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Sex Matters: Hippocampal Volume Predicts Individual Differences in Associative Memory in Cognitively Normal Older Women but Not Men
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The hippocampus plays a prominent role in associative memory by supporting relational binding and recollection processes. Structural atrophy in the hippocampus is likely to induce associative memory deficits in older adults. Previous studies have primarily focused on average age-related differences in hippocampal structure and memory performance. To date, however, it remains unclear whether individual differences in hippocampal morphometry underlie differential associative memory performance, and whether there are sex differences in the structural correlates of associative memory in healthy older adults. Here, we used voxel-based morphometry (VBM) to examine the extent to which gray matter volume (GMV) of the hippocampus predicts associative memory performance in cognitively normal older adults. Seventy-one participants completed a cued recall paired-associative learning test (PALT), which consists of novel associations and semantically related associations, and underwent magnetic resonance imaging (MRI). We observed worse associative memory performance and larger variability for novel associations than for semantically related associations. The VBM results revealed that higher scores on associative memory for novel associations were related to greater hippocampal GMV across all older adults. When considering men and women separately, the correlation between hippocampal GMV and associative memory performance for novel associations reached significance only in older women. These findings suggest that hippocampal structural volumes may predict individual differences in novel associative memory in older women but not men.
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INTRODUCTION

Episodic memory refers to the memory of personally experienced events that occurred at a particular time and place (Tulving, 1985). Normal aging is associated with a decline in episodic memory. The associative deficits hypothesis (ADH) attributes age-related episodic memory decline to difficulties in creating and retrieving associations between single units of information in older adults (Naveh-Benjamin, 2000). As a typical form of episodic memory, associative memory involves the ability to remember inter-item and item-context relationships. Many previous studies have indicated a greater decline in associative memory than item memory in normal aging. This is observed with a wide range of subjects, such as word pairs, picture pairs and face-name pairs (see Old and Naveh-Benjamin, 2008 for a meta-analysis).

It is well established that the hippocampus, which is within the medial temporal lobe (MTL), is especially important in binding and recollecting novel item-item or item-context associations in associative memory (Diana et al., 2007; Hannula and Ranganath, 2009; Blumenfeld et al., 2010; Ranganath, 2010; Westerberg et al., 2012; Eichenbaum, 2017). Functional magnetic resonance imaging (fMRI) studies have documented age-related decreases in hippocampal activation during both relational memory encoding and retrieval (Mitchell et al., 2000; Dennis et al., 2008; Giovanello and Schacter, 2011; Daselaar et al., 2013; Addis et al., 2014). In addition, substantial structural atrophy of the hippocampus may be linked to relational memory impairment in healthy older adults (Resnick et al., 2003; Raz et al., 2004b; Tisserand et al., 2004; Raji et al., 2012; Ta et al., 2012; Fraser et al., 2015). These findings suggest that structural changes in the hippocampus may underlie age-related associative memory deficits.

Previous studies examining the neural correlates of episodic memory in older adults have typically focused on average age-related effects. Recently, neural correlates of individual differences in episodic memory in older adults have attracted considerable attention in cognitive neuroscience studies on aging (Kaup et al., 2011; Nyberg et al., 2012; Salthouse, 2017). Importantly, there is greater individual variability in episodic memory, especially in associative memory, in older adults compared to younger adults (Wilson et al., 2002; Lindenberger and Ghisletta, 2009; Bender et al., 2010; Kilb and Naveh-Benjamin, 2011; Fandakova et al., 2012; Ghisletta et al., 2012; Pudas et al., 2013). Specifically, associative memory decline was observed in some older individuals, but not in others (Fandakova et al., 2015). Given that the hippocampus supports episodic memory by binding item-item or item-context associations, and that greater inter-individual differences in episodic memory have been observed in the elderly, it is plausible that the structure of the hippocampus may be associated with associative memory performance in older adults. However, structural MRI studies of individual differences in associative memory have reported inconsistent results in healthy older adults.

A meta-analysis reported weak positive links between episodic memory and hippocampal volume in older adults (Van Petten, 2004). Furthermore, Rajah et al. (2010) and Bauer et al. (2015) did not find an association between associative memory performance and hippocampal gray matter volume (GMV) in older adults. Interestingly, Becker et al. (2015) found that older adults with better associative memory have larger GMV primarily in the bilateral prefrontal cortex (PFC) rather than the hippocampus. Nevertheless, some structural studies have found positive relationships between hippocampal volumes and scores on associative memory tests in older adults. For example, Shing et al. (2011) reported a positive correlation between hippocampal subfield (CA3/4 and dentate gyrus) volume and associative recognition memory performance. In addition, Zamboni et al. (2013) found a link between hippocampal volume and performance on a visuospatial associative memory task in older adults.

Taken together, previous structural studies investigating associative memory in healthy older adults have reached less consistent conclusions. Some methodological issues may be helpful in explaining why current research has yielded discrepant findings. For example, it has been argued that the cued recall task greatly depends on the hippocampus, and is more likely to recruit the hippocampus than the associative recognition task during associative retrieval (Caplan and Madan, 2016). Consequently, it is more likely to find positive correlations between hippocampal volume and scores on associative memory when a cued recall task is used. In addition, sex might be another important factor to consider. Structural MRI studies have reported sexual dimorphism in the effects of age on brain morphology, and accelerated brain aging in men compared to women was commonly observed (Cowell et al., 1994; Coffey et al., 1998; Resnick et al., 2000; Xu et al., 2000; Good et al., 2001). In particular, previous studies have revealed sex differences in age-related decline in the hippocampus morphology. For example, Raz et al. (2004a) reported a steeper age-related decline in the GMV of the hippocampus in men compared to women. Pruessner et al. (2001) and Li et al. (2014) found that age-related atrophy in the hippocampus was only observed in men. Behaviorally, older women generally perform better than older men on associative memory function (Lamar et al., 2003; Gerstorf et al., 2006; Herlitz and Rehnman, 2008). Thus, it is plausible that sex may be a potential factor resulting in the mixed findings regarding the brain structure correlates of associative memory. Unfortunately, sex differences in the hippocampal structural correlates of individual differences in associative memory have been rarely studied. To date, the only supporting evidence comes from the study of Ystad et al. (2009), which revealed that the left hippocampal volume significantly predicted the free recall scores on verbal learning test for older women but not for men. Given that both free recall and associative memory rely primarily on the recollection process supported by the hippocampus (Yonelinas, 2002), it is plausible to assume that sex differences also exist in the hippocampal structural correlates of associative memory in older adults.

Understanding sex differences in brain structure-behavior associations in normal aging has important implications for appreciating brain-based disorders risk (e.g., mild cognitive impairment, MCI or Alzheimer’s disease, AD), and for early treatment and prevention of these disorders (Mazure and Swendsen, 2016). In the present study, we aimed to use structural MRI to further investigate the sex differences in brain structural basis underlying individual differences in associative memory in normal older adults. We measured participants’ associative memory using the paired-associative learning test (PALT). The PALT is a standardized neuropsychological assessment specifically designed to evaluate associative memory in Chinese (Xu and Wu, 1986; Huo et al., 2014), and has been widely used in previous studies due to its high validity and reliability (Wang et al., 2013; Zheng et al., 2015). The test is designed as a study-test paradigm in which the participants study six novel and six semantically related word pairs and are asked to perform a cued recall test. The study-test procedure repeats three times with different word pair orders each time. Subsequently, the associative memory scores on novel associations and semantically related associations were calculated, respectively. Voxel-based morphometry (VBM) analysis was used to investigate whether local GMV of the hippocampus was associated with scores on the PALT. VBM is a semi-automated whole brain technique for quantifying brain morphological changes (Ashburner and Friston, 2000), and has been widely used to examine the structural brain correlates of cognitive function.

It has been suggested that the cued recall task during associative retrieval is more likely to recruit the hippocampus (Caplan and Madan, 2016), and memory for novel associations between items greatly depends on the hippocampus (Norman and O’Reilly, 2003; Diana et al., 2007; Mitchell and Johnson, 2009; Ranganath, 2010; Eichenbaum, 2017). In addition, age-related decline in the GMV of the hippocampus is relatively modest in older women (Pruessner et al., 2001; Raz et al., 2004a; Li et al., 2014). Relatively preserved GMV in the hippocampus may facilitate associative memory in women but would not influence performance in men who demonstrate a steeper age-related decline in the volume of the hippocampus. As a result, we speculated that there would be sex differences in the correlations between the hippocampal GMV and PALT scores for novel associations, and the GMV of the hippocampus may predict individual differences in associative memory for novel associations in older women but not men. Finally, in order to validate the specificity of the relationship between the GMV of the hippocampus and associative memory, we also performed correlation analyses between the GMV of the clusters obtained in the hippocampal GMV-PALT correlation analyses and scores on neuropsychological tests assessing other cognitive functions (i.e., working memory, semantic memory and executive function).

MATERIALS AND METHODS

Participants

A total of 71 community-dwelling older adults (35 men and 36 women) with normal cognition were recruited from communities near the Institute of Psychology, Chinese Academy of Sciences in Beijing. The inclusion criteria were as follows: (1) age ≥ 60 years; (2) a score ≥ 21 on the Montreal Cognitive Assessment—Beijing Version (MoCA1; Yu et al., 2012), (3) right-handedness; (4) no neurological deficits or traumatic brain injury; (5) no dementia or MCI; and (6) preserved activities of daily living (ADL; Lawton and Brody, 1969). The demographic characteristics of the participants are presented in Table 1.

TABLE 1. Demographic characteristic and neuropsychological measures of the participants (mean and standard deviations).
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In addition, 54 of the participants (26 men: age, 71.69 ± 5.44 years; education, 15.23 ± 2.72 years; MoCA, 27.08 ± 2.15, and 28 women: age, 70.86 ± 6.54 years; education, 13.89 ± 3.20 years; MoCA, 27.46 ± 2.01) completed the digit span forward (DSF) and digit span backward (DSB) tests (Wechsler, 1981), verbal fluency test (VFT, Spreen and Strauss, 1998) and trail making tests A and B (TMT, Reitan, 1992).

The study protocol was approved by the Ethics Committee of the Institute of Psychology, Chinese Academy of Sciences, and written informed consent was obtained from all participants.

Neuropsychological Measures

The PALT (Xu and Wu, 1986) was used to assess participants’ associative memory performance. For this test, the participants first studied 12 word pairs consisting of nouns with six novel associations (e.g., teacher-railway) and six semantically related associations (e.g., sun-moon). During the study, all 12 word pairs were read at a rate of 1 s per word pair, with intervals of 2 s between two pairs. After the study session, the participants were asked to complete a cued recall task in which the first word of the pair was provided and they had to recall the other paired word within 5 s of hearing the first word. A correctly recalled word was scored 0.5 for the semantically related associations and 1 for the novel associations. The procedure was repeated three times with different word pair orders each time. The scores on novel associations (range: 0–18) and semantically related associations (range: 0–9) were calculated, respectively.

In addition, MoCA, DSF and DSB tests, category VFT and TMT A and B were used to assess global cognition, working memory, semantic memory and executive function, respectively.

MR Image Acquisition

A 3-Tesla Siemens Trio scanner (Erlangen, Germany) equipped for echo planar imaging (EPI) at the Beijing MRI Center for Brain Research was used for image acquisition. A high-resolution, 3-D T1-weighted structural image was acquired for each participant, using a magnetization-prepared rapid gradient echo (MPRAGE) sequence: 176 slices, acquisition matrix = 256 × 256, voxel size = 1 × 1 × 1 mm3, TR = 1900 ms, TE = 2.2 ms and flip angle = 9°. T1-weighted structural MRI images were used for VBM analysis.

DATA ANALYSIS

Image Processing

VBM was performed using the Statistical Parametric Mapping program (SPM82, Wellcome Trust Center for Neuroimaging, London, UK), and the toolbox for Data Processing and Analysis of Brain Imaging (DPABI V2.13; Yan et al., 2016) in MATLAB R2012b (Mathworks, Inc., Natick, MA, USA). Before processing, all of the structural images were visually inspected for artifacts and the origin of the images was manually set at the anterior commissure for each participant. All 71 participants were included in the VBM analysis.

The structural MR images were first normalized and segmented into gray matter, white matter and cerebrospinal fluid (Ashburner and Friston, 2005). Following segmentation, the gray matter images were processed to create study-specific gray matter population templates using the DARTEL algorithm. After an initial affine registration of the gray matter DARTEL template to the tissue probability map in the Montreal Neurological Institute (MNI) space, we applied a non-linear warping of the gray matter images to the DARTEL gray matter template in the MNI space and resampled to 1.5 × 1.5 × 1.5 mm3. The gray matter values of each voxel were modulated by multiplying the gray matter concentration map by the nonlinear determinants derived during spatial normalization. Finally, the modulated gray matter images were smoothed using an 8-mm full-width-at-half-maximum isotropic Gaussian kernel. The images were then used for the following statistical analysis.

Statistical Analyses

The processed gray matter images were entered into a regression model using DPABI to measure correlations between regional GMV and scores on neuropsychological measures.

A hypothesis-driven analysis in which the hippocampal GMV was correlated with associative memory performance for all older adults was performed first. Before the statistical analysis, the Wake Forest University Pick Atlas (Maldjian et al., 2003) was used to define a priori region of interest (ROI) including the bilateral hippocampi according to the automated anatomical labeling (AAL) atlas. Figure 1 shows the slice view of the ROI applied to each of the participants. Correlation analyses between the GMV and PALT scores on novel associations and semantically related associations within the predefined ROI were performed separately. A cluster-based multiple comparisons correction of p < 0.005 (individual voxel p < 0.001) was performed with Monte Carlo simulation in AlphaSim (Forman et al., 1995; Huang et al., 2016; Zhou et al., 2016). Accordingly, clusters were considered significant at a cluster size of > 91 voxels (307 mm3) for correlation analyses within the ROI mask (4473 voxels).
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FIGURE 1. Bilateral hippocampal regions of interest (yellow) defined using the automated anatomical labeling (AAL) atlas.



We also conducted additional GMV-PALT correlation analyses using a whole-brain approach to validate the results of the ROI analysis. The statistical threshold was set at p < 0.05 using the AlphaSim correction (individual voxel p < 0.001) and a minimum cluster size of 1015 voxels (3425 mm3) within a whole brain gray matter mask (540,194 voxels).

All of the correlation analyses were first performed across all older adults. To regress any confounding effects of age, gender, education level and global cognitive performance (i.e., MoCA), we entered these variables as covariates into the regression model. We then conducted additional within sub-group GMV-behavior correlation analyses separately for older men and women with age, education level and MoCA as covariates. Between-group comparisons were conducted with Fisher’s r to Z transformation to directly compare the sex differences in GMV-behavior correlation.

Finally, in order to validate the specificity of the relationship between the GMV of the clusters observed in the ROI analyses and the performance on PALT, we performed correlation analyses between the GMV of the clusters obtained in the ROI correlation analyses and other neuropsychological measures (i.e., DSF test, DSB test, category VFT and TMT) to validate the specific role the hippocampus plays in associative memory in older adults.

RESULTS

Behavioral Results

Table 1 displays the demographic characteristics and neuropsychological measures of the participants. A paired samples t-test for the associative learning test across all participants revealed that older adults had worse performance for the novel associations compared to the semantically related associations (5.45 vs. 6.86; t = −3.84, p < 0.001). In addition, generally reduced inter-individual variance was observed for the semantically related associations compared to the novel condition (SD: 1.31 vs. 3.55; Figure 2). An independent samples t-test revealed no significant sex differences in demographic characteristics or neuropsychological performance between older men and women.
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FIGURE 2. A scatter plot of the associative memory performance across all older adults for each measure of the paired-associative learning test (PALT).



Correlation Analyses between ROI GMV and PALT

All 71 participants (35 men and 36 women) were included in the correlation analyses between ROI GMV and PALT.

Novel Associations

Correlation analysis revealed that the GMVs of both the left hippocampus (peak MNI coordinate: −27, −36, −2; number of voxels: 334; r = 0.516; Figure 3A), and the right hippocampus (peak MNI coordinate4: 26, −10, −23; number of voxels: 425; r = 0.456; Figure 3B) were positively related to PALT scores on novel associations across all older adults. When considering men and women separately, older women had a positive correlation between the left hippocampal GMV (peak MNI coordinate: −27, −40, 0; number of voxels: 309; r = 0.623; Figure 4) and performance on PALT for novel associations. There were no significant correlations in older men. We extracted the GMV of peak coordinate in the left hippocampus and performed a partial correlation analysis between GMV and PALT scores for novel associations separately for older men and women with age, education level and MoCA as covariates. A further analysis directly comparing the correlations between the two groups revealed greater correlation coefficient for older women than for older men (Fisher’s r to Z = 1.765, p = 0.038, one-tail test).
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FIGURE 3. Region of interest (ROI) correlation analyses between gray matter volume (GMV) and scores on associative memory for novel associations. The left panel shows that GMV of the left hippocampus (peak Montreal Neurological Institute (MNI) coordinate: −27, −36, −2; number of voxels: 334) (A) and the right hippocampus (peak MNI coordinate: 26, −10, −23; number of voxels: 425) (B) are significantly correlated with scores on associative memory for novel associations across all older adults. Bars at the top show the correlation values. The right panel shows the partial regression plots between the GMV of the peak coordinate in the left hippocampus (A) and the right hippocampus (B) and scores on associative memory for novel associations after controlling age, gender, education level and montreal cognitive assessment (MoCA).
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FIGURE 4. ROI correlation analyses between GMV and scores on associative memory for novel associations in older women. The left panel shows that GMV of the left hippocampus (peak MNI coordinate: −27, −40, 0; number of voxels: 309) is significantly correlated with scores on associative memory for novel associations in older women. Bars at the top show the correlation values. The right panel shows the partial regression plots between the GMV of peak coordinate in the left hippocampus and scores on associative memory for novel associations in older men and women after controlling age, education level and MoCA.



Semantically Related Associations

There were no significant correlations between the ROI GMV and PALT scores on semantically related associations regardless of whether the analyses were performed across all older adults or separately for men and women.

Whole-Brain Correlation Analyses between GMV and PALT

All 71 participants (35 men and 36 women) were included in the whole-brain correlation analyses between GMV and PALT.

Novel Associations

Whole-brain correlation analysis only revealed significant positive correlations between the GMVs in anatomical clusters that mainly included the left hippocampus and parahippocampal gyrus (peak MNI coordinate: −27, −36, −2; number of voxels: 1441; r = 0.516; Figure 5A), and the right hippocampus and parahippocampal gyrus (peak MNI coordinate: 17, 2, −20; number of voxels: 2033; r = 0.520; Figure 5B) and PALT scores on novel associations across all older adults. Considering men and women separately, older women had a positive correlation between the GMV in an anatomical cluster that mainly included the left hippocampus and parahippocampal gyrus (peak MNI coordinate: −15, −34, −11; number of voxels: 2393; r = 0.715; Figure 6) and performance on PALT for novel associations. There were no significant associations in older men. We extracted the GMV of peak coordinate in the cluster that mainly include the left hippocampus and parahippocampal gyrus and performed a partial correlation analysis between GMV and PALT scores for novel associations separately for older men and women with age, education level and MoCA as covariates. Subsequent analysis directly comparing the correlations between the two groups revealed greater correlation coefficient for older women than for older men (Fisher’s r to Z = 2.647, p = 0.004, one-tail test).
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FIGURE 5. Whole-brain correlation analyses between GMV and scores on associative memory for novel associations. The left panel shows that GMV in anatomical clusters that mainly include the left hippocampus and parahippocampal gyrus (peak MNI coordinate: −27, −36, −2; number of voxels: 1441) (A) and the right hippocampus and parahippocampal gyrus (peak MNI coordinate: 17, 2, −20; number of voxels: 2033) (B) are significantly correlated with scores on associative memory for novel associations in older adults. Bars at the top show the correlation values. The right panel shows the partial regression plots between the GMV of the peak coordinate in anatomical clusters that mainly include the left hippocampus and parahippocampal gyrus (A) and the right hippocampus and parahippocampal gyrus (B) and scores on associative memory for novel associations after controlling age, gender, education level and MoCA.
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FIGURE 6. Whole-brain correlation analyses between GMV and scores on associative memory for novel associations in older women. The left panel shows that GMV in anatomical cluster that mainly include the left hippocampus and parahippocampal gyrus (peak MNI coordinate: −15, −34, −11; number of voxels: 2393) is significantly correlated with scores on associative memory for novel associations in older women. The right panel shows the partial regression plots between the GMV of the peak coordinate in the anatomical cluster that mainly include the left hippocampus and parahippocampal gyrus and scores on associative memory for novel associations in men and women after controlling age, education level and MoCA.



Semantically Related Associations

Correlation analysis between whole-brain GMV and PALT scores on semantically related associations revealed no significant associations, regardless of whether the analyses were performed across all older adults or separately for men and women.

In summary, both ROI and whole-brain correlation analyses revealed that bilateral hippocampal volumes were significantly associated with scores on the PALT for novel associations across all older adults. No significant correlations were found for the semantically related associations. When considering men and women separately, only women displayed highly significant and positive correlations between left hippocampal GMV and PALT scores on novel associations.

Correlation Analyses between GMV and Other Neuropsychological Measures

Fifty-four participants (26 men and 28 women) were included in the correlation analyses between GMV and other neuropsychological measures.

We extracted the GMV of peak coordinate of the clusters observed in the ROI correlation analyses between GMV and PALT for novel associations (i.e., left and right hippocampus), and separately performed correlation analyses between GMV and scores on DSF test, DSB test, category VFT and TMT across all older adults with age, gender, education level and MoCA as covariates. The results revealed no significant correlations between the GMV of the left hippocampus and performance on DSF (r(48) = 0.071, p = 0.624), DSB (r(48) = 0.204, p = 0.155), VFT (r(48) = −0.107, p = 0.460), or TMT (r(48) = −0.144, p = 0.317) at a Bonferroni correction threshold of 0.0125 (0.05/4). In the same conditions, there were also no significant correlations between the GMV of the right hippocampus and performance on DSF (r(48) = −0.155, p = 0.283), DSB (r(48) = 0.037, p = 0.801), VFT (r(48) = −0.173, p = 0.230), or TMT (r(48) = −0.009, p = 0.952).

We also extracted the GMV of peak coordinate of the cluster observed in the ROI correlation analyses between GMV and PALT for novel associations in older women. We then separately performed correlation analyses between GMV and scores on the above neuropsychological measures for older women with age, education level and MoCA as covariates. There were no significant correlations between the GMV of the left hippocampus and performance on DSF (r(23) = −0.151, p = 0.471), DSB (r(23) = 0.054, p = 0.797), VFT (r(23) = −0.220, p = 0.291), or TMT (r(23) = −0.260, p = 0.209) at a Bonferroni correction threshold of 0.0125 (0.05/4).

These analyses suggest that the hippocampus might be functionally specific for associative memory.

DISCUSSION

Using VBM analysis, we investigated the structural brain correlates of individual differences in associative memory in healthy older adults. The results revealed that GMVs in bilateral hippocampi were positively correlated with associative memory performance for novel associations across all older adults. However, when considering men and women separately, the relationship between hippocampal volume and novel associative memory performance reached significance only in older women. These findings highlight the important role of the hippocampus in remembering novel associative representations in older women.

A number of studies provide evidence documenting morphologic sex differences in adult brain structure (Cosgrove et al., 2007; Sacher et al., 2013; Ruigrok et al., 2014; Gur and Gur, 2017). It has been reported that women have a higher percentage of gray matter (Gur et al., 1999; Leonard et al., 2008), greater cortical thickness (Im et al., 2006; Luders et al., 2006; Sowell et al., 2007) and higher corpus callosum morphology (Mitchell et al., 2003) than men. In addition, accelerated brain aging in men compared to women have been observed (Cowell et al., 1994; Coffey et al., 1998; Resnick et al., 2000; Xu et al., 2000; Good et al., 2001). In particular, structural MRI studies in humans have revealed steeper age-related decline in hippocampus morphology in men compared to women (Pruessner et al., 2001; Raz et al., 2004a; Li et al., 2014). Given that the hippocampus is especially critical for novel associative memory encoding and retrieval (Diana et al., 2007; Ranganath, 2010; Eichenbaum, 2017), we speculated that the relatively preserved hippocampus GMV would play a more important role in associative memory for novel associations in older women compared with older men, and thus structural volumes of the hippocampus are more likely to be associated with individual differences in associative memory for novel associations in older women but not men. Our results confirmed this speculation by demonstrating that structural volume of the hippocampus could account for inter-individual variations in novel associative memory only in older women.

The correlation analyses revealed significant positive associations between the GMV of the hippocampus and novel associative memory in older women, indicating that larger GMV of the hippocampus was associated with better novel associative performance. Since the hippocampus is believed to support associative memory by supporting the binding and recollection of novel relational associations (Diana et al., 2007; Ranganath, 2010; Eichenbaum, 2017), positive correlation for older women suggests that greater GMV of the hippocampus facilitates memory performance when binding and recollection are required during associative memory encoding and retrieval. The present findings are actually quite consistent with Ystad et al. (2009)’s observations that the hippocampal volume significantly predicted the free recall performance for older women but not for men, given that both novel associative memory and free recall rely primarily on the recollection process supported by the hippocampus (Yonelinas, 2002). It is reasonable to expect that the regional hippocampal GMV may be an indicator of age-related changes in associative memory function, and may even be a potential biomarker for the early detection of the deterioration of associative memory in cognitively normal older women.

The absence of significant associations in older men may imply that older men are more impaired in binding and/or recollection processes because of their steeper age-related atrophy in the hippocampus (Pruessner et al., 2001; Raz et al., 2004a; Li et al., 2014), and thus the extent of GMV in hippocampus does not affect their associative memory performance. Another potential reason why older men did not show significant correlation may be that their novel associative memory is related to strategic processes rather than the binding or recollection process, given that both associative and strategic components may contribute to associative memory performance (Shing et al., 2010). If that were the case, we would speculate that the GMV of PFC, due to its important role in elaborative organization and strategic retrieval (Simons and Spiers, 2003; Mitchell and Johnson, 2009), would have been related to associative memory performance in older men. Unfortunately, in the whole brain correlation analyses between GMV and PALT, no significant correlations with PALT scores on novel associations in the PFC were found in older men, which did not support this assumption. In addition, although many have suggested the hormonal and genetic influences on sex differences in brain and behavior (Lentini et al., 2013; Kight and McCarthy, 2017), the neurobiological basis for the sex differences in the relationships between hippocampal structure and associative memory remains unknown.

Contradictorily, some previous investigations of the brain structure correlates of episodic memory did not identify positive relationships between the hippocampal volumes and associative memory for novel associations in older adults (Rajah et al., 2010; Bauer et al., 2015; Becker et al., 2015). The inconsistent findings may be associated with methodological differences between studies, such as variations in test formats, volumetric procedures, and analytical strategies (Kaup et al., 2011; Ezzati et al., 2016). For example, in the present study, we used a cued-recall paired-associative learning task, which was more likely to recruit the hippocampus than an associative recognition task used in Becker et al. (2015), to measure older individuals’ associative memory performance (Caplan and Madan, 2016). We speculate that the cued-recall PALT is a more hippocampus-dependent task, and is more likely to drive the present significant correlations between hippocampal volumes and scores on the PALT. In addition, we defined the ROI of hippocampus based on automated procedures, while Rajah et al. (2010) defined the ROI by manually tracing the brain region. Most importantly, previous studies exploring the structural neural correlates of associative memory usually performed the correlation analyses across the whole group of participants (e.g., Rajah et al., 2010; Bauer et al., 2015; Becker et al., 2015), whereas we paid more attention to sex differences in the correlation patterns between GMV and associative memory performance. These may have contributed to the inconsistent findings of previous studies.

In whole brain correlation analyses, the GMV of the parahippocampal gyrus also had significant correlations with the PALT scores for novel associations only in older women, indicating that larger GMV of the parahippocampal gyrus was associated with better novel associative performance in older women but not men. Neuroimaging studies have demonstrated that the parahippocampal gyrus within the MTL plays a critical role in encoding and recollecting detailed contextual information (Kirwan and Stark, 2004; Diana et al., 2007, 2009; Ranganath, 2010). In addition, the parahippocampal gyrus is also a region within the MTL that is vulnerable to aging effects (Resnick et al., 2003; Tisserand et al., 2004; Raz et al., 2005; Raji et al., 2012). Unfortunately, less attention has been paid to sexual dimorphism in age-related structural atrophy in the parahippocampal gyrus. Nevertheless, the present findings of sex differences in associations between the GMV of the parahippocampal gyrus and novel associative memory may suggest that greater GMV of the parahippocampal gyrus may facilitate memory performance by supporting the encoding and retrieval of contextual information in older women but men. Our findings provide new evidence for the importance of the parahippocampal gyrus in associative memory and suggest that the volumes of the parahippocampal gyrus may be relevant to the individual differences in associative memory in healthy older women.

Interestingly, both ROI and whole-brain correlation analyses revealed that there were no significant correlations between the hippocampal, and parahippocampal GMV and the PALT scores on semantically related associations in older adults. First, it is well established that both the hippocampus and parahippocampus play critical roles in remembering novel relational associations rather than related associations (Diana et al., 2007; Ranganath, 2010; Eichenbaum, 2017). Second, in line with previous studies indicating that older adults perform better when the episodic components used are already associated in memory (Naveh-Benjamin, 2000; Naveh-Benjamin et al., 2003), our behavioral results indicated better performance on semantically related associations in older adults. Critically, older adults also had smaller inter-individual variability for semantically related associations compared to novel associations. Finally, as can be seen from the Figure 2, the data suggests that there was a ceiling effect in memory performance on semantically related condition due to its low-difficulty level. These observations may explain why the correlations between hippocampal volume and scores on the PALT were not statistically significant for semantically related associations.

It is well known that the PFC is important for associative memory, as it implements executive control processes, such as elaborative and organized operations (Simons and Spiers, 2003; Mitchell and Johnson, 2009). It has been shown that there are great age-related gray matter reductions in the PFC (Raz et al., 2005; Fjell et al., 2009; Di et al., 2014), particularly in the inferior frontal subregions (Resnick et al., 2003). This atrophy may result in age-related memory deficits by affecting the use of self-initiated elaborative memory strategies in older adults (Craik and Rose, 2012; Kirchhoff et al., 2014). In a previous structural study of associative memory, Becker et al. (2015) found that older adults with larger GMVs in the bilateral PFC had better associative memory. This underscores the contribution of GMV of the PFC to individual differences in associative memory in older adults. Interestingly, in the present study, no clusters other than the hippocampus and parahippocampus had significant correlations with PALT scores in older women in whole brain correlation analyses. Again, methodological differences (e.g., test formats or analytical strategies) between studies may give rise to different patterns across studies.

Some limitations should be noted. First, a relatively small sample of older adults was included in the present study. The sex differences found in the correlation analyses within subgroups and the validation analyses of functional specificity of the hippocampus for associative memory should be treated with caution. A larger sample size should be used to assess the structural correlates of inter-individual differences in associative memory in older adults in future studies. Second, we only recruited cognitively healthy older adults (age ≥ 60 years) in the present study. It should be noted that aging is a process that represents any changes (including physical, psychological and social change) in a human being over time (Bowen and Atwood, 2004). It is necessary to explore the aging effects on hippocampal structural correlates of associative memory across longer adulthood in future studies. In addition, longitudinal studies are required to examine the developmental trajectory of the relationship between hippocampal structure and associative memory. Finally, it has been suggested that hippocampal volume is especially sensitive to pathology-related atrophy and individual variation in patients with MCI or those with AD (Hua et al., 2008). Positive correlations between hippocampal volume and memory performance are especially apparent in samples of these patients (Van Petten, 2004). Including individuals with MCI and AD, may to some extent, provide clinical clues regarding the changing trajectory of associative memory during aging.

CONCLUSION

We observed that GMVs in the hippocampus may predict associative memory ability in cognitively normal older women but men. This provides new evidence for sexual dimorphism in the importance of the hippocampus in associative memory. Hippocampal volume may be an indicator of associative memory processing in aging, or a potential biomarker for the early detection of associative memory deterioration, especially in older women. Examining sex differences in future studies of the cognitive neuroscience of aging may help us to understand the aging brain better.
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FOOTNOTES

1^The MoCA is a cognitive screening tool for mild cognitive impairment (MCI) and mild dementia, and can be used to assess global cognitive function.

2^^http://www.fil.ion.ucl.ac.uk/spm

3^^http://rfmri.org/dpabi

4^The peak MNI coordinate indicates the coordinate that has greatest correlation with the associative memory performance.

REFERENCES

Addis, D. R., Giovanello, K. S., Vu, M.-A., and Schacter, D. L. (2014). Age-related changes in prefrontal and hippocampal contributions to relational encoding. Neuroimage 84, 19–26. doi: 10.1016/j.neuroimage.2013.08.033

Ashburner, J., and Friston, K. J. (2000). Voxel-based morphometry—the methods. Neuroimage 11, 805–821. doi: 10.1006/nimg.2000.0582

Ashburner, J., and Friston, K. J. (2005). Unified segmentation. Neuroimage 26, 839–851. doi: 10.1016/j.neuroimage.2005.02.018

Bauer, E., Toepper, M., Gebhardt, H., Gallhofer, B., and Sammer, G. (2015). The significance of caudate volume for age-related associative memory decline. Brain Res. 1622, 137–148. doi: 10.1016/j.brainres.2015.06.026

Becker, N., Laukka, E. J., Kalpouzos, G., Naveh-Benjamin, M., Bäckman, L., and Brehmer, Y. (2015). Structural brain correlates of associative memory in older adults. Neuroimage 118, 146–153. doi: 10.1016/j.neuroimage.2015.06.002

Bender, A. R., Naveh-Benjamin, M., and Raz, N. (2010). Associative deficit in recognition memory in a lifespan sample of healthy adults. Psychol. Aging 25, 940–948. doi: 10.1037/a0020595

Blumenfeld, R. S., Parks, C. M., Yonelinas, A. P., and Ranganath, C. (2010). Putting the pieces together: the role of dorsolateral prefrontal cortex in relational memory encoding. J. Cogn. Neurosci. 23, 257–265. doi: 10.1162/jocn.2010.21459

Bowen, R. L., and Atwood, C. S. (2004). Living and dying for sex: a theory of aging based on the modulation of cell cycle signaling by reproductive hormones. Gerontology 50, 265–290. doi: 10.1159/000079125

Caplan, J. B., and Madan, C. R. (2016). Word imageability enhances association-memory by increasing hippocampal engagement. J. Cogn. Neurosci. 28, 1522–1538. doi: 10.1162/jocn_a_00992

Coffey, C. E., Lucke, J. F., Saxton, J. A., Ratcliff, G., Unitas, L. J., Billig, B., et al. (1998). Sex differences in brain aging: a quantitative magnetic resonance imaging study. Arch. Neurol. 55, 169–179. doi: 10.1001/archneur.55.2.169

Cosgrove, K. P., Mazure, C. M., and Staley, J. K. (2007). Evolving knowledge of sex differences in brain structure, function, and chemistry. Biol. Psychiatry 62, 847–855. doi: 10.1016/j.biopsych.2007.03.001


Cowell, P. E., Turetsky, B. I., Gur, R. C., Grossman, R. I., Shtasel, D. L., and Gur, R. E. (1994). Sex differences in aging of the human frontal and temporal lobes. J. Neurosci. 14, 4748–4755.


Craik, F. I. M., and Rose, N. S. (2012). Memory encoding and aging: a neurocognitive perspective. Neurosci. Biobehav. Rev. 36, 1729–1739. doi: 10.1016/j.neubiorev.2011.11.007


Daselaar, S., Cabeza, R., Ochsne, K., and Kosslyn, S. (2013). “Age-related decline in working memory and episodic memory: contributions of the prefrontal cortex and medial temporal lobes,” in The Oxford Handbook of Cognitive Neuroscience, eds O. Kevin and M. K. Stephen (Oxford: Oxford University Press), 456–472.


Dennis, N. A., Hayes, S. M., Prince, S. E., Madden, D. J., Huettel, S. A., and Cabeza, R. (2008). Effects of aging on the neural correlates of successful item and source memory encoding. J. Exp. Psychol. Learn. Mem. Cogn. 34, 791–808. doi: 10.1037/0278-7393.34.4.791

Di, X., Rypma, B., and Biswal, B. B. (2014). Correspondence of executive function related functional and anatomical alterations in aging brain. Prog. Neuropsychopharmacol. Biol. Psychiatry 48, 41–50. doi: 10.1016/j.pnpbp.2013.09.001

Diana, R. A., Yonelinas, A. P., and Ranganath, C. (2007). Imaging recollection and familiarity in the medial temporal lobe: a three-component model. Trends Cogn. Sci. 11, 379–386. doi: 10.1016/j.tics.2007.08.001

Diana, R. A., Yonelinas, A. P., and Ranganath, C. (2009). Medial temporal lobe activity during source retrieval reflects information type, not memory strength. J. Cogn. Neurosci. 22, 1808–1818. doi: 10.1162/jocn.2009.21335

Eichenbaum, H. (2017). Memory: organization, and control. Annu. Rev. Psychol. 68, 19–45. doi: 10.1146/annurev-psych-010416-044131

Ezzati, A., Katz, M. J., Zammit, A. R., Lipton, M. L., Zimmerman, M. E., Sliwinski, M. J., et al. (2016). Differential association of left and right hippocampal volumes with verbal episodic and spatial memory in older adults. Neuropsychologia 93, 380–385. doi: 10.1016/j.neuropsychologia.2016.08.016

Fandakova, Y., Lindenberger, U., and Shing, Y. L. (2015). Maintenance of youth-like processing protects against false memory in later adulthood. Neurobiol. Aging 36, 933–941. doi: 10.1016/j.neurobiolaging.2014.10.022

Fandakova, Y., Shing, Y. L., and Lindenberger, U. (2012). Heterogeneity in memory training improvement among older adults: a latent class analysis. Memory 20, 554–567. doi: 10.1080/09658211.2012.687051

Fjell, A. M., Walhovd, K. B., Fennema-Notestine, C., Mcevoy, L. K., Hagler, D. J., Holland, D., et al. (2009). One-year brain atrophy evident in healthy aging. J. Neurosci. 29, 15223–15231. doi: 10.1523/JNEUROSCI.3252-09.2009

Forman, S. D., Cohen, J. D., Fitzgerald, M., Eddy, W. F., Mintun, M. A., and Noll, D. C. (1995). Improved assessment of significant activation in functional magnetic resonance imaging (fMRI): use of a cluster-size threshold. Magnet. Reson. Med. 33, 636–647. doi: 10.1002/mrm.1910330508

Fraser, M. A., Shaw, M. E., and Cherbuin, N. (2015). A systematic review and meta-analysis of longitudinal hippocampal atrophy in healthy human ageing. Neuroimage 112, 364–374. doi: 10.1016/j.neuroimage.2015.03.035

Gerstorf, D., Herlitz, A., and Smith, J. (2006). Stability of sex differences in cognition in advanced old age: the role of education and attrition. J. Gerontol. B Psychol. Sci. Soc. Sci. 61, P245–P249. doi: 10.1093/geronb/61.4.p245

Ghisletta, P., Rabbitt, P., Lunn, M., and Lindenberger, U. (2012). Two thirds of the age-based changes in fluid and crystallized intelligence, perceptual speed, and memory in adulthood are shared. Intelligence 40, 260–268. doi: 10.1016/j.intell.2012.02.008

Giovanello, K. S., and Schacter, D. L. (2011). Reduced specificity of hippocampal and posterior ventrolateral prefrontal activity during relational retrieval in normal aging. J. Cogn. Neurosci. 24, 159–170. doi: 10.1162/jocn_a_00113

Good, C. D., Johnsrude, I. S., Ashburner, J., Henson, R. N. A., Friston, K. J., and Frackowiak, R. S. J. (2001). A voxel-based morphometric study of ageing in 465 normal adult human brains. Neuroimage 14, 21–36. doi: 10.1006/nimg.2001.0786

Gur, R. C., and Gur, R. E. (2017). Complementarity of sex differences in brain and behavior: from laterality to multimodal neuroimaging. J. Neurosci. Res. 95, 189–199. doi: 10.1002/jnr.23830


Gur, R. C., Turetsky, B. I., Matsui, M., Yan, M., Bilker, W., Hughett, P., et al. (1999). Sex differences in brain gray and white matter in healthy young adults: correlations with cognitive performance. J. Neurosci. 19, 4065–4072.


Hannula, D. E., and Ranganath, C. (2009). The eyes have it: hippocampal activity predicts expression of memory in eye movements. Neuron 63, 592–599. doi: 10.1016/j.neuron.2009.08.025

Herlitz, A., and Rehnman, J. (2008). Sex differences in episodic memory. Curr. Dir. Psychol. Sci. 17, 52–56. doi: 10.1111/j.1467-8721.2008.00547.x

Hua, X., Leow, A. D., Parikshak, N., Lee, S., Chiang, M.-C., Toga, A. W., et al. (2008). Tensor-based morphometry as a neuroimaging biomarker for Alzheimer’s disease: an MRI study of 676 AD, MCI, and normal subjects. Neuroimage 43, 458–469. doi: 10.1016/j.neuroimage.2008.07.013

Huang, C.-C., Liu, M.-E., Kao, H.-W., Chou, K.-H., Yang, A. C., Wang, Y.-H., et al. (2016). Effect of Alzheimer’s disease risk variant rs3824968 at SORL1 on regional gray matter volume and age-related interaction in adult lifespan. Sci. Rep.  6:23362. doi: 10.1038/srep23362

Huo, L. J., Wang, B. X., and Li, J. (2014). Revision of the norm of the verbal paired associative learning test in Chinese older adults. Chinese Ment. Health J. 28, 512–517. doi: 10.3969/j.issn.1000-6729.2014.07.006

Im, K., Lee, J.-M., Lee, J., Shin, Y.-W., Kim, I. Y., Kwon, J. S., et al. (2006). Gender difference analysis of cortical thickness in healthy young adults with surface-based methods. Neuroimage 31, 31–38. doi: 10.1016/j.neuroimage.2005.11.042

Kaup, A. R., Mirzakhanian, H., Jeste, D. V., and Eyler, L. T. (2011). A review of the brain structure correlates of successful cognitive aging. J. Neuropsychiatry Clin. Neurosci. 23, 6–15. doi: 10.1176/appi.neuropsych.23.1.6

Kight, K. E., and McCarthy, M. M. (2017). Sex differences and estrogen regulation of BDNF gene expression, but not propeptide content, in the developing hippocampus. J. Neurosci. Res. 95, 345–354. doi: 10.1002/jnr.23920

Kilb, A., and Naveh-Benjamin, M. (2011). The effects of pure pair repetition on younger and older adults’ associative memory. J. Exp. Psychol. Learn. Mem. Cogn. 37, 706–719. doi: 10.1037/a0022525

Kirchhoff, B. A., Gordon, B. A., and Head, D. (2014). Prefrontal gray matter volume mediates age effects on memory strategies. Neuroimage 90, 326–334. doi: 10.1016/j.neuroimage.2013.12.052

Kirwan, C. B., and Stark, C. E. L. (2004). Medial temporal lobe activation during encoding and retrieval of novel face-name pairs. Hippocampus 14, 919–930. doi: 10.1002/hipo.20014

Lamar, M., Resnick, S. M., and Zonderman, A. B. (2003). Longitudinal changes in verbal memory in older adults: distinguishing the effects of age from repeat testing. Neurology 60, 82–86. doi: 10.1212/wnl.60.1.82

Lawton, M. P., and Brody, E. M. (1969). Assessment of older people: self-maintaining and instrumental activities of daily living. Gerontologist 9, 179–186. doi: 10.1093/geront/9.3_part_1.179

Lentini, E., Kasahara, M., Arver, S., and Savic, I. (2013). Sex differences in the human brain and the impact of sex chromosomes and sex hormones. Cereb. Cortex 23, 2322–2336. doi: 10.1093/cercor/bhs222

Leonard, C. M., Towler, S., Welcome, S., Halderman, L. K., Otto, R., Eckert, M. A., et al. (2008). Size matters: cerebral volume influences sex differences in neuroanatomy. Cereb. Cortex 18, 2920–2931. doi: 10.1093/cercor/bhn052

Li, W., Van Tol, M.-J., Li, M., Miao, W., Jiao, Y., Heinze, H.-J., et al. (2014). Regional specificity of sex effects on subcortical volumes across the lifespan in healthy aging. Hum. Brain Mapp. 35, 238–247. doi: 10.1002/hbm.22168

Lindenberger, U., and Ghisletta, P. (2009). Cognitive and sensory declines in old age: gauging the evidence for a common cause. Psychol. Aging 24, 1–16. doi: 10.1037/a0014986

Luders, E., Narr, K. L., Thompson, P. M., Rex, D. E., Woods, R. P., Deluca, H., et al. (2006). Gender effects on cortical thickness and the influence of scaling. Hum. Brain Mapp. 27, 314–324. doi: 10.1002/hbm.20187

Maldjian, J. A., Laurienti, P. J., Kraft, R. A., and Burdette, J. H. (2003). An automated method for neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data sets. Neuroimage 19, 1233–1239. doi: 10.1016/s1053-8119(03)00169-1

Mazure, C. M., and Swendsen, J. (2016). Sex differences in Alzheimer’s disease and other dementias. Lancet Neurol. 15, 451–452. doi: 10.1016/S1474-4422(16)00067-3


Mitchell, T. N., Free, S. L., Merschhemke, M., Lemieux, L., Sisodiya, S. M., and Shorvon, S. D. (2003). Reliable callosal measurement: population normative data confirm sex-related differences. Am. J. Neuroradiol. 24, 410–418.


Mitchell, K. J., and Johnson, M. K. (2009). Source monitoring 15 years later: what have we learned from fMRI about the neural mechanisms of source memory? Psychol. Bull. 135, 638–677. doi: 10.1037/a0015849

Mitchell, K. J., Johnson, M. K., Raye, C. L., and D’esposito, M. (2000). fMRI evidence of age-related hippocampal dysfunction in feature binding in working memory. Brain Res. Cogn. Brain Res. 10, 197–206. doi: 10.1016/s0926-6410(00)00029-x

Naveh-Benjamin, M. (2000). Adult age differences in memory performance: tests of an associative deficit hypothesis. J. Exp. Psychol. Learn. Mem. Cogn. 26, 1170–1187. doi: 10.1037//0278-7393.26.5.1170

Naveh-Benjamin, M., Hussain, Z., Guez, J., and Bar-On, M. (2003). Adult age differences in episodic memory: further support for an associative-deficit hypothesis. J. Exp. Psychol. Learn. Mem. Cogn. 29, 826–837. doi: 10.1037/0278-7393.29.5.826

Norman, K. A., and O’Reilly, R. C. (2003). Modeling hippocampal and neocortical contributions to recognition memory: a complementary-learning-systems approach. Psychol. Rev. 110, 611–646. doi: 10.1037/0033-295x.110.4.611

Nyberg, L., Lövdén, M., Riklund, K., Lindenberger, U., and Bäckman, L. (2012). Memory aging and brain maintenance. Trends Cogn. Sci. 16, 292–305. doi: 10.1016/j.tics.2012.04.005

Old, S. R., and Naveh-Benjamin, M. (2008). Differential effects of age on item and associative measures of memory: a meta-analysis. Psychol. Aging 23, 104–118. doi: 10.1037/0882-7974.23.1.104


Pruessner, J. C., Collins, D. L., Pruessner, M., and Evans, A. C. (2001). Age and gender predict volume decline in the anterior and posterior hippocampus in early adulthood. J. Neurosci. 21, 194–200.


Pudas, S., Persson, J., Josefsson, M., de Luna, X., Nilsson, L.-G., and Nyberg, L. (2013). Brain characteristics of individuals resisting age-related cognitive decline over two decades. The J. Neurosci. 33, 8668–8677. doi: 10.1523/JNEUROSCI.2900-12.2013

Rajah, M. N., Languay, R., and Valiquette, L. (2010). Age-related changes in prefrontal cortex activity are associated with behavioural deficits in both temporal and spatial context memory retrieval in older adults. Cortex 46, 535–549. doi: 10.1016/j.cortex.2009.07.006

Raji, C. A., Lopez, O. L., Kuller, L. H., Carmichael, O. T., Longstreth, W. T. Jr., Gach, H. M., et al. (2012). White matter lesions and brain gray matter volume in cognitively normal elders. Neurobiol. Aging 33, 834.e7–834.e16. doi: 10.1016/j.neurobiolaging.2011.08.010

Ranganath, C. (2010). Binding items and contexts: the cognitive neuroscience of episodic memory. Curr. Dir. Psychol. Sci. 19, 131–137. doi: 10.1177/0963721410368805

Raz, N., Gunning-Dixon, F., Head, D., Rodrigue, K. M., Williamson, A., and Acker, J. D. (2004a). Aging, sexual dimorphism, and hemispheric asymmetry of the cerebral cortex: replicability of regional differences in volume. Neurobiol. Aging 25, 377–396. doi: 10.1016/s0197-4580(03)00118-0

Raz, N., Rodrigue, K. M., Head, D., Kennedy, K. M., and Acker, J. D. (2004b). Differential aging of the medial temporal lobe: a study of a five-year change. Neurology 62, 433–438. doi: 10.1212/01.WNL.0000106466.09835.46

Raz, N., Lindenberger, U., Rodrigue, K. M., Kennedy, K. M., Head, D., Williamson, A., et al. (2005). Regional brain changes in aging healthy adults: general trends, individual differences and modifiers. Cereb. Cortex 15, 1676–1689. doi: 10.1093/cercor/bhi044


Reitan, R. M. (1992). Trail Making Test: Manual for Administration and Scoring. Tucson, AZ: Reitan Neuropsychology Laboratory.


Resnick, S. M., Goldszal, A. F., Davatzikos, C., Golski, S., Kraut, M. A., Metter, E. J., et al. (2000). One-year age changes in MRI brain volumes in older adults. Cereb. Cortex 10, 464–472. doi: 10.1093/cercor/10.5.464


Resnick, S. M., Pham, D. L., Kraut, M. A., Zonderman, A. B., and Davatzikos, C. (2003). Longitudinal magnetic resonance imaging studies of older adults: a shrinking brain. J. Neurosci. 23, 3295–3301.


Ruigrok, A. N. V., Salimi-Khorshidi, G., Lai, M.-C., Baron-Cohen, S., Lombardo, M. V., Tait, R. J., et al. (2014). A meta-analysis of sex differences in human brain structure. Neurosci. Biobehav. Rev. 39, 34–50. doi: 10.1016/j.neubiorev.2013.12.004

Sacher, J., Neumann, J., Okon-Singer, H., Gotowiec, S., and Villringer, A. (2013). Sexual dimorphism in the human brain: evidence from neuroimaging. Magn. Reson. Imaging 31, 366–375. doi: 10.1016/j.mri.2012.06.007

Salthouse, T. A. (2017). Contributions of the individual differences approach to cognitive aging. J. Gerontol. B Psychol. Sci. Soc. Sci. 72, 7–15. doi: 10.1093/geronb/gbw069

Shing, Y. L., Rodrigue, K., Kennedy, K., Fandakova, Y., Bodammer, N., Werkle-Bergner, M., et al. (2011). Hippocampal subfield volumes: age, vascular risk, and correlation with associative memory. Front. Aging Neurosci. 3:2. doi: 10.3389/fnagi.2011.00002

Shing, Y. L., Werkle-Bergner, M., Brehmer, Y., Müller, V., Li, S.-C., and Lindenberger, U. (2010). Episodic memory across the lifespan: the contributions of associative and strategic components. Neurosci. Biobehav. Rev. 34, 1080–1091. doi: 10.1016/j.neubiorev.2009.11.002

Simons, J. S., and Spiers, H. J. (2003). Prefrontal and medial temporal lobe interactions in long-term memory. Nat. Rev. Neurosci. 4, 637–648. doi: 10.1038/nrn1178

Sowell, E. R., Peterson, B. S., Kan, E., Woods, R. P., Yoshii, J., Bansal, R., et al. (2007). Sex differences in cortical thickness mapped in 176 healthy individuals between 7 and 87 years of age. Cereb. Cortex 17, 1550–1560. doi: 10.1093/cercor/bhl066


Spreen, O., and Strauss, E. (1998). A Compendium of Neuropsychological Tests: Administration, Norms, and Commentary. New York, NY: Oxford University Press.


Ta, A. T., Huang, S.-E., Chiu, M.-J., Hua, M.-S., Tseng, W.-Y. I., Chen, S.-H. A., et al. (2012). Age-related vulnerabilities along the hippocampal longitudinal axis. Hum. Brain Mapp. 33, 2415–2427. doi: 10.1002/hbm.21364

Tisserand, D. J., van Boxtel, M. P. J., Pruessner, J. C., Hofman, P., Evans, A. C., and Jolles, J. (2004). A voxel-based morphometric study to determine individual differences in gray matter density associated with age and cognitive change over time. Cereb. Cortex 14, 966–973. doi: 10.1093/cercor/bhh057

Tulving, E. (1985). Memory and consciousness. Can. Psychol. 26, 1–12. doi: 10.1037/h0080017

Van Petten, C. (2004). Relationship between hippocampal volume and memory ability in healthy individuals across the lifespan: review and meta-analysis. Neuropsychologia 42, 1394–1413. doi: 10.1016/j.neuropsychologia.2004.04.006

Wang, P., Li, J., Li, H., and Zhang, S. (2013). Differences in learning rates for item and associative memories between amnestic mild cognitive impairment and healthy controls. Behav. Brain Funct. 9:29. doi: 10.1186/1744-9081-9-29


Wechsler, D. (1981). WAIS-R Manual: Wechsler Adult Intelligence Scale-Revised. San Antonio, TX: Psychological Corporation.


Westerberg, C. E., Voss, J. L., Reber, P. J., and Paller, K. A. (2012). Medial temporal contributions to successful face-name learning. Hum. Brain Mapp. 33, 1717–1726. doi: 10.1002/hbm.21316

Wilson, R. S., Beckett, L. A., Barnes, L. L., Schneider, J. A., Bach, J., Evans, D. A., et al. (2002). Individual differences in rates of change in cognitive abilities of older persons. Psychol. Aging 17, 179–193. doi: 10.1037//0882-7974.17.2.179


Xu, J., Kobayashi, S., Yamaguchi, S., Iijima, K., Okada, K., and Yamashita, K. (2000). Gender effects on age-related changes in brain structure. Am. J. Neuroradiol. 21, 112–118.



Xu, S., and Wu, Z. (1986). The construction of the clinical memory test. Acta Psychol. Sin. 18, 100–108.


Yan, C.-G., Wang, X.-D., Zuo, X.-N., and Zang, Y.-F. (2016). DPABI: data processing and analysis for (Resting-State) brain imaging. Neuroinformatics 14, 339–351. doi: 10.1007/s12021-016-9299-4

Yonelinas, A. P. (2002). The nature of recollection and familiarity: a review of 30 years of research. J. Mem. Lang. 46, 441–517. doi: 10.1006/jmla.2002.2864

Ystad, M. A., Lundervold, A. J., Wehling, E., Espeseth, T., Rootwelt, H., Westlye, L. T., et al. (2009). Hippocampal volumes are important predictors for memory function in elderly women. BMC Med. Imaging 9:17. doi: 10.1186/1471-2342-9-17

Yu, J., Li, J., and Huang, X. (2012). The Beijing version of the montreal cognitive assessment as a brief screening tool for mild cognitive impairment: a community-based study. BMC Psychiatry 12:156. doi: 10.1186/1471-244X-12-156

Zamboni, G., de Jager, C. A., Drazich, E., Douaud, G., Jenkinson, M., Smith, A. D., et al. (2013). Structural and functional bases of visuospatial associative memory in older adults. Neurobiol. Aging 34, 961–972. doi: 10.1016/j.neurobiolaging.2012.07.011

Zheng, Z., Zhu, X., Yin, S., Wang, B., Niu, Y., Huang, X., et al. (2015). Combined cognitive-psychological-physical intervention induces reorganization of intrinsic functional brain architecture in older adults. Neural Plast. 2015:713104. doi: 10.1155/2015/713104

Zhou, H., Li, R., Ma, Z., Rossi, S., Zhu, X., and Li, J. (2016). Smaller gray matter volume of hippocampus/parahippocampus in elderly people with subthreshold depression: a cross-sectional study. BMC Psychiatry 16:219. doi: 10.1186/s12888-016-0928-0

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Zheng, Li, Xiao, He, Zhang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution and reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-11-00093-g003.gif
A Left hippocampus

v

B Right hippocampus

Grey matter volume

Grey matter volume

020 >
°
010 8
ﬂ° s oo
oot oS5 S
%o’%a %
0.10} ) °
=516, p<.001
020
T y T T v
160 s ok st 10m
Associative memory
020 °
°
0109 %O °©
o
°oc & 000
° o
0004 «ng °%°
%”}’
°
o
wnl— B
. ° =456, p<.001
40w se ok st 10w

Associative memory





OPS/images/fnhum-11-00093-g004.gif
Women

=623, p<.001
— Men

1=.284, p=115

Left hippocampus

U

Grey matter volume

1000 500 000 500 1000

Associative memory






OPS/images/fnhum-11-00093-g001.gif





OPS/images/fnhum-11-00093-g002.gif
18

Participants

® PALT_novel
A PALT _related





OPS/images/fnhum-11-00093-g005.gif
A Left hippocampus and parahippocampus
0.39 0.55

o
°

o o

°
Doy O
o
oo
i&é’;ggf’%
o B
%%a%&:o

010

H

0104

1=0.516, p<.001

Grey matter volume

T T T T
w0 S0 o0 se 1000

Associative memory

B Right hippocampus and parahippocampus
0.39 0.55
]

o]
o]
ons]
°
0 o RupcGS
ol o SERER. o
S0
a3 By

L 1=0.520, p<.001

Grey matter volume

0104

000 S0 000 S0 1000

Associative memory






OPS/images/fnhum-11-00093-g006.gif
Left hippocampus and parahippocampus

0.55 0.72
..

Grey matter volume

-0.10
4000 500 000 500 1000

Associative memory






OPS/images/crossmark.jpg





OPS/images/fnhum-11-00093-t001.jpg
Characteristics Al participants Men Women

Age (years) 7046(604)  7128(681) 6967 (629
Education (years) 13.87 (3.26) 1428(332) 1347 @19)
MoCA 2700200 2665@11)  27.33(1.85)
PALT_novel 545 (355) 483 (380) 605 3.22)
PALT_related 686(1.31) 664 (1.47) 7.07 (1.12)
Digit span forward 7.54 (1.50) 769 (1.62) 7.39(1.39)
Digit span backward 502 (1.51) 500 (1.67) 503 (1.37)
Verbal fluency test 2504(606)  2542(5.33) 2467 6.79)

Trail making (seconds) 3336 21.71) 3254 (2024)  84.10 (23.32)
Note: Trail making scores were obtained using Trail making B minus Trail making A.






OPS/images/cover.jpg
’ frontiers _
1IN Human Neuroscience

Sex Matters: Hippocampal Volume
Predicts Individual Differences in
Associative Memory in Cognitively
Normal Older Women but Not Men









OPS/images/logo.jpg
’ frontiers )
in Human Neuroscience





