
Structural and functional variations in the prefrontal cortex are 
associated with learning in pre-adolescent common marmosets 
(Callithrix jacchus)

Hayley Ash1, Arnold Chang2, Richard Ortiz2, Praveen Kulkarni2, Beth Rauch3, Ricki 
Colman1,4, Craig F. Ferris2, Toni E. Ziegler1

1Wisconsin National Primate Research Center, University of Wisconsin, Madison WI

2Center for Translational NeuroImaging, Northeastern University, Boston MA

3Department of Medical Physics, University of Wisconsin, Madison WI

4Department of Cell and Regenerative Biology, University of Wisconsin, Madison WI

Abstract

There is substantial evidence linking the prefrontal cortex (PFC) to a variety of cognitive 

abilities, with adolescence being a critical period in its development. In the current study, we 

investigated the neural basis of differences in learning in pre-adolescent common marmosets. 

At 8 months old, marmosets were given anatomical and resting state MRI scans (n=24). At 

9 months old, association learning and inhibitory control was tested using a ‘go/no go’ visual 

discrimination (VD) task. Marmosets were grouped into ‘learners’ (n=12) and ‘non-learners’ 

(n=12), and associations between cognitive performance and sub-regional PFC volumes, as well 

as PFC connectivity patterns, were investigated. ‘Learners’ had significantly (p<0.05) larger 

volumes of areas 11, 25, 47 and 32 than non-learners, although ‘non-learners’ had significantly 

larger volumes of areas 24a and 8v than ‘learners’. There was also a significant correlation 

between average % correct responses to the ‘punished’ stimulus and volume of area 47. Further, 

non-learners had significantly greater global PFC connections, as well as significantly greater 

numbers of connections between the PFC and basal ganglia, cerebellum and hippocampus, 

compared to non-learners. These results suggest that larger sub-regions of the orbitofrontal cortex 

and ventromedial PFC, as well more refined PFC connectivity patterns to other brain regions 

associated with learning, may be important in successful response inhibition. This study therefore 

offers new information on the neurodevelopment of individual differences in cognition during 

pre-adolescence in non-human primates.
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1 Introduction

1.1 Development of the brain and cognition

The study of normal brain development and cognitive function in childhood and adolescence 

has gained increased attention, due to the importance of understanding neurodevelopmental 

disorders. The common marmoset is uniquely suited for such research (Fukushima et al, 

2019), due to their sophisticated cognitive abilities (Saito, 2015), as well as similar brain 

organization (Chaplin et al, 2013) and patterns of aging to humans (Workman et al, 2019; 

Sawaik et al, 2018). Like humans, marmosets have a highly developed prefrontal cortex 

(PFC) (Paxinos et al, 2012; Roberts et al, 2007) and can successfully perform a range of 

prefrontal dependent tasks (eg. LaClair & Lacreuse, 2016), including those that require 

cognitive control, ie. goal-directed, rather than habitual responding (Balleine and O’Doherty, 

2010), which can be assessed with asymmetric ‘go/no-go’ tasks (Iversen and Mishkin, 

1970).

Adolescence, the period of physical and psychological maturation between childhood and 

adulthood (Sisk and Foster, 2004), is accompanied by significant structural and functional 

reorganization of the brain (review: Blakemore et al, 2010; Sisk and Foster, 2004; Resnick 

et al, 2007). Neuroimaging studies have found that grey matter volumes follow a U-shape 

trajectory, with widespread cell proliferation early in development (Tanaka et al, 2012). 

Volumes then start declining in adolescence, due to pruning of the extensive connectivity 

acquired in childhood (Anderson et al, 1995). Cognition also changes considerably at this 

time, including reward processing (van Duijvenvoorde et al, 2016) and inhibitory control 

(marmosets: Ash et al, 2020), with impulsivity showing an inverted U-shaped trajectory, 

peaking at the time of pubertal maturation (Steinberg and Monahan, 2007). Non-invasive 

MRI, combined with performance in tasks outside the scanner, provides the opportunity to 

investigate neural substrates of such behaviour during development (Poirier et al, 2021).

1.2 Sex differences in the brain and cognition

Similar brain maturational patterns and PFC volumes have been found in males and females 

(marmosets: Sawaik et al, 2018; Seki et al, 2017). However, grey matter volume has been 

found to peak earlier in females than males (rhesus macaques: Knickmeyer et al, 2010), 

which may relate to the timing of puberty (Lenroot et al, 2007). Steroid hormones could also 

promote sex differences in the brain and cognitive abilities (Goldman et al, 1974; Goldman, 

1975), with studies in rhesus macaques finding that male infants develop reversal learning 

earlier than female infants. However, there were no sex differences in juveniles, suggesting 

that the OFC matures earlier in males than females, possibly due to higher androgen levels 

(review: Bachevalier and Hagger, 1991; Hagger et al, 1987).

1.3 PFC sub-regions and cognitive ability

Many studies have highlighed the crucial role of the PFC in learning (D’Esposito et al., 

1995; Williams and Goldman-Rakic, 1995; Dias et al., 1996; Owen et al., 1996; review: 

Alvarez and Emory, 2006), with several studies in humans finding positive associations 

between PFC volume and cognitive functioning (Gunning-Dixon and Raz, 2003; Colom 

et al, 2013). Although there have been differences in results between studies of regional 
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volume (Yuan and Raz, 2014), research has found consistent developmental correlations 

between PFC activation and cognitive performance in children (Moriguchi & Hiraki, 2009; 

2011; 2013).

The PFC consists of multiple cortical areas that support different aspects of behaviour 

(Yuan and Raz, 2014), with lateral areas involved in higher-order rule-based behaviour, and 

ventral/medial areas involved in lower-order reinforcement learning (Murray et al, 2000), 

including suppression of irrelevant responses (Mazzola-Pomietto et al, 2009; Matthews et al, 

2005). The orbitofrontal cortex (OFC) is particularly important for changing an established 

behaviour following unexpected outcomes (review: Schoenbaum et al, 2009; marmosets: 

Roberts, 2006; Rolls et al, 1994), and is most often associated with motivational control 

of goal-directed behaviour in non-human primates (Wallis and Miller, 2003; Gottfried et 

al, 2003; O’Doherty et al, 2002; Hikosaka and Watanabe, 2000; Hikosaka and Watanabe, 

2004; Padoa-Schioppa and Assad, 2006). Human neuroimaging studies also implicate the 

dorsolateral PFC and anterior cingulate cortex (ACC) in instrumental approach-avoidance 

paradigms (Aupperle et al, 2015; Schlund et al, 2016; Croxson et al, 2009). However, 

relationships between cognition and specific sub-regions can be unclear (Roberts and 

Clarke, 2019).

1.3 PFC connectivity and cognitive ability

The PFC is highly interconnected to the rest of the cortex (Fuster, 2001), and so strong 

projections to other brain areas could promote cognitive functions. Connectedness with other 

regions associated with motivation, learning and memory, including limbic (ie. amygdala, 

hippocampus, thalamus, hypothalamus) and basal ganglia structures (review: Barbas, 2000), 

as well as the cerebellum (Van Overwalle et al, 2020), may therefore be better predictors of 

individual cognitive control than volume of isolated areas (review: Friedman and Robbins, 

2022; Voss et al, 2010a,b; Barbas, 1992).

Resting state functional connectivity (rsFC) is a useful non-invasive tool to investigate 

whole-brain circuitry (Belcher et al, 2013), with brain networks underlying cognitive control 

thought to have especially high connectivity (Cole et al, 2010; Miller and Cohen, 2001). 

Studies have found that specific connections (eg. Jung and Haier, 2007), global connectivity 

(eg. van den Heuvel et al, 2009) and PFC sub-region global connectivity (Cole et al, 

2012) are associated with intelligence. However, children and adolescents have broader, 

less focal activation patterns than adults, suggesting that there is more effective recruitment 

of neural resources with age, as activity decreases in regions other than those needed for 

the task (Casey et al, 2010). Adolescents also have heightened activity in limbic areas (eg. 

Galvan et al, 2006), and so immature connections between the PFC and limbic system 

may therefore underlie greater impulsivity in the peri-puberty period (Casey et al, 2008). 

However, functional connectivity patterns have not been examined in young (under 1 year 

old) marmosets in relation to learning.

In the current study, we aimed to determine the relationship between performance in a 

‘go-no go’ visual discrimination task, requiring association learning and response inhibition 

(Iversen and Mishkin, 1970), and both PFC structure and connectivity in 8–9-month-old 

marmosets (equivalent to a 6–10 year old child), as well as look at sex differences. Based 
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on previous research, we predicted that successful learners would have larger volumes of 

PFC sub-regions, particularly those in the OFC, than those who failed to learn the task, with 

possible sex differences due to earlier male development. We also predicted that successful 

learners would have more efficient connectivity patterns between the PFC and other brain 

regions, compared to non-learners.

2 Method

2.1 Subjects

Twenty-four common marmosets (11 male, 13 female) housed at the Wisconsin National 

Primate Research Centre (WNPRC) were studied. All were born into the colony at the 

WNPRC, and were family reared from birth. The animals were housed in their natal group, 

with group sizes ranging from 3–9. Each had results from cognitive testing at approx. 9 

months old to compare with anatomical and resting state data at approx. 8 months old. 

Twelve marmosets learned the task, while twelve did not learn the task in the 6-week 

time period (including 2 marmosets who didn’t progress onto visual discrimination (VD) 

learning, as they failed to perform to criteria on the initial familiarization task- see section 

2.4.2). Mean age at cognitive testing was not significantly different between males and 

females (mean M=9.71, mean F=9.84: t=−0.756, P=0.458), nor between learners and non-

learners (mean L=9.74, mean nL=9.82: t=−0.453, P=0.655). Mean age at imaging was not 

significantly different between males and females (mean M=8.99, mean F=8.96: t=0.143, 

P=0.887), nor between learners and non-learners (mean L=8.93, mean nL=9.02: t=−0.576, 

P=0.571). Table 1 shows our study sample, split by sex and VD learning ability.

2.2 Housing and husbandry

Marmosets were housed in aluminium and wire mesh cages, containing a variety of cage 

furnishings, including a nest box, platforms, wooden perches and rope ladders, to encourage 

species-typical behaviour. Novel hanging objects were introduced on a rotational basis. 

The monkeys had auditory and olfactory contact with conspecifics, although visual contact 

was limited with a partition. Single cages measured 0.61m × 0.91m × 1.83m (containing 

families of 3); double cages measured 1.22m × 0.91m × 1.83m (containing families of 

4 or more). The marmosets received 2 daily feedings: at approximately 8:00 they were 

given primate diet (Mazuri 5MI6, Land O’Lakes, Arden Hills, MN) and at 13:00 they were 

given a variety of fruit and vegetables. Extra protein, including yoghurt, eggs or nuts, were 

provided between these times, as well as other enrichment, such as gum or small parcels 

of fruit. To encourage participation during cognitive testing periods, the marmosets received 

their primate diet as normal, but extra protein and enrichment items were withheld until 

directly after testing. Water was provided ad libitum. Lighting was maintained on a 12:12 

light/dark cycle (lights on at 6:30 to 18:30), with ambient temperature at approximately 

27°C and humidity at approximately 50%. Every 2 weeks cages were changed and cleaned, 

and animals were weighed.

As part of an ongoing longitudinal study following individuals from infancy to young 

adulthood to look at the effect of dietary fat on development of adolescent depression, each 

marmoset was assigned to a diet condition at 6 months of age (prior to which all were 
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given the standard low-fat colony diet). However, previous research has found no effects on 

metabolic parameters until at least 3 months after the onset of the new diet (Zeigler et al, 

2013), and no diet differences in cognition were found at 9 months in the current study.

2.3 MRI scanning at 8 months old

2.3.1 Apparatus—We used the novel equipment and imaging technique fully described 

in Ziegler et al (2020) to obtain MRI scans of awake 8-month-old marmosets. A quadrature 

transmit/receive (T/R) volume coil was developed with an ID of 52 mm and length of 120 

mm and integrated into a unique head and body restraining system. A semi-flexible head 

cradle, which could be slid onto the marmoset’s head, was anchored into the coil by side 

screws. A jacket was put on the marmoset, which secured them into the body tube with 

Velcro. To reduce noise, earplugs were pressed over the ear canal of the marmoset. The 

head coil and body tube were then mounted onto a chassis with a built-in shield, which was 

positioned in the magnet and locked into place. The entire procedure took approximately 15 

minutes, following acclimation to the apparatus.

2.3.2 Acclimation sessions—Before the imaging session, monkeys were acclimated to 

the apparatus over 4 weeks, following the procedure detailed in Ziegler et al (2020). Briefly, 

all marmosets were given 2 acclimation sessions per week, lasting around 30–45 mins each. 

Marmosets were first introduced to the jacket and plexiglass restraint tube, then allowed 

to habituate to these for longer periods of time. They were then introduced to the head 

restraint and coil, before being restrained in the entire system of jacket, tube, head holder, 

ear plugs and coil for increasing periods of time. Finally, MRI noises were also added. The 

marmosets were given a favoured drink (Ensure ®, Abbott Laboratories) to reward their 

cooperative behaviour during acclimation (and in imaging sessions). A behavioural rating 

scale (from 1: quiet throughout restraint, to 8: agitated throughout restraint) was used to 

assess the individual animals’ tolerance to the restraint procedure, with a score of 4 and 

below considered acclimated for imaging, while animals with a score of 5 or above were not 

imaged. All subjects in the current study received a score of 2–4, and so were imaged.

On the day of the MRI session, the marmosets were removed from their families and 

transported to the Wisconsin Institute of Medical Research (WIMR), an approximately 

5-minute drive from their housing location. Each marmoset was fitted into the restraint 

system while awake and positioned into the bore of the magnet.

2.3.3 Anatomical and resting state functional connectivity—All MR images 

were acquired on a 4.7 T Agilent (Agilent Technologies, Santa Clara, CA USA) small 

animal imaging scanner. High resolution T2 weighted anatomical scans of the full brain (34 

slices; 1 mm thick; FOV 4.5 cm; matrix size 256×256; TR 2665 ms, TE 38 ms, TE 38 

ms) were acquired using FSEMS pulse sequence. A single shot spin echo EPI resting state 

functional connectivity scan (34 slices; 1 mm thick; FOV 4.5 cm; matrix size 96 × 96; TR 

3.0 s, TE 60 ms) was then acquired for 10 minutes.

A pre-defined MRI Marmoset Brain Atlas containing 234 brain regions was used for 

segmentation of different regions of the brain and labelled accordingly. Each subject was 

normalized for total brain volume for each area, and so values are based on percent of total 
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brain volume (raw data was measured in mm^3). Fifteen areas were identified as sub-regions 

comprising the marmoset PFC, based on the Marmoset Brain Atlas (see Ziegler et al, 2020). 

Nomenclature for the areas of the PFC and their division within the PFC were based on 

Paxinos et al, 2000 (rhesus macaque atlas), looking at axial sections at the level of the genu 

of the corpus collosum and anterior to that (frontal pole). These areas generally correspond 

to those in humans (eg. Fukushima et al, 2019), and are associated with cognitive function 

in marmosets (eg. Roberts and Clarke, 2019). Table 2 shows each PFC area used in analysis, 

including the general PFC division they lie within, and figure 2 shows a dorsal view of each 

PFC area used in analysis.

2.3.4 rsFC image processing and analyses—Software used in the pre-processing 

of rsFC data include Analysis of Functional NeuroImages (AFNI_18.3.16), Advanced 

Normalization Tools (ANTS_3.0.0.0), MINC Toolkit (MINC_1.9.16) and FMRIB Software 

library (FSL_6.0.3). Matlab was used for the seed-to-seed functional connectivity analysis.

Functional data were first denoised due to the presence of motion spikes, which was 

followed by slice timing correction from an interleaved slice acquisition order. A 2-step 

affine motion correction procedure was applied using the first volume as a reference. To 

improve registration, a common template was constructed to realign each subject, and affine 

transformations were then applied to transform each subject to this new common template. 

The realigned subjects were registered to the MRI Marmoset Brain Atlas (Ekam Solutions 

LLC, Boston, MA USA) using 3 rotation factors, 3 translation factors and 3 scale factors. 

Seven marmosets were excluded (1 due to a corrupt file and 6 due to poor registration to the 

atlas), resulting in a sample size of 8 learners (5 male, 3 female) and 9 non-learners (3 male, 

6 female)- see Table 1. Masking and skull-stripping was subsequently applied, using the 

same atlas as a reference. Each subject was then detrended and spatially smoothed (FWHM 

= 1.5mm) and passed through band-pass filtering (0.01 Hz ~ 0.1 Hz) to reduce the effects of 

low-frequency drift.

For each subject, the mean time series was computed for each brain region and then 

normalized across all volumes. Ten of these brain regions were not captured due to 

insufficient resolution. The subjects remaining were grouped into Learners and Non-learners 

and within group comparisons were carried out. The Pearson’s correlation coefficient 

was computed across all 224×224 pairs of brain regions remaining to determine the 

pairwise temporal-spatial correlations in spontaneous BOLD fluctuations. The Fisher’s 

Z transformation was first applied to the Pearson’s correlation coefficients to enforce 

normality. A two tailed t-test (alpha=0.05) was carried out to assess whether the mean 

correlation was significantly different from 0. The Benjamini-Hochberg correction was 

applied (alpha=0.05) to control the FDR. To assess the presence of clusters of functional 

networks, the k-nearest neighbors method was performed to each group’s Z-score matrix. A 

threshold of Z=2.3 was applied to avoid any spurious or weak node connections (Worsley et 

al, 1992) and improve statistical power.

2.3.5 Graph theory analysis: Degree centrality—Computation of graph theory 

network analysis was calculated via Gephi, an open-source network and visualization 

software (M.B, S.H, M.J. 2009). For both learners and non-learners, the absolute values 
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of their respective symmetric connectivity matrices were loaded as undirected networks. The 

measurement of degree centrality (binary) examines the number of connections a specific 

node has to the network. Degree centrality is defined as:

CD j = ∑
j = 1

n
Aij

where n is the number of rows in the matrix in the adjacency matrix A and the elements of 

the matrix are given by Aij, the number of edges between nodes i and j.

2.4 Cognitive testing at 9 months old

2.4.1 Apparatus—A custom-made testing box was designed, which easily attached to 

the front of the marmosets’ homecage (see Ash et al, 2020). Stimuli were presented on a 

tray, which was attached to the outside of the test box. Grey plastic horizontal rectangular 

blocks were used during testing (Fig 1). Reference blocks (rewarded S+ and unrewarded 

S−) were 2cm and 10cm long (both 2cm high × 2cm wide). In order to counterbalance the 

rewarded and unrewarded stimuli, half the animals were allocated the largest block and the 

other half were allocated the smallest block as S+ (Bethell et al, 2012). Prior preference 

testing using dichotomous choice tests revealed that banana cereal or animal crackers would 

be suitable, low calorie rewards that the marmosets were willing to work for. A small piece 

of the preferred food item was placed under each stimulus (S+, S−), to avoid olfactory cues.

2.4.2 Visual discrimination test—A single researcher conducted all cognitive testing 

sessions in the homecage, so animals remained in their family environment. Each marmoset 

received habitation to the test box and stimuli at 3 months old (see Ash et al, 2020 for full 

details). At 9 months old, the marmosets were allowed to re-familiarize themselves with the 

testing box and stimuli, during which time they were encouraged to reach out of the testing 

box to touch the S+ for a food reward (which was manually uncovered for access), until 

they obtained criterion (80% correct trials on 3 consecutive days). Correct S+ responses was 

therefore a test of motivation to perform the task.

Sessions were carried out once a day, 4 days a week (Monday, Tuesday, Thursday, Friday) 

between 10:00–13:00 (between am. and pm. feedings). If there were persistent escape 

attempts for more than 10 seconds, the marmoset was immediately allowed to leave the 

testing box, given a break and encouraged to complete the session once calm. If the 

marmoset continued their escape attempts, the session was repeated at a later date. All 

sessions lasted for 15 minutes, or if the marmoset had earned the maximum number of 

rewards (10 pieces).

Visual discrimination (VD) training sessions then involved ‘go/no go’ trials, in which single 

stimuli were presented (Burman et al, 2008), with a 2 sec inter-trial interval for responses. 

Correct ‘go’ responses to S+ (a touch of the stimulus) were rewarded with access to a treat 

on a 100% fixed ratio schedule. If there was no response within the 2 sec period, the next 

trial was presented. Correct ‘no go’ responses to S− (no touch of the stimulus) were not 

rewarded with a treat (ie. it was not uncovered for access). Incorrect ‘go’ responses to S− 
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were followed by a 5 sec time-out ‘punishment’ (following Pryce et al, 2004). Correct S− 

responses was therefore a test of inhibition. As touching the S− would result in a timeout, 

the ‘reward’ for correctly with-holding a response was a quicker inter-trial period.

Twenty trials were evenly divided between S+ and S− sizes (10 rewarded, 10 unrewarded) 

on a pseudorandom schedule. No more than 2 rewarded or unrewarded sizes were presented 

consecutively (Burman e al, 2008), and the first and last trials were always rewarded. The 

marmosets were considered to have learned the visual discrimination task when they were 

responding correctly on 80% of S+ trials and 80% of S− trials (Bethell et al, 2012) on 3 

consecutive sessions. A 6-week learning period was imposed.

Responses were video recorded and scored following the session. The number of sessions 

to criterion (from first to last day), cumulative number of errors to reach criterion (sum of 

incorrect go/no-go responses over all sessions), and average % correct responses to S+ and 

S− were recorded as an indication of learning ability. Although we made every effort to 

encourage each individual to complete the task, they were never forced to perform. Those 

that did perform (ie. reached criteria on the familiarization task and continued to respond 

during VD testing, although failed to learn the task in the time) were given a ceiling value 

of 24 (maximum number of sessions available). Figure 1 shows a pre-adolescent marmoset 

performing the cognitive task inside the testing box (inset: stimuli presented during the task).

2.5 Statistical analysis

2.5.1 Sex and learner differences in learning measures—As sample sizes were 

too small when split by sex and learning group, learning measures were assessed separately 

for males/females and learners/non-learners. Due to non-normality of data, Mann-Whitney 

U tests were conducted to look at differences between males and females, as well as 

differences between learners and non-learners, in the 4 learning measures.

2.5.2 Effect of sex and learning ability on PFC total and sub-regional 
volumes—As PFC volume data was normally distributed (assessed using Kolmogorov 

Smirnov tests), independent samples t tests were conducted to examine sex (male/female) 

and learning ability (learner/ non-learner) effects on whole PFC normalized volume.

A repeated measures ANOVA with between subject of sex and within subject of PFC 

sub-region was conducted to examine main effects and interactions. A repeated measures 

ANOVA with between subject of learning ability and within subject of PFC region was also 

conducted to examine main effects and interactions. Follow up independent samples t tests 

were carried out to understand any interaction effects.

2.5.3 Associations between learning measures and sub-regional PFC 
volumes—Each learning parameter was also assessed separately, as individuals may 

differ in their motivation (eg. average % correct s+) or impulse control (eg. average 

% correct s−). Due to non-normality of learning parameters, we used Spearman’s rank 

correlations to assess the relationship between normalized volume of PFC sub-regions 

and number of sessions to criterion, cumulative number of errors to reach criterion, and 

average % correct responses to S+ and S−. Statistical analyses were conducted in SPSS, 

Ash et al. Page 8

Behav Brain Res. Author manuscript; available in PMC 2023 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and level of significance was ≤0.05. Although multiple tests were carried out, Bonferroni 

adjustments were not made, to allow maximum information to be extracted from the data, 

and independent assessment of the validity of results (Caldwell et al., 2005).

2.5.4 Effect of learning ability on PFC rs functional connectivity—Statistical 

analysis of the graph theory methods was calculated via GraphPad Prism version 9.0.0 for 

MacOS, GraphPad Software, San Diego, California USA, www.graphpad.com. Normality 

tests of learner and non-learner neural regions were performed to examine if parametric or 

non-parametric assumptions were required. Shapiro-Wilk’s tests were performed to examine 

normality assumption. Regional degree centrality p-values that were greater than 0.05 

were assumed to be normal. After assumptions of normality were validated, unpaired t 

tests were used to compare degree centrality differences between groups. When necessary, 

a nonparametric Mann-Whitney test was performed if there was evidence against the 

normality assumption.

Global degree centrality analysis measured nodal connections to the entire network, while 

local analysis (sparcification) measured degree centrality exclusively between regions. 

Global and isolated PFC connections were examined, as well as local PFC connections 

to the limbic system (amygdala, hippocampus, thalamus and hypothalamus), basal ganglia 

and cerebellum. Choice to look at these particular regions was driven by evidence in the 

literature. A list of the nodes of these regions are detailed in Supplementary Material 1.

2.6 Ethics statement

Housing conditions were approved by the Institutional Animal Care and Use Committee 

(IACUC) of the Office of Vice Chancellor for Research and Graduate Education at 

the University of Wisconsin, Madison. The facility meets ALAAC approval and USDA 

standards. The current study meets the standards and approval of the IACUC, with funding 

from NIH HD086057, and complies with legal and ethical requirements in the USA. The 

study adheres to the American Society of Primatologists Principles for the Ethical Treatment 

of Non-human Primates, and the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals (NIH Publications No. 8023, revised 1978).

3 Results

3.1 Sex and learner differences in learning measures

Number of sessions to criterion was significantly higher in females than males (U=26.5, 

P=0.022), although there were no significant differences between males in females in 

total number of errors (U=31.50, P=0.060), average % correct s+ (U=35.00, P=0.099) and 

average % correct s− (U=44.00, P=0.291).

Significant differences were found between learners and non-learners in all 4 measures 

examined. Sessions to criterion and cumulative errors to criterion were significantly higher 

for non-learners than learners (U=2.00, P<0.001; U=4.00, P<0.001). Average % correct 

s+ and average % correct s− were significantly lower for non-learners than learners 

(U=9.00, P<0.001; U=17.50, P=0.005). Table 3 shows descriptive statistics for the 4 learning 

measures for males and females, as well as learners and non-learners.
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3.2 Effect of sex and learning ability on PFC sub-regional volumes

Independent samples t tests found no significant sex effect (t=1.442, P=0.163) nor any 

significant learner effect (t=1.599, P=0.124) on normalized whole PFC volume.

A repeated measures ANOVA with between subject effect of sex and within subject effect 

of PFC found a significant effect of PFC region (F(14)=769.29, P<0.001), but no effect of 

sex (F(1)=2.08, P=0.163) and no PFC region × sex interaction (F(14)=0.910, P=0.548). No 

follow-up tests were therefore conducted.

A repeated measures ANOVA with between subject effect of learning ability and within 

subject effect of PFC region found a significant effect of PFC region (F(14)=830.823, 

p<0.001). There was also a significant PFC region × learning group interaction (F(14)=2.66, 

P=0.001), suggesting that specific PFC volumes depend on learning group. There was no 

individual effect of learning ability (F(1)=2.56, P=0.124).

Independent samples t tests were therefore conducted on each normalized PFC sub-regional 

volume to find which were significantly different between learning groups. Significant 

differences were found between learners and non-learners for 6 sub-regional volumes. 

Volumes of area 11 (t=2.877, P=0.009), area 25 (t=2.121, P=0.045), area 47 (t=2.197, 

P=0.039) and area 32 medial PFC (t=2.233, P=0.036) were significantly larger for learners 

than non-learners. Volumes of area 24 anterior cingulate cortex (t=−2.336, P=0.029) and 

area 8v (t=−2.159, P=0.042) were significantly larger for non-learners than learners.

No significant differences were found between learners and non-learners for volumes of 

area 10 (t=−0.383, P=0.767), area 13 (t=0.377, P=0.709), area 14c (t=−0.997, P=0.330), 

area 45 (t=1.093, P=0.286), area 46 (t=−0.809, P=0.427), area 8 (t=−1.586, P=0.127), 

area 8c (t=1.407, P=0.173), area 8d (t=0.189, P=0.852) and area 9 (t=1.109, P=0.279). 

Figure 3 displays the PFC sub-regions with significantly different volumes between VD task 

learners and non-learners, and Table 4 shows descriptive statistics for total PFC volume and 

sub-regional volumes for learners and non-learners, as well as males and females.

3.3 Correlations between learning and sub-regional PFC volumes

Spearman’s rank correlations revealed a significant moderate positive association between 

average % of correct responses to S− and normalized volume of area 47 (r= 0.429, p=0.046, 

p=22) (see Fig 4). N=22, due to 2 marmosets not progressing onto the VD task from the 

initial familiarization task. There were no other significant correlations between any learning 

measure and either PFC sub-regional or total PFC volumes. Table 5 shows all correlations 

between the PFC (whole and sub-regional volumes) and the 4 learning measures examined 

in the VD task.

3.4 PFC isolated and global connections between learning groups

Mann Whitney U tests found no significant difference in degree centrality within the PFC 

between learners and non-learners (U=106.5, P=0.807), although there was a significant 

difference in PFC global degree centrality (u=35.50, P=0.0009), with non-learners having 

greater connectivity than learners. Figure 5 displays the isolated and global degree centrality 

of the PFC for learners and non-learners.
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3.5 PFC connectivity to the limbic system, basal ganglia and cerebellum

Non-learners had a significantly greater number of connections between the PFC and basal 

ganglia (t=2.601, P=0.0118), PFC and hippocampus (U=135.5, P=0.0303), and PFC and 

cerebellum (t=2.501, P=0.0148) than non-learners. There were no significant differences in 

degree centrality of the PFC and amygdala (t=1.826, P=0.0746), PFC and hypothalamus 

(U=213, P=0.0516), nor PFC and thalamus (U=696, P=0.1804). Figure 6a and b displays the 

degree centrality of the PFC and other brain regions for learners and non-learners.

4 Discussion

Using a non-invasive MRI method, we investigated whether PFC structural and functional 

differences were related to performance of a visual discrimination task in 8–9-month-old 

marmosets. Significant differences between learners and non-learners were found in sub-

regional PFC volumes, as well as in degree centrality of PFC connections.

4.1 Sex differences in learning and PFC volume

In the current study, females had significantly more sessions to criterion than males, with 

more male learners than female learners in our pre-adolescent sample. Previous research 

in adult marmosets has found that males are better at PFC dependent tasks than females, 

which may be because female marmosets have enhanced habit formation, while male 

marmosets are more sensitive to punishment and so have greater inhibitory control (reversal 

tasks: LaClair and Lacreuse, 2016; LaClair et al, 2019). An even split between male and 

female learners and non-learners would however have been more ideal in our sample. Sex 

differences may be due to early influences of testosterone on OFC development (Bachevalier 

and Hagger, 1991; Hagger et al, 1987), which we will investigate in upcoming studies 

looking at the influence of hormone levels on learning ability.

There were no significant sex differences in total PFC volume or any PFC sub-regional 

volumes in the current study, which supports previous studies of cortical development in 

marmosets (Seki et al, 2017). There may however be differences in maturational rates 

between male and female monkeys in earlier stages of development, which were not seen in 

pre-adolescence (eg. infancy: Bachevalier and Hagger, 1991; Hagger et al, 1987).

4.2 Relationship between learning and PFC sub-regional volumes in adolescence

In the current study, learners had significantly less sessions and errors and more average 

% correct S+ and S− compared to non-learners. As half of our sample learnt the task 

and half failed to learn within the allotted time, this appears to be an important stage for 

the development of inhibitory control (eg. Diamond, 1990) and reward processing (van 

Duijvenvoorde et al, 2016). In marmosets, maximal PFC volume is reached during the 

pre-adolescent period (5–7 months) (Sawaik et al, 2018), which is also likely to be a critical 

period of experience dependent moulding of cortical architecture (Power et al, 2010).

Although we found no significant differences in total PFC volume between learning groups 

in the current study, distinct sub-regions appeared to play important roles (Roberts and 

Wallis, 2000). Learners in the current study had significantly larger volumes of area 11 (an 
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orbitofrontal region), area 25 (a ventromedial region), area 32 (medial PFC) and area 47 (an 

OFC/ventrolateral region) than non-learners. Larger volumes of area 47 were also associated 

with greater average % correct responses to S− (the ‘punished’ stimulus).

Area 11 may play an important role in learning, with studies finding that neurons in this 

region must be active to make advantageous behavioural choices (macaques: Murray et 

al, 2015; marmosets: Jackson et al, 2016). Other sub-regions, including area 25, appear to 

have distinct roles in goal-directed behaviour (Duan et al, 2021), including sensitivity to 

punishment (Wallis et al, 2017). lPFC excitotoxic lesions that included area 47 in marmosets 

have been found to lead to a failure to disengage from an immediately preceding response 

(Walker et al, 2009; humans: Owen et al, 1996), while medial PFC lesions have been found 

to produce prolonged responses during extinction of a food-rewarded response (marmosets: 

Roberts and Wallis, 2000), suggesting these areas are involved in attentional control and 

knowledge of stimulus-reward relationships respectively. Therefore, individuals with larger 

volumes of these areas may be more sensitive to punishment, as well as better able to track 

actions and understand contingencies, and so are more successful in VD learning involving a 

speeded touch to ‘go’ stimuli and inhibition of responding to ‘no go’ stimuli.

Contrary to prediction, non-learners had significantly larger volumes of area 24a (anterior 

cingulate cortex- ACC) and area 8v (a dorsolateral area). Previous research has found that 

the ACC is necessary for detecting and acting upon changes in instrumental action-outcome 

contingencies (Tang et al, 2019; Pearson et al, 2011; Mansouri et al, 2009; Chudasama et 

al, 2013; Duan et al, 2021). It is possible that non-learners in the current study had an 

overactive ACC, which impaired their VD learning, or that the ACC is not as important in 

this task. For example, ACC activation was not associated with motor response inhibition 

in go/no go tasks in healthy subjects (eg. Watanabe et al, 2002). In the marmoset brain, 

area 8aV appears to be functionally dissociated from other area 8 regions (Fukushima et al, 

2019). While 8b is associated with higher cognitive functions (Eradath et al, 2015), areas 

8aD and 8aV are more associated with eye movements (Bruce et al, 1985).

4.3 Relationship between learning and PFC connectivity patterns in adolescence

Complex cognitive behaviours emerge from dynamic interactions of many distributed neural 

systems (eg. Barton, 2012), with considerable reorganisation of functional connectivity 

during maturation (Power et al, 2010). In the current study, spatial maps representing 

the strongest and most consistent coactivation between the PFC and other brain regions 

were examined. There was no significant difference in within (isolated) PFC connectivity 

between learners and non-learners. However, non-learners had significantly greater global 

PFC connectivity than learners. When looking at particular regions, non-learners had a 

significantly greater number of connections between the PFC and basal ganglia, PFC and 

hippocampus, and PFC and cerebellum than non-learners, suggesting that projections to 

and from these areas may be important in inhibitory control and association learning. The 

hippocampus is associated with long-term memory and has robust connections to the OFC 

(review: Amaral et al, 1990; Barbas et al, 1991). There are also indirect projections of 

basal ganglia to all prefrontal cortices (Joel and Weiner, 1994), an area which is involved 

in habit (stimulus-response) behaviour (Rolls, 2015). The cerebellum is involved in a range 
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of cognitive processes, including associative learning (Cheng et al, 2008), with damage 

leading to disinhibition (Torrens et al, 2008), and impairments in sustained attention (Adel 

and Bergman, 2005) and executive function (review: O’Halloran et al, 2012).

Results of the current study therefore suggest that in learners, more extensive pruning during 

adolescence (Anderson et al, 1995) has led to more focussed PFC networks, which were 

associated with greater success in the cognitive task than non-learners, who appeared to 

have broader PFC connectivity patterns. Results are consistent with behavioural evidence 

in humans showing developmental differences in the brain depending on task success (eg. 

Carlson and Moses, 2001; Moriguchi & Hiraki, 2009; 2011; 2013). For example, in a 

go-no go task, adults have been found to be faster and more accurate than children, which 

corresponded to more refined activation patterns (Carlson & Moses, 2001). As well as 

the PFC, changes in the limbic system have been found during adolescence (Nunez et 

al, 2003, Hebbard et al, 2003), which may facilitate various cognitive processes. Further, 

research into ADHD, characterised by inattention, hyperactivity and impulsivity, have found 

associations between increased symptom severity and increased functional connectivity in 

certain pathways (Oldehinkel et al, 2016; Soros et al, 2019), including the cortico-striatal 

network (Sanefuji et al, 2016).

Larger PFC sub-regional volumes, as well as more refined PFC connectivity, in learners 

may therefore reflect greater development of inhibitory control. Although mechanisms 

underlying associations between cognitive ability and brain volume is unclear, larger areas 

have more neurones, which may increase cognitive capacity (Pakkenberg and Gundersen, 

1997). While smaller volumes in non-learners could be due to greater pruning or increased 

myelination, the greater connectivity in this group supports the theory that non-learners may 

have delayed development, as the increased connectivity appears to be due to brain function, 

rather than being an epiphenomenon of greater grey matter.

4.5 Limitations and future research

Although differences were found between learners and non-learners in the current study, 

scanning at 8 months may have missed the peak of PFC development at approximately 

6 months old. While studies in younger monkeys would be beneficial, we deemed the 

effects of handling and separation from the family too much of a risk, and it would 

have been difficult to securely restrain such small animals in the apparatus. As well as 

this, to demonstrate if a particular area of the PFC is involved in VD would require 

task-based fMRI, but it is difficult to give such manual tasks to a marmoset while in the 

scanner. However, as imaging took place before cognitive testing, MRI differences could be 

predictors of subsequent learning.

Head motion was common in our 8–9 month old marmosets, as it is in younger human 

subjects (eg. De Lacy et al (2019). However, scan time was kept short to reduce the chance 

of movement, and extensive quality control was performed (ie. elimination of any data that 

couldn’t be corrected). Other factors could also mediate brain-behaviour relationships, such 

as stress levels (Hanson et al, 2012), distractibility (Chadick et al, 2014) and behavioural 

traits (Schwartz et al, 2010; Ash et al, 2020). Future work could therefore measure and 

control for such factors.
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As we looked at a single anatomical scan at one developmental time point, non-learners 

may have delayed development, although not permanent differences (Hanson et al, 2012). 

Using the techniques developed previously in Zeigler et al (2020), we plan to continue 

with-in subject longitudinal studies to characterize normal learning and brain development 

in marmosets, including whether certain individuals develop cognitive skills later than others 

or remain slower learners throughout life. This may be particularly useful in increasing 

knowledge of the role of puberty in determining brain changes (Knickmeyer et al, 2010), 

with imaging studies such as this allowing awake marmosets to be scanned repeatedly and 

non-invasively (Ferris et al, 2004).

4.5 Conclusion

The current study aimed to identify neural correlates of cognitive performance in pre-

adolescent common marmosets, with results suggesting that successful learners have greater 

volumes of certain PFC sub-regions compared to non-learners, as well as more focussed 

connectivity between the PFC and other brain regions, including the limbic system. Findings 

also lend support to previous studies showing that there are specializations within regions 

of the orbitofrontal cortex and ventromedial PFC which guide decision making. The study 

therefore sheds new light on the origins of individual differences in cognition during pre-

adolescence and provides the basis for future MRI work using marmosets as a model to 

examine factors that may have a long-term impact on neurodevelopment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1: 
A 9-month-old marmoset performing the visual discrimination task inside the homecage 

testing box (insert: stimuli presented). He was required to touch the small block for a food 

reward and refrain from touching the large block.
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Fig 2: 
Dorsal view of the marmoset brain, showing each PFC area used in analysis, based on the 

Marmoset Brain Atlas.
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Fig 3: 
Significant effect (p<0.05) of learning ability on normalized volumes of area 11 (an 

orbitofrontal region), area 25 (a ventromedial PFC region), area 47 (an orbitofrontal/

ventrolateral region), area 32 (medial PFC), area 24a (anterior cingulate cortex) and area 8v 

(a dorsolateral region) (n=24; 12 learners, 12 non-learners). Learners had significantly larger 

volumes of areas 11, 25, 47 and 32 than non-learners, while non-learners had a significantly 

larger volumes of areas 24a and 8v than learners.
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Fig 4: 
Significant (p<0.05) positive Spearman’s rank correlation between average % correct 

responses to S− (the ‘punished’ stimulus) in a visual discrimination task and normalized 

volume of area 47 (an orbitofrontal/ventrolateral region) (n=22; 12 learners, 10 non-

learners). Larger volumes were associated with greater average correct responses to S−.
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Fig 5: 
Isolated and global PFC connectivity in learners and non-learners. There was no significant 

difference between the groups in isolated PFC degree centrality, although non-learners had 

significantly (p<0.05) greater global PFC degree centrality than learners.
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Fig 6: 
PFC connectivity with other brain regions of interest in learners and non-learners.
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a. Non-learners had significantly (p<0.05) greater degree centrality between the PFC and 

basal ganglia, as well as between the PFC and cerebellum. There was no significant 

difference between the groups in degree centrality between the PFC and amygdala.

b. Non-learners had significantly (p<0.05) greater degree centrality between the PFC and 

hippocampus. There was no significant difference between the groups in degree centrality 

between the PFC and hypothalamus, nor between the PFC and thalamus.
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Table 1:

Subjects by sex (male/female) and visual discrimination task learning ability (learner/non-learner).

Learner Non-learner Total

Sample size

Sex

Male 8 3 11

Mean age at cognitive

testing 9.7 months 9.6 months

Mean age at imaging 9.0 months 8.9 months

Female 4 9 13

Mean age at cognitive

testing 9.7 months 9.9 months

Mean age at imaging 8.7 months 9.1 months

Total 12 12 24

*
7 excluded from resting state data analysis (3 males and 4 females; 4 learners and 3 non-learners)
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Table 2:

Areas of the PFC and their division within the PFC (based on Paxinos et al, 2000).

Area PFC division

Area 10 Orbitofrontal/ frontal pole/ventromedial/lateral

Area 11 Orbitofrontal/medial

Area 13 Orbitofrontal

Area 14c Orbitofrontal/ventromedial/medial

Area 45 Ventrolateral/lateral

Area 47 Ventrolateral/Orbitofrontal

Area 24a Anterior cingulate cortex/ventromedial

Area 25 Anterior cingulate cortex/ventromedial

Area 32 Medial/ventromedial

Area 8 Dorsolateral

Area 8c Dorsolateral

Area 8d Dorsolateral

Area 8v Dorsolateral

Area 9 Dorsolateral/lateral

Area 46 Dorsolateral/lateral

Behav Brain Res. Author manuscript; available in PMC 2023 July 26.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ash et al. Page 32

Table 3:

Descriptive statistics for males and females, as well as learners and non-learners for all 4 learning measures 

examined (*highlights where groups are significantly different).

Males Females Learners Non-learners

Sessions to criterion

Mean 16.30 20.75 14.83 23.40

SD 4.85 4.25 2.79 1.90

Median 14.00 24.00 14.00 24.00

Min 11.00 14.00 11.00 18.00

Max 24.00 24.00 21.00 24.00

Errors to criterion

Mean 112.00 147.50 90.33 180.60

SD 62.26 51.69 25.94 46.32

Median 84.50 132.50 84.50 183.00

Min 61.00 79.00 61.00 107.00

Max 246.00 240.00 156.00 246.00

Average % correct s+ (motivation/attention)

Mean 78.29 66.44 87.40 53.15

SD 23.59 25.52 7.12 25.78

Median 86.93 78.71 88.07 53.76

Min 22.00 20.83 72.00 20.83

Max 98.18 88.13 98.18 86.67

Average % correct s− (inhibition)

Mean 47.26 39.35 52.16 31.90

SD 13.53 17.68 5.17 17.93

Median 50.35 47.23 52.00 33.32

Min 14.00 5.00 43.57 5.00

Max 61.88 61.67 61.88 61.67
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Table 4:

Means and SDs for total PFC volume and each sub-regional PFC volume for males and females, as well as 

learners and non-learners (*highlights where groups are significantly different).

Males Females Learners Non-learners

Whole PFC

Mean 5.564 5.510 5.564 5.505

SD 0.096 0.088 0.091 0.090

Area 10

Mean 0.771 0.762 0.761 0.771

SD 0.068 0.092 0.064 0.097

Area 11

Mean 0.306 0.294 0.325 0.275

SD 0.049 0.050 0.047 0.038

Area 13

Mean 0.558 0.546 0.556 0.548

SD 0.046 0.052 0.037 0.059

Area 14c

Mean 0.256 0.273 0.258 0.272

SD 0.029 0.034 0.035 0.029

Area 45

Mean 0.166 0.173 0.176 0.164

SD 0.022 0.033 0.030 0.025

Area 47

Mean 0.959 0.908 0.962 0.900

SD 0.070 0.074 0.066 0.073

Area 24a

Mean 0.739 0.733 0.716 0.756

SD 0.044 0.049 0.048 0.034

Area 25

Mean 0.167 0.168 0.175 0.160

SD 0.017 0.019 0.017 0.016

Area 32

Mean 0.340 0.317 0.344 0.311

SD 0.024 0.048 0.032 0.041

Area 8

Mean 0.255 0.268 0.248 0.277

SD 0.048 0.046 0.044 0.046

Area 8c

Mean 0.034 0.034 0.040 0.028

SD 0.022 0.020 0.019 0.021

Area 8d

Mean 0.125 0.129 0.128 0.126
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Males Females Learners Non-learners

SD 0.022 0.025 0.022 0.025

Area 8v

Mean 0.233 0.253 0.225 0.262

SD 0.040 0.047 0.032 0.048

Area 9

Mean 0.271 0.259 0.269 0.260

SD 0.015 0.020 0.013 0.022

Area 46

Mean 0.383 0.393 0.381 0.396

SD 0.042 0.047 0.041 0.047
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Table 5:

All Spearman’s rank correlational results between the 4 learning measures and PFC total/ subregional volumes 

(*highlights where results are significant).

Sessions to criterion Total errors Average % correct s+ Average % correct s−

Whole PFC

r −0.14, −0.207, 0.224, 0.275,

p 0.44 0.356 0.316 0.215

Area 10

r 0.132 0.022 0.018 −0.220

p 0.559 0.922 0.938 0.324

Area 11

r −0.277 −0.246 0.179 0.283

p 0.213 0.270 0.425 0.202

Area 13

r −0.308 −0.244 0.228 0.288

p 0.163 0.274 0.308 0.194

Area 14c

r 0.104 0.243 −0.375 −0.119

p 0.645 0.275 0.085 0.597

Area 45

r 0.085 −0.024 0.170 −0.005

p 0.708 0.915 0.450 0.982

Area 47

r −0.221 −0.261 0.249 0.429

p 0.332 0.241 0.264 0.046

Area 24a

r 0.236 0.282 −0.207 −0.338

p 0.291 0.204 0.355 0.123

Area 25

r −0.151 −0.141 0.112 0.241

p 0.502 0.531 0.619 0.279

Area 32

r −0.380 −0.351 0.290 0.249

p 0.081 0.109 0.191 0.265

Area 8

r 0.176 0.071 0.085 −0.111

p 0.434 0.753 0.706 0.624

Area 8c

r −0.404 −0.278 0.264 0.353

p 0.062 0.210 0.235 0.107

Area 8d

r 0.183 0.094 −0.134 0.134
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Sessions to criterion Total errors Average % correct s+ Average % correct s−

p 0.414 0.676 0.553 0.551

Area 8v

r 0.373 0.279 −0.273 −0.225

p 0.087 0.209 0.219 0.314

Area 9

r −0.157 −0.138 0.018 0.008

p 0.484 0.541 0.938 0.972

Area 46

r 0.040 0.106 −0.077 −0.140

p 0.860 0.638 0.732 0.534

*
2 non-learners did not reach criterion on the initial familiarization task, and so were not included in correlations involving visual discrimination 

learning measures.
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