inversion-recovery prepped spoiled gradient-echo sequence, 2)
T2-weighted reference scans using a fast spin-echo sequence,
and 3) diffusion-weighted images using single shot echo planar
imaging. Diffusion-weighted images were acquired over 51 dif-
fusion directions in a HARDI sampling scheme over a single shell
with a b-value of 1000 s/mm2. Images were resectioned from the
3D volumes into coronal, sagittal and axial slices.

DICOM images were converted to NIFTI format and T1,
T2, and dMRI images were skull stripped using manually
drawn masks in MRIcron (https://www.nitrc.org/projects/
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mricron). Eddy current distortions in DW images were corrected
using an iterative Gaussian Process-based registration in the
FMRIB Software Library (FSL) (Rasmussen and Williams 2006;
Andersson and Sotiropoulos 2015). Distortions due to B0-field
inhomogeneity were corrected using the TORTOISE software
(Pierpaoli et al. 2010) by nonlinearly registering the DW images
to reference T2 images. Coil inhomogeneity was corrected
using N4ITK bias correction software (Tustison and Gee 2009;
Tustison et al. 2010) and noise in DW images was removed using
a local principal component-based noise removal algorithm
described in (Manjón et al. 2013). DW images were registered
to T1 images using FSL’s Automated Segmentation Toolbox,
followed by FSL’s Linear Image Registration Tool and a Boundary-
Based Registration algorithm (Greve and Fischl 2009). Fractional
Anisotropy (FA) maps were generated from diffusion tensor
fitting of the DW images in each subject’s native space.

Tractography
Probabilistic streamlines were generated between regions of
interest (ROI) masks in each subject’s native space. Streamlines
were generated using a multitensor tractography approach in
FSL’s Diffusion Toolbox, ProbtrackX, as described in detail in
(Gray et al. 2018). This analysis output a probability map in each
subject’s diffusion space, in which the value of each voxel is the
weighted probability that the voxel belongs to the anatomical
pathway in question. To account for the possibility of partial
volume effects impacting the FA estimates, T1-weigted images
were segmented into gray matter, white matter, and CSF using
FSL’s Automated Segmentation Toolbox (FAST). This analysis
outputs the probability that a given voxel belongs to each class
of tissue. A value of 0.3 was used to threshold and binarize
both the white matter and CSF maps. In the more conservative
approach, the binarized white-matter mask was used to extract
voxels in the probabilistic streamlines. These masked probabil-
ity maps were then used to extract and average the FA along
each pathway only in white matter. A second approach used
the binary CSF mask to exclude voxels considered by the seg-
mentation algorithm to be CSF, and the FA along each pathway
was extracted using the remaining voxels (i.e., white matter and
gray matter). In both approaches, FA values were normalized
by summing the probability-weighted FA values by the sum of
the total probability in the map. The FA values derived from
each methods of correcting for partial volume were associated
with cognitive and sensory function in qualitatively similar ways
(compare Figs 3 and 4 and Supplementary Figs S7 and S8).

The advantage of using probabilistic tractography instead
of ROI-based approaches in the macaque is 2-fold. First, tract-
tracing anatomical studies in nonhuman primates have made it
clear that fibers connecting two given regions are not uniformly
distributed within the white-matter bundles, through which
they course (Lehman et al. 2011). The voxel-by-voxel probabilis-
tic weighting of the FA data is able to account for this het-
erogeneity, whereas ROI-based approaches that use predefined
volumes instead of probabilistic streamlines cannot. Second,
white-matter atlases are not readily available in macaques as
they are in humans, but structural MRI atlases are (Bakker
et al. 2015), thereby making it easier to standardize seed regions
between studies.

Regions of Interest

All ROI masks were drawn on the T1 images using MRIcron
software with guidance from the (Bakker et al. 2015) open source

scalable macaque brain atlas. This atlas is based on 0.075 mm
MRIs averaged over 10 macaque monkeys of comparable weight
to the animals used in this study. ROIs for each extracted fiber
tract will be described in turn below.

Thalamic Segmentation
Each thalamus was segmented using anatomical landmarks
to yield ROIs contained within the anterior and mediodorsal
thalamic nuclei. Importantly, these ROIs do not encompass the
entirety of each thalamic region since the resolution of the scans
was not sufficient to reliably demarcate the boundaries of each
nucleus. Instead, this landmark-based approach is meant to
provide conservative estimates of each nuclei’s location with
good intersubject consistency. The landmarks used to delineate
each thalamic region are described below.

Anterior Thalamic Nuclei
The anterior border was set as the first section posterior to the
anterior commissure to contain thalamic tissue. The posterior
boundary was defined as the second section moving posteriorly
in the coronal plane, after which the anterior aspect of the third
ventricle splits into dorsal and ventral segments. Medially, the
anterior nuclei ROI was bounded by the midline, and the lateral
boundary was set by the internal medullary lamina.

Mediodorsal Thalamic Nuclei
The anterior boundary was set as the first section posterior to
the most caudal extent of the anterior thalamic nuclei ROI. The
posterior border was defined as the first coronal section anterior
to the section, in which the dorsal aspect of the third ventricle
rejoins the ventral aspect of the third ventricle. Medially, the
mediodorsal nuclei ROI were bounded by the midline, and the
lateral boundary was set by the internal medullary lamina.

Forebrain ROIs and Tractograhy Analyses
The procedures for drawing forebrain ROIs and the tractography
analyses performed with each are discussed in turn. Right and
left hemisphere pathways were tracked independently when
applicable.

Frontal Cortex, Frontal Thalamic Radiation, and Anterior Commissure
The frontal pole was the anterior border of the frontal cortex
ROI, and the posterior border was defined as the last section
anterior to the genu of the corpus callosum. Streamlines were
generated between the mediodorsal thalamic nuclei ROI and
frontal cortex ROIs. An inclusion mask was drawn to encom-
pass the white matter of the anterior segment of the internal,
external and extreme capsules, roughly at the level of the tem-
poral–frontal junction. Exclusion masks were used to prevent
streamlines from entering the uncinate fasciculus and amag-
dalofugal pathways into the anterior temporal lobes, as well
as along the longitudinal fasciculi to prevent streamlines from
being generated posteriorly. To extract the anterior commissure,
an inclusion mask was drawn through the midline of the ante-
rior commissure, and exclusion masks were drawn to exclude
posterior tracts, through the midline of the genu to exclude
tracts through the corpus callosum, and through the midline of
the brain beginning just anterior to the anterior commissure.

Hippocampus, Fimbria-Fornix, and Hippocampal Commissure
The entire anterior–posterior axis of the hippocampus was
included in this ROI. The anterior border of this ROI was the
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first section, in which the lateral ventricle at the junction
of the posterior extent of the amagdaloid complex and the
anterior hippocampus became visible. The posterior border was
defined as the first section, in which the posterior extent of
the lateral ventricles clearly gives way to hippocampal tissue,
generally occurring around the level of the splenium. The medial
boundary used was the border between the prosubiculum
and the surrounding parahippocampal or entorhinal cortex
(depending on A-P location), which occurs at the medial
most apex of the medial temporal lobe. All subfields of the
hippocampus proper were included in this ROI, as were the
prosubiculum, subiculum, presubiculum, and parasubiculum.
Streamlines were generated between the anterior thalamic
nuclei ROI to the hippocampus ROI. Two inclusion masks were
set: one at the dorsal-most extent of the fornix, just ventral to
the corpus callosum and dorsal to the mediodorsal thalamic
nuclei, and a second one posterior to the thalamus where the
caudal fornix becomes the fimbria of the hippocampus, roughly
at the level of the splenium. Exclusion ROIs were placed just
anterior to the thalamus to prevent streamlines from being
generated into the frontal and anterior temporal lobes via the
frontal and inferior thalamic radiations and uncinate fasciculus.
To extract the hippocampal commissure, streamlines were
generated between the right and left hippocampi to traverse
through the hippocampal commissure. An inclusion mask was
drawn through the hippocampal commissure in the coronal
sections, and exclusion masks were drawn to exclude fornix
streamlines.

Statistical Analyses

Behavioral Assessment
The reversal learning, reward devaluation, and visual-pattern
discrimination tasks were analyzed using repeated measures
ANOVAs. Post hoc tests were performed in every case using
unpaired t-tests. Delayed nonmatching-to-sample and spatial
delayed-response trials to criterion and average performance
across delays measures were analyzed with unpaired t-tests. In
all cases an alpha level of 0.05 was used, and P values underwent
Bonferroni–Holm correction when applicable.

Assessment of Sensory Function
ABR thresholds, latencies, and latency differences across dif-
ferent stimulus frequencies were analyzed with repeated mea-
sures ANOVAs. Analyses of ABR data averaged across stimulus
frequencies, as well as MLR and VEP data were analyzed with
unpaired t-tests. In all cases an alpha level of 0.05 was used, and
P values were Bonferroni–Holm corrected when necessary.

FA Comparisons
FA estimates from each thalamocortical projection were ana-
lyzed using repeated measures ANOVAs with age group (adult
and aged) and hemisphere (right and left) as factors. Post hoc
tests were performed in every case using unpaired t-tests. Again,
an alpha level of 0.05 was used.

Regression Analyses
The relationships between auditory, visual, and cognitive func-
tion, as well as the relationships between FA indices and sen-
sory and/or cognitive function were assessed using a robust
regression model. This regression method is an alternative to
least-squares regression, and is commonly used with compara-
tively smaller datasets since it is more robust in the presence

of outliers. In the auditory to cognitive function correlations,
auditory scores were the independent variables and cognitive
scores the dependent variables. In the FA to cognitive/sensory
function correlations, FA was the independent variable and cog-
nitive/sensory scores the dependent variables. In all cases the
significance criterion was P < 0.05.

Results
Auditory Temporal Processing Is Associated with
Cognitive Performance

Adult and aged monkeys completed a battery of six distinct
behavioral tests designed to probe frontal and temporal lobe-
dependent cognitive functions. Composite cognitive scores
indicated that older monkeys were significantly worse (lower
z-score) than were adults in performing the battery (t-test;
nadult = 6, naged = 5; P = 0.013, t = 3.06; Fig. 1B). Importantly, the
aged macaques were only impaired on tests of concurrent
reversal learning, visual discrimination, and reward devaluation;
whereas adult and aged animals performed equivalently on
tests of object discrimination, object recognition memory, and
spatial short-term memory (see Supplementary Figs S1–S5).
This selectivity indicates that age-related declines in distinct
aspects of cognition arise partially independently of one another
in macaques as is the case in humans (Glisky et al. 1995;
Fernandes et al. 2004). The same monkeys also underwent
three distinct tests of auditory and visual system function
using electrophysiological techniques. Composite sensory
scores indicated that sensory functioning was also significantly
worse (higher z-score) in the older animals compared to the
adults (t-test; nadult = 7, naged = 5; P = 0.0019, t = −4.16; Fig. 1C).
Again, despite clear age differences in this composite sensory
score, the older animals were not impaired on all measures.
In particular, adult and aged monkeys did not differ in their
auditory thresholds or visual system function, whereas older
animals showed clear auditory processing deficits as assessed
by the temporal ABR (see Supplementary Fig. S6).

Relationships between the three measures of sensory
function and the composite cognitive scores were assessed.
This analysis revealed that animals with less efficient auditory
processing abilities had lower overall cognitive scores than
did animals with better auditory processing capacities (robust
regression; n = 10; P = 0.027, r = −0.72, t = −2.70; Supplementary
Fig. 1D). On the other hand, auditory thresholds and visual
system function were not related to the composite cog-
nitive scores (robust regression, ABR threshold: P = 0.61,
r = −0.39, t = −0.52; temporal VEP, P = 0.72, r = −0.20, t = −0.38;
Fig. 1D).

Task-Specific Relationships between Auditory
Processing and Cognition

Next, relationships between the measures of auditory pro-
cessing and performance on each individual behavioral task
were assessed to determine which specific cognitive operations
were associated with hearing function. This analysis revealed
that only certain cognitive functions were related to auditory
processing, whereas others were not. In particular, better
auditory processing was significantly associated with better
performance on the tests of concurrent reversal learning (robust
regression; n = 10; P = 0.037, r = 0.67, t = 2.50; Fig. 2A), object
recognition memory (robust regression; n = 10; P = 0.00056,

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz275#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz275#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz275#supplementary-data
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Figure 2. Task-specific relationships between auditory processing and cognition. (A) Scatter plot of auditory processing measures (temporal ABR latency differences)
and the learning trials from the reversal learning task. (B) Scatter plot of auditory processing estimates and the difference score from the reward devaluation task. (C)
Scatter plot of auditory processing estimates and performance on the object recognition task. (D) Scatter plot of auditory processing estimates and performance on the

spatial short-term memory task. (E) Scatter plot of auditory processing estimates and performance on the visual discrimination of objects with overlapping features
task. (F) Scatter plot of auditory processing estimates and the estimated learning trial on the object discrimination task.

r = −0.64, t = −5.52; Fig. 2C), and the temporal lobe-dependent
visual discrimination of objects with overlapping features
(robust regression; n = 6; P = 0.032, r = 0.87, t = 3.23; Fig. 2E).
Conversely, estimates of auditory processing were not signif-
icantly associated with performance on the tests of reward
devaluation (robust regression; n = 8; P = 0.24, r = −0.49, t = −1.30;

Fig. 2B), spatial short-term memory (robust regression; n = 10;
P = 0.99, r = 0.0089, t = −0.0021; Fig. 2D), or object discrimination
(robust regression; n = 9; P = 0.98, r = −0.017, t = −0.02; Fig. 2F).
These results indicate that relationships between auditory
processing and cognition are cognitive domain-specific, rather
than generalizable across distinct cognitive operations.
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Importantly, age alone was not able to account for the
observed covariations between sensory processing and cogni-
tion as tested by a statistical model incorporating age, sensory,
and cognitive outcome measures (ANOVA; age F(1,10) = 0.46,
P = 0.51). Rather there was a significant interaction between age,
sensory and cognitive outcome measures (ANOVA; Age∗Modality
F(1,10) = 22.76, P = 0.0023).

Medial Temporal Lobe-Associated White Matter
Integrity Is Associated with Auditory and
Mnemonic Function

Diffusion MRI tractography approaches were used to assess
the microstructural condition of white matter associated with
the medial temporal lobe and frontal cortex. Two distinct
approaches were used to account for the possibility that
partial volume effects could have impacted FA estimates. Both
approaches resulted in FA measures that were comparable and
associated with auditory and cognitive function. The results
from the more conservative approach are shown in the main
text (Figs 3 and 4) and results from the other can be found
in Supplementary Figs S7 and S8. In all cases normalized FA
measures were extracted and relationships between these
structural measures and cognitive and sensory functioning were
assessed. Note that while it is not completely agreed upon what
FA change reflects functionally, this scalar value has been used
clinically to assess the microstructural condition of white matter
tracts in both normal and pathological conditions (Mori and van
Zijl 2002; Totenhagen et al. 2012), and is hypothesized to be an
indication of white matter integrity.

Right hemisphere fimbria-fornix FA (Fig. 3A,B) was signifi-
cantly lower in the aged macaques compared to adults (t-test,
P = 0.012, t = 3.16; Fig. 3C), although there were no age or hemi-
spheric differences when the left and right fimbria-fornix were
analyzed together (nadult = 6, naged = 5; ANOVA; age: F(1,10) = 1.29,
P = 0.27; hem: F(1,10) = 3.27, P = 0.09). Intriguingly, the animals
with greater right hemisphere fimbria-fornix FA also had better
auditory processing scores (robust regression; n = 10; P = 0.025,
r = −0.74, t = −2.74; Fig. 3D) and lower auditory pure-tone average
thresholds (robust regression; n = 10; P = 0.035, r = −0.71, t = −2.54;
Fig. 3E). Monkeys with higher right hemisphere fimbria-fornix
FA also performed a temporal lobe-dependent visual discrim-
ination task better than did animals with lower FA (robust
regression, n = 7; P = 0.04, r = −0.81; t = −2.73; Fig. 3F). Left hemi-
sphere fimbria-fornix FA was not associated with any measure
of auditory or cognitive function (robust regression; VD: n = 7,
P = 0.70, r = 0.18, t = 0.41; temporal ABR: n = 10; P = 0.74, r = 0.13,
t = 0.35; threshold ABR: n = 10; P = 0.81, r = 0.11, t = 0.24), and FA
measures from neither hemisphere were associated with visual
system function (robust regression; n = 10; left hem P = 0.77,
r = −0.13, t = −0.30; right hem: P = 0.11, r = −0.48, t = −1.98).
Hippocampal commissure FA (Fig. 3G,H) was significantly lower
in the aged macaques compared to adults (nadult = 6, naged = 5; t-
test, P = 0.049, t = 2.28; Fig. 3I). Similar to the case of the fimbria-
fornix, monkeys with the highest hippocampal commissure FA
exhibited trends indicating better auditory processing abilities
(n = 10; robust regression, r = −0.59, P = 0.09); Fig. 3J) and lower
auditory pure-tone average thresholds (n = 10; robust regres-
sion, r = −0.62, P = 0.073; Fig. 3K). Greater hippocampal com-
missure FA was, however, statistically significantly associated
with better discrimination abilities (robust regression, n = 7;
P = 0.048, r = −0.78; t = −2.60; Fig. 3L). Also like the fimbria-fornix,
hippocampal commissure FA was not associated with visual

system function (robust regression; n = 10; P = 0.75; r = −0.12;
t = −0.33). Together these findings indicate that the structural
variations reflected by FA estimates in hippocampus-associated
white matter map onto individual differences in auditory and
mnemonic function.

Frontal Cortex-Associated White Matter Connectivity
Is not Associated with Auditory Processing

To test the anatomical specificity of the associations between
hippocampus-associated white matter FA and auditory func-
tion, FA measures from two distinct frontal cortex-associated
white matter tracts were extracted. Frontal thalamic radiation
(Fig. 4A,B) FA was not different between adult and aged animals,
nor was there a difference between the two hemispheres
(nadult = 6, naged = 5; ANOVA, age: F(1,10) = 0.76, P = 0.40; hem:
F(1,10) = 0.01, P = 0.99; Fig. 4C). The FA of the frontal thalamic
radiations was not associated with auditory processing (robust
regression; n = 10; left hem P = 0.63, r = −0.16, t = −0.49; right hem:
P = 0.98, r = 0.005, t = 0.014; Fig. 4D), nor with auditory pure-tone
average thresholds (robust regression; n = 10; left hem: P = 0.98,
r = 0.03, t = 0.019; right hem: P = 0.52, r = 0.26, t = 0.68; Fig. 4E).
Similarly, the FA of the anterior commissure (Figs 4F,G) was not
different between adult and aged animals (nadult = 6, naged = 5;
t-test, P = 0.49; t = 0.73; Fig. 4H), nor was it associated with
auditory processing abilities (n = 10; robust regression, P = 0.30;
r = 0.40, t = 1.10; Fig. 4I) or auditory pure-tone average thresholds
(n = 10; robust regression, P = 0.75, r = −0.15, t = −0.33; Fig. 4J).
Neither frontal thalamic radiation nor anterior commissure
FA estimates were associated with VEP P75 latency differences
(robust regression; n = 10; frontal radiation—left hem: P = 0.88;
r = 0.06; t = 0.15; right hem: P = 0.79; r = 0.10; t = 0.21; anterior
commissure: P = 0.33; r = −0.38; t = −1.03; data not shown).

Again, age alone was not able to account for the observed
covariations between white matter FA, sensory outcome mea-
sures, and cognition (ANOVA; age F = 1.36, P = 0.25), and there
was a significant interaction between age, FA, and sensory and
cognitive processing scores (ANOVA; Age∗FA∗Modality F = 9.45,
P = 0.0007). Together, these results indicate that the significant
associations between medial temporal lobe-associated white
matter FA and auditory temporal processing and visual discrim-
ination abilities are not a result of general changes in white
matter across the aging brain, and support the hypothesis that
the temporal lobe may be particularly sensitive to functional and
structural changes that cause auditory function and medial tem-
poral lobe-dependent aspects of cognition to become associated
in older animals (see Discussion).

Discussion
Several findings from this study support the conclusion that
auditory processing abilities are selectively associated with
medial temporal lobe-dependent mnemonic function in aging
macaques. First, monkeys with better auditory processing
showed superior performance on tasks known to require the
integrity of medial temporal lobe brain structures. In contrast,
behaviors examined that require frontal cortical networks for
task solution were not associated with differential levels of
auditory processing. Second, a similar pattern of results was
observed between the FA, as assessed by dMRI, of subcortical-
and interhemispheric-projecting hippocampal white matter
tracts and behavior. Specifically, higher FA of hippocampal white
matter was related to better performance on tasks dependent

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz275#supplementary-data
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Figure 3. Relationships between hippocampus-associated white matter connectivity and auditory and mnemonic function. (A) Representative probability map of
voxels belonging to the right hemisphere fimbria-fornix overlaid on a T1-weighted MRI. (B) The same probability map overlaid on a FA map pseudocolored in copper.

(C) Box and whisker plots of fimbria-fornix FA estimates for each individual monkey separated by left and right hemisphere. Boxes represent the middle 50% of the
data, and horizontal lines mark the median of each distribution. Each filled circle indicates an individual monkey, with black circles representing adult animals and
gray representing the aged. Right hemisphere fimbria-fornix FA was significantly lower in aged macaques compared to adults. (D) Relationship between fimbria-fornix
FA estimates and estimates of auditory processing (temporal ABR). A significant relationship was observed between right hemisphere fimbria-fornix FA and auditory

processing capacities. (E) Relationship between fimbria-fornix FA and auditory pure-tone average thresholds. A significant relationship was observed between right
hemisphere fimbria-fornix FA and auditory thresholds. (F) Relationship between fimbria-fornix FA and the number of errors to criterion on the visual discrimination
task. A significant association was observed between right hemisphere fimbria-fornix FA and visual discrimination performance. Left hemisphere fimbria-fornix

connectivity was not associated with visual discrimination, auditory processing, or auditory thresholds. (G) Representative probability map of voxels belonging to the
hippocampal commissure overlaid on a T1-weighted MRI. (H) The same probability map overlaid on a FA map pseudocolored in copper. (I) Box and whisker plot of
hippocampal commissure FA estimates for each individual monkey. Aged monkeys had significantly lower hippocampal commissure FA than adults. Box and whisker
plot as in (C). (J) Relationship between hippocampal commissure FA estimates and estimates of auditory processing. (K) Relationship between hippocampal commissure

FA and auditory pure-tone thresholds. (L) Relationship between hippocampal commissure FA and the number of errors to criterion on the visual discrimination task.
A significant relationship was observed between hippocampal commissure FA and visual discrimination abilities.
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Figure 4. Relationships between frontal cortex-associated white matter connectivity and auditory function. (A) Representative probability map of voxels belonging to
the right hemisphere frontal thalamic radiation overlaid on a T1-weighted MRI. (B) The same probability map overlaid on a FA map pseudocolored in copper. (C) Box
and whisker plots of frontal thalamic radiation FA estimates for each individual monkey separated by left and right hemisphere. Boxes represent the middle 50% of

the data, and horizontal lines mark the median of each distribution. Each filled circle indicates an individual monkey, with black circles representing adult animals
and gray representing the aged. (D) Relationship between frontal thalamic radiation FA and estimates of auditory processing. In all scatterplots solid trend line indicate
statistically significant relationships, and dotted trend lines represent nonsignificant relationships. (E) Relationship between frontal thalamic radiation FA estimates
and auditory pure-tone average thresholds. (F) Representative probability map of voxels belonging to the anterior commissure overlaid on a T1-weighted MRI. (G) The

same probability map overlaid on a FA map pseudocolored in copper. (H) Box and whisker plots of anterior commissure FA estimates for each individual monkey. Box
and whisker plot as in (C). (I) Relationship between anterior commissure FA and estimates of auditory processing. (J) Relationship between anterior commissure FA
estimates and auditory pure-tone average thresholds.
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on medial temporal lobe structures, but not tasks dependent
on frontal lobe structures. Finally, higher auditory processing
abilities and lower acoustic thresholds were associated with
higher FA in long-range white matter tracts connecting the
hippocampus to other cortical and subcortical regions. There
was no relationship between FA in frontal cortical white matter
tracts and auditory function. Moreover, visual sensory function
measures were not associated with any of the behaviors
examined, or the FA of any white matter tract assessed.

Auditory Processing Is Associated with Medial
Temporal Lobe-Dependent Cognition

In this study, multiple estimates of cognitive and sensory func-
tion were acquired within the same group of monkeys ranging
in age from young adult to old. This allowed an assessment of
whether the cognitive or sensory measures changed in tandem
or showed unique patterns of change across age. Although audi-
tory thresholds were not associated with any aspect of cognition
in these animals, superior auditory temporal processing was
related to better overall cognitive function as assessed by a
composite score of the six tasks contained within the behavioral
battery. Three particular cognitive functions drove the associa-
tion between better auditory processing and higher overall cog-
nition–concurrent reversal learning, object recognition memory,
and visual discriminations of stimuli with overlapping features
(Fig. 2). Reward devaluation, spatial short-term memory, and
object discrimination abilities, on the other hand, showed no
relationship with auditory processing in these animals. Together
these observations indicate that auditory processing abilities
functionally covary with specific aspects of cognition in aging
macaques regardless of auditory acuity.

The three tasks that were related to auditory processing are
known from previous lesion studies in macaques to depend on
the integrity of brain structures in the medial temporal lobe. For
the concurrent reversal learning task, it is known that lesions
to the inferotemporal cortex result in impairments (Wilson
and Gaffan 2008). The object recognition memory and visual
discrimination tasks, on the other hand, are known to require
interactions between the adjacent perirhinal cortex and other
medial temporal lobe structures (Zola-Morgan et al. 1989; Buffalo
et al. 2000; Baxter and Murray 2001; Yassa and Stark 2011). Two
cognitive functions not associated with auditory processing,
reward devaluation and spatial short-term memory, have a
stronger reliance on orbitofrontal and dorsolateral prefrontal
cortex integrity, respectively (Funahashi et al. 1993; Baxter
et al. 2000; Rudebeck et al. 2013). The FA of the frontal thalamic
radiation and the anterior commissure that connects prefrontal
cortical structures with other brain areas was not associated
with these two behaviors in our study. This could suggest either
that different frontal cortical white matter systems are more
important in these behaviors, or that these particular behaviors
are independent of frontal cortex white matter condition.

One thing to consider in interpreting these data is that the
bulk of auditory processing in the macaque forebrain occurs
in the temporal lobe, primarily along the superior temporal
gyrus (Kaas and Hackett 2000; Recanzone and Sutter 2008). Thus,
some of the specificity in these relationships might be explained
by heterogeneity in patterns of molecular and cellular aging
between the frontal and temporal lobes. This could bias brain
functions with neuroanatomical substrates within the same
lobe to functionally covary across the lifespan more than brain
functions driven by more anatomically segregated circuits.

Auditory Processing Is Associated with Hippocampus
White Matter FA and Cognitive Performance in
Specific Domains

Diffusion MRI results were also analyzed to determine whether
sensory and cognitive processing abilities are associated with
the FA of circuits in the medial temporal lobe and frontal cortex.
Monkeys with higher FA values in the hippocampal commissure
and right hemisphere fimbria-fornix showed a better ability to
discriminate stimuli with overlapping features in a temporal
lobe-dependent visual discrimination task. This agrees with the
current understanding that neuronal computations in medial
temporal lobe networks give rise to this cognitive function
(Baxter and Murray 2001; Bartko et al. 2007; Yassa and Stark 2011;
Ahn and Lee 2015). Animals with higher FA in both pathways
also had greater auditory processing abilities and lower acoustic
thresholds. These data indicate that age-associated structural
and functional alterations in the medial temporal lobe that
worsen the ability to discriminate visual patterns with high
feature overlap occur alongside the structural and functional
changes that reduce auditory processing in older individuals.
These dMRI data might provide a functional explanation for
the observation that animals with better visual discrimination
abilities had superior auditory processing (Fig. 2).

Auditory processing abilities and pure-tone average thresh-
olds were not associated with FA in two distinct frontal cortex-
associated projection systems (Fig. 4). This indicates that
the observed relationships between auditory processing and
hippocampus-associated white matter FA is not due to global
changes in white-matter composition across the aging brain.
Together these results further suggest that auditory temporal
processing and medial temporal lobe-dependent cognitive
function become associated across the lifespan in part due to
differential alterations in temporal versus frontal lobe function.

Visual Processing Ability Was not Correlated with
Auditory Processing, White Matter Tract Integrity,
or Cognition

Given the strong associations observed between audition, white
matter FA, and cognition, it was surprising that visual responses
did not show any association with the measurements of brain
and cognitive function tested here. Because we did not conduct
exhaustive cognitive and sensory tests, we cannot rule out that
associations may emerge if dMRI analyses of other white matter
tracts and behaviors are carried out in future experiments.

Potential Factors Driving Regionally Selective
Functional Covariations across the Lifespan

A number of factors might be responsible for the associations
observed between specific brain regions, sensory and cognitive
function during the aging process. Among others, sharing vascu-
lar perfusion characteristics, specific intralobular connectivity
patterns, or lobe-specific embryological origins might be con-
sidered.

It is possible that regional differences in neurovascular func-
tion between the frontal and temporal lobes may bias auditory
abilities to covary with medial temporal lobe-dependent cog-
nitive operations. Neurovascular dysfunction is often observed
during normative aging and can initiate a series of molecu-
lar events that influence physiology in the regions impacted
(Nelson et al. 2016; Sweeney et al. 2018). There is evidence that
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occlusions of specific cerebral arteries give rise to task-specific
cognitive impairments (Fabiani et al. 2014), indicating that not
all brain functions are impacted equally following a given vas-
cular insult. Thus, it is not unreasonable to propose that lobar
differences in neurovascular function across the lifespan could
contribute to the covariation between temporal lobe sensory
and cognitive operations. This hypothesis is potentially exper-
imentally testable and could be accomplished by combining
regional measures of vascular function with tests of sensory
and cognitive tests dependent on networks within specific brain
areas.

Another possibility is that the extent of neuronal connectiv-
ity between regions determines the degree to which their func-
tions covary, possibly through side effects associated with age-
associated hyperexcitability (Juarez-Salinas et al. 2010; Yassa
et al. 2011; Thomé et al. 2015) or changes in synaptic func-
tion (Burke and Barnes 2006; Hara et al. 2012; Morrison and
Baxter 2012). In support of this idea, anatomical tract-tracing
studies indicate that auditory cortex sends direct projections
to and receives projections from brain regions in the medial
temporal lobe, including the perirhinal and parahippocampal
cortices (Seltzer and Pandya 1978; Suzuki and Amaral 1994;
Kaas and Hackett 1998). A connectivity hypothesis of functional
covariation of sensory and cognitive operations can only par-
tially explain these observations, however, because long-range
connections also exist between the auditory cortices and the
frontal lobe (Romanski et al. 1999).

Finally, distinct embryological origins and developmental tra-
jectories of the frontal and temporal lobes may predispose cells
and circuits in each lobe to succumb to different age-related risk
factors. For example, inhibitory interneurons that migrate into
frontal and parietal cortices have a distinctly different pattern
of transcription factor expression (i.e., enriched with COUP-TFII
and Sp8) from those destined to migrate into temporal and
occipital cortices (that are enriched with Sox6) (Ma et al. 2013).
It possible that inhibitory cells in the temporal lobe, known to
participate in circuit excitability with aging, are differentially
vulnerable to the effects of age. This hypothesis is consistent
with the idea that frontal cortical interneurons are somehow
protected against these age-related changes because of different
patterns of gene expression. In support of this is the obser-
vation from single unit recording studies conducted in rhesus
macaques that firing rates are not elevated with age in frontal
lobe networks (Wang et al. 2011), suggesting preservation of
excitatory/inhibitory circuit balance in this region.

These hypotheses are not necessarily mutually exclusive,
and remain to be verified by empirical examination. Wingfield
and colleagues have suggested that auditory processing deficits
impact cognition through supplementary recruitments of cer-
tain frontal and temporoparietal brain regions during acoustic
information processing in older individuals (Peelle et al. 2010;
Peelle et al. 2011). The data presented in this study suggest that
one factor contributing to the differential use of circuits required
for normal acoustic performance in older people may be the
vulnerability of the temporal lobe during aging. This may trigger
a recruitment of circuits that can compensate for and normalize
behaviors that would otherwise be impaired in older individuals.

Conclusion
The present study combined electrophysiological assessments
of auditory and visual system function with dMRI in a colony of
behaviorally characterized aging macaques. The results indicate

that auditory system function, temporal lobe-dependent cogni-
tion and white-matter composition covary across age. This rela-
tionship to auditory function was not observed with frontal lobe-
dependent tasks or frontal lobe white matter characteristics.
This suggests that sensory and cognitive functions driven by
temporal lobe processing are impacted by age in a selective man-
ner in part due to regionally selective structural and functional
variations. Future studies designed to understand covariations
in the impact of aging on distinct sensory and cognitive brain
regions will further our understanding of how neuronal net-
works compensate for, and adapt to functional alterations that
arise across the aging brain. Such studies will not only provide
fruitful insights into sensory contributions to cognitive decline
in older humans, but also may illuminate better approaches to
reduce the incidence of cognitive impairments that arise from
normative brain aging and neurodegenerative disease.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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