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ABSTRACT
Normal aging is associated with declines across a broad range of cognitive functions. 
However, the neural bases of cognitive aging are unclear. Recent studies have suggested 
that age-related decline in cognitive performance might reflect deficits in neuromodulation 
that result from changes in synaptic signaling (Eppinger et al, 2011; Rieckmann et al, 2011). 
FMRI studies of cognitive aging have produced conflicting results: While some studies 
have reported reduced activations, others have suggested more typical, or even  
enhanced  activation levels. For instance, fMRI studies of hippocampus have reported 
reduced (e.g., Antonova et al, 2009), typical (e.g., Persson et al., 2010), and enhanced 
activation (e.g., Yassa et al., 2010) in older adults, in contrast to younger adults. Such 
divergent results might be due in part to a fundamental limitation of conventional fMRI 
analysis: a particular mean voxel response could reflect a few neurons each responding 
unselectively to many different stimuli, or, alternatively, a large number of highly selective 
neurons, each responding to only a few stimuli. These two scenarios yield identical mean 
BOLD response, but have very different implications for neural coding. 
Here we apply a novel technique – local regional heterogeneity analysis – that is capable 
of probing neural specificity through voxel-wise correlations on fMRI data collected during 
an implicit sequence learning task.  We provide evidence that individual differences in the 
older adults’ performance on three cognitive tasks, episodic memory, verbal fluency and 
implicit sequence learning, can be related to the Hcorr measure at corresponding brain 
regions – hippocampal formation, visual word form area (VWFA), and caudate nucleus. 
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DISCUSSION
•In older adults, individual differences in episodic 
memory can be quantitatively predicted by neural 
specificity in hippocampal formation, but not in  
selected other brain regions, including the  
parahippocampal area.
•In older adults, individual differences in verbal  
fluency can be predicted by neural specificity in 
VWFA, a region critical for neural representations 
of words, but not selected other regions, including 
R-VWFA, the right hemispheric symmetrical  
region.
•At the group level, implicit sequence learning is 
associated with an increase in neural specificity in 
the left caudate nucleus, in particular the body and 
tail regions, which have been linked to implicit  
acquisition of knowledge, in contrast to head  
region, which has been linked to acquisition of 
explicit rule-based knowledge.
•Individual differences in cognitive performance in 
older adults can be quantitatively linked to  
variations in neural specificity at corresponding  
brain regions..

Hcorr
the heterogeneity of local regional correlations
Recently, we have introduced a novel technique, local regional  
heterogeneity analysis, Hcorr , to probe the sparseness of neuronal activation 
patterns and to provide a measure of neuronal selectivity, or neural  
specificity (Jiang et al., submitted). This technique is based on analysis of voxel- 
wise correlations of fMRI activation patterns with an assumption that the 
sparsity of neural activations is related to neuronal selectivity: The highly 
selective neurons produce a sparse neural code, with each neuron 
responding to a very small set of stimuli. In contrast, less selective neurons 
respond to a greater number of stimuli, leading to greater overlap in  
responses among the neurons and less sparse representations. Thus, for a 
neural representation of objects or events, activation patterns should be 
sparser for a population with more sharply tuned neurons than more broadly 
tuned neurons. This then predicts that the sharply tuned population should 
have a higher degree of heterogeneity in neuronal correlations than the 
population with more broadly tuned neurons. Thus, when measured with 
fMRI, tuning specificity in a brain region should correlate with the degree of 
sparseness, which in turn should correlate with the heterogeneity of  
correlations in the region, Hcorr.

Hcorr = standard error of correlations between voxels
Therefore, a lower local regional heterogeneity of correlations (Hcorr) in a 
brain region should be associated with lower behavioral performance  
associated with the region, and a greater Hcorr with better behavioral 
performance. 
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METHODS
-- Participants: Twelve older adults (9 female, age 67.5±3.2). Data from two participants were 
excluded from analysis due to excessive head movement (n=1) and missing neuropsychological 
data (n=1). 
-- Neuropsychological tests:  

• Episodic memory (total units from WMS Logical Memory)
• Working memory (total digits in Digit Span)
• Verbal fluency (total number of words produced in FAS)

-- Experimental design: FMRI data was collected from three runs while subjects were 
participating in an implicit sequence learning study (Simon et al, 2011). 

-- MRI acquisition: FOV 256, TR 2500ms, TE 30ms, flip angel 90º, 64x64, 4.0x4.0mm2, 42 
descending axial slices, slice thickness 3.7mm, 0.3mm gap. 
-- ROIs:

•Hippocampal, parahippocampal, and caudate region (Anatomical Automatic Labeling, AAL 
(Tzourio-Mazoyer et al., 2002)
•VWFA (Visual Word Form Area): 4mm sphere (MNI: -42 -54 -18) (Jiang et al., in preparation)

-- Hcorr: SEM of voxel-wise correlation coefficients with each individual ROI

.5s – 6s

+

Null Trial: 
Fixation

200 ms

Predictive 
Cue

250 ms

Blank

200 ms

Random 
Cue

250 ms

Blank

850 ms

Target

250 ms

Blank

(Time)

n.s.

p<0.03
p<0.062

p<0.04 n.s.

CONCLUSIONS
Individual differences in cognitive performance in 
older adults can be quantitatively predicted by  
variations in neural specificity measured with the 
novel technique, local regional heterogeneity  
analysis, carried out on data from a conventional 
fMRI study. This method holds promise for 
investigating the neural bases of cognitive aging in 
new and previously collected data.

RESULTS
I: Hcorr at hippocampal formation predicts episodic memory, but not working memory performance, and Hcorr at 
parahippocampal region does not predict episodic memory performance, suggesting that individual differences in episodic 
memory performance in older adults might be due to reduced neural specificity in the hippocampal formation, a critical 
region for episodic memory (Squire et al., 2004; Eichenbaum et al., 2007; Bird & Burgess, 2008).

II: Hcorr at VWFA predicts verbal fluency, but not episodic memory, and Hcorr at R-VWFA (the right hemispheric 
symmetrical region) does not predict verbal fluency, suggesting individual differences in verbal fluency in older adults are 
due to variations in neural specificity in VWFA, a critical region for neural representations of words (McCandliss et al., 2003; 

Glezer et al. 2009). 

III: Hcorr at left caudate nucleus, in particular the body and tail regions, increased with training in the implicit 
sequence learning task, suggesting that the body/tail regions of left caudate nucleus might be involved in encoding and 
acquisition of the implicit sequence, in contrast to the head region. This is in line with previous studies that have found the 
body and tail regions, but not the head region of caudate nucleus are involved in the acquisition of implicit knowledge 
(Ashby & Spiering, 2004; Seger & Cincotta, 2005; Nomura et al, 2007). 
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