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Abstract

:

Aging is associated with structural and functional changes in the hippocampus, and hippocampal dysfunction represents a risk marker of Alzheimer’s disease. Previously, we demonstrated age-related changes in reactive and proactive control in the stop signal task, each quantified by the stop signal reaction time (SSRT) and sequential effect computed as the correlation between the estimated stop signal probability and go trial reaction time. Age was positively correlated with the SSRT, but not with the sequential effect. Here, we explored hippocampal gray matter volume (GMV) and activation to response inhibition and to p(Stop) in healthy adults 18 to 72 years of age. The results showed age-related reduction of right anterior hippocampal activation during stop success vs. go trials, and the hippocampal activities correlated negatively with the SSRT. In contrast, the right posterior hippocampus showed higher age-related responses to p(Stop), but the activities did not correlate with the sequential effect. Further, we observed diminished GMVs of the anterior and posterior hippocampus. However, the GMVs were not related to behavioral performance or regional activities. Together, these findings suggest that hippocampal GMVs and regional activities represent distinct neural markers of cognitive aging, and distinguish the roles of the anterior and posterior hippocampus in age-related changes in cognitive control.
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1. Introduction


Memory impairment is the most important characteristic of age-related cognitive deficits, as observed in individuals with mild cognitive impairment (MCI) and Alzheimer’s Disease (AD). The processing of contextual information depends critically on the hippocampus [1,2]. Indeed, hippocampal atrophy represents a biomarker of MCI and early-stage AD [3,4]. Along with impairment in spatial [5] and verbal memory [6] task performance, hippocampal atrophy is associated with higher risk of developing AD. Studies have also reported reduced hippocampal activities [7] and connectivities [8,9], as well as increased hippocampal metabolism [9], in MCI. In particular, hippocampal structural and functional changes may predict cognitive decline [10,11]. Together, hippocampal dysfunction represents a critical etiological marker of age-related cognitive decline and AD.



Inhibitory control, a component function of cognitive control, involves stopping the current or pre-potentiated actions, and allows flexibility in behavioral control in response to conflicting situations. Impairments in inhibitory control has been reported in patients with MCI [12] and early-stage AD [13]. Patients with MCI appeared to exhibit disproportionate decline in inhibitory control among the different domains of executive functions [14]. Compared with age-matched healthy adults, individuals with MCI showed inhibitory deficits as reflected in longer stop signal reaction time (SSRT) in the stop signal task [15], longer reaction time (RT) cost in incongruent conditions in the flanker task [16], lower hit rates during anti-saccades [17], higher interference effect in the Stroop task [18], higher error rate in the Simon task [19], and increased false alarms in the go/no-go task [20]. These studies suggested that inhibitory control may represent a determinative factor of age-related cognitive decline, and should be included in neuropsychological assessments of age-related cognitive dysfunction [14].



The hippocampus can be segmented in the long axis to anterior and posterior (ventral and dorsal, respectively, in rodents) sub-regions, with both shared and distinct anatomical connectivity [21,22,23,24]. The anterior hippocampus receives inputs from the amygdala, hypothalamus, and insular and ventromedial prefrontal areas, while the posterior hippocampus receives inputs from the cingulate cortex, visual cortices, dorsolateral prefrontal cortex, medial temporal, and inferior parietal lobes [24,25]. Connectivity studies revealed that the anterior hippocampus is functionally connected to the limbic system, and the posterior hippocampus to the inferior frontal regions and parietal-temporal junction [26,27]. Other studies distinguished the functions of the hippocampal sub-regions, with the anterior hippocampus involved in affective and motivational processing [28], contextual memory [29], imagination, and memory encoding [30], and the posterior hippocampus in spatial processing [31], local representation [32], and memory retrieval [27]. On the other hand, human imaging studies have largely not specifically distinguished the anterior and posterior hippocampus in characterizing age-related structural and functional changes.



The hippocampus supports cognition not only in the domains of episodic and verbal memory, but also in processing speed and executive control [33]. Atrophy of the hippocampus was considered a culprit of age-related cognitive decline [34]. In neurotypical adults, reduced hippocampal volume was associated with lower fluid intelligence in the elderly, but not in the young [35]. Smaller hippocampus volume was associated with lower processing speed, as measured by reaction times, in elderly people performing various cognitive tasks [36]. The hippocampus also supports cognition through its anatomical connection to the executive control network, including the prefrontal cortex [37]. Positive hippocampal–prefrontal cortical connectivity was observed in young and healthy older adults during retrieval of face–name paired association memory, but not in older adults with signs of pathological aging and minor neurocognitive disorder [38]. Nonetheless, very few human studies have directly examined hippocampal contribution to inhibitory control.



On the other hand, a few animal studies have highlighted the roles of the hippocampus in inhibitory control. For example, rats with lesions in the ventral hippocampus were unable to inhibit impulsive responses to wrongful locations and during wrongful time periods in a choice task [39,40]. A recent study reported that the neuropeptide galanin, which binds to G-protein-coupled receptors densely expressed in the ventral hippocampus, plays a central role in impulse control [41]. In an experiment where rats learned to associate an object and place for rewards, hippocampal neurons showed higher activity during inhibition of responses to wrongful objects and places [42]. In a visual discrimination task with radial maze, rats with a lesioned or intact hippocampus showed no difference in context-specific learning; however, when the context was reversed (i.e., reinforced arms become unreinforced), rats with a lesioned relative to those with an intact hippocampus showed less difficulty in reversal learning, suggesting that the acquired inhibition to the unreinforced arms in the original context was stored in the hippocampus [43]. Further examination revealed that rats with ventral but not those with dorsal hippocampal lesions showed impaired inhibition towards unreinforced arms, suggesting a specific role of the ventral hippocampus in acquiring inhibitory associations [44]. These studies together suggest the potential importance of the hippocampus in inhibitory control.



The goal of the current study is to examine age-related changes in hippocampal gray matter volumes and hippocampal activation during inhibitory control. In our previous studies, we have shown that age is associated with impaired reactive inhibitory control and relatively intact proactive control in the stop signal task [45,46]. Here, targeting the hippocampus, we (1) examined hippocampal activation during reactive inhibitory and proactive control in older adults, and (2) explored whether the anterior and posterior hippocampus may partake in these age-related processes differently.




2. Materials and Methods


2.1. Participants


We examined the same data set of 149 adults (83 women) 18 to 72 (31.6 ± 11.9; mean ± SD) years of age [45,46]. Age and sex frequencies are shown in Figure A1. All participants were physically healthy, with no major medical illnesses or current use of prescription medications. None of them reported having a history of head injury or neurological or psychiatric illness. All participants signed a written consent after they were given a detailed explanation of the study in accordance with a protocol approved by the Yale Human Investigation Committee [45,46].




2.2. Stop Signal Task and Stop Signal Reaction Time


Participants performed a standard stop signal task (SST), in which a circle—the “go” signal—prompted participants to press a button quickly, and a cross—the “stop” signal—following the go signal instructed participants to withhold the button press [47,48,49]. Go (~75%) and stop (~25%) trials were randomized in presentation. The time between the go and stop signals, the stop signal delay (SSD), started at 200 ms and varied from one stop trial to the next according to a staircase procedure, increasing and decreasing by 67 ms each after a successful and failed stop trial [50]. Participants were trained briefly on the task prior to the imaging session. They were instructed to press the button quickly when they saw the go signal while keeping in mind that a stop signal might come up in some trials. In the scanner, 146 participants completed four 10-min sessions of the task, and three completed three sessions, with approximately 100 trials in each session [46]. Hence, 146 participants completed a total of approximately 300 go and 100 stop trials, and three completed approximately 225 go and 75 stop trials. The stop signal reaction time (SSRT) was computed for each participant, and a longer SSRT suggested lesser capacity of inhibitory control [51].




2.3. A Bayesian Model of Proactive Control


As in our previous work [45,52,53], we used a dynamic Bayesian model [54] to estimate the prior belief of an impending stop signal on each trial based on prior stimulus history. In the model, subjects believe that stop signal frequency rk on trial k has a probability α of being the same as rk−1, and probability (1 − α) of being re-sampled from a prior distribution π(rk). Subjects are also assumed to believe that trial k has a probability rk of being a stop trial, and probability 1 − rk of being a go trial. With these generative assumptions, subjects used Bayesian inference to update their prior belief of seeing a stop signal on trial k, p(rk|Sk−1), based on the prior or the last trial p(rk−1|Sk−1) and last trial’s true category (sk = 1 for stop trial, sk = 0 for go trial), where Sk [s1, . . . , sk] is short-hand for all trials 1 through k. Specifically, given that the posterior distribution was p(rk−1|Sk−1) on trial k − 1, the prior distribution of stop signals in trial k is given by:


p(rk|Sk−1) = α p(rk−1|Sk−1) + (1 − α) π(rk),



(1)




where the prior distribution π(rk) is a beta distribution with prior mean pm and shape parameter scale, and the posterior distribution is computed from the prior distribution and the outcome according to the Bayes’ rule:


p(rk|Sk)∝P(sk|rk) p(rk|Sk−1).



(2)







The Bayesian estimate of the probability of trial k being stop trial, which we colloquially call p(Stop) in this paper, given the predictive distribution p(rk|Sk−1), is expressed by:


     P  (   s k  = 1 |  S  k − 1    )    =   ∫     P  (   s k  = 1 |  r k   )  P  (   r k  |  S  k − 1    )  d  r k  =   ∫      r k  P  (   r k  |  S  k − 1    )  d  r k       =  r k  |  S  k − 1       



(3)







In other words, p(Stop) or the probability of a trial k being a stop trial is simply the mean of the predictive distribution p(rk|Sk−1). The assumption that the predictive distribution is a mixture of the previous posterior distributions and a generic prior distribution is essentially equivalent to using a causal, exponential, and linear filter to estimate the current rate of stop trials [55]. In summary, for each subject, given a sequence of observed go/stop trials and the three model parameters {α, pm, scale}, we estimated p(Stop) for each trial [45,52,53].



We followed our earlier work in specifying the parameters for Bayesian models [45,52,53]. Specifically, we assumed a prior β distribution, β (3.5, 7.5), equivalent to a prior mean = 0.25, scale = 10, and a learning parameter α = 0.8 for all participants. The mean of the prior distribution was set at 0.25 to reflect the frequency of stop trials. Although an individual participant might present a different optimal set of parameters, individual model parameter estimates tended to be noisy. We followed the standard of model-based fMRI analyses by keeping a fixed set of parameters across the group in characterizing behavior related to stop signal anticipation and regional responses to p(Stop) [52,56,57]. The proactive inhibition index was formulated via the sequential effect as:


Seq.Effect = Corr(p(Stop), goRT)



(4)







Our previous work showed that the sequential effect was not sensitive to the exact parametrization of the model; a significant correlation between p(Stop) and goRT could be obtained for individual subjects for a wide range of parameters (r’s > 0.92; Pearson regression) [52]. The validity of the model was confirmed in a more recent work [53].




2.4. MRI Protocol


The image acquisition process was reported in our previous work [45,46,47,48,49,50,53]. Conventional T1-weighted spin-echo sagittal anatomical images were acquired for slice localization using a 3-Tesla scanner (Siemens Trio, Erlangen, Germany). Anatomical images of the functional slice locations were obtained with spin-echo imaging in the axial plan parallel to the Anterior Commissure-Posterior Commissure (AC-PC) line, with repetition time (TR) = 300 ms, echo time (TE) = 2.5 ms, bandwidth = 300 Hz/pixel, flip angle = 60°, field of view = 220 × 220 mm, matrix = 256 × 256, 32 slices with slice thickness = 4 mm, and no gap. A single high-resolution T1-weighted gradient-echo scan was obtained. One hundred and seventy-six slices parallel to the AC-PC line covering the whole brain were acquired with TR = 2530 ms, TE = 3.66 ms, bandwidth = 181 Hz/pixel, flip angle = 7°, field of view = 256 × 256 mm, matrix = 256 × 256, and 1 mm3 isotropic voxels. Functional blood oxygenation level dependent (BOLD) signals were then acquired with a single-shot gradient-echo echo-planar imaging (EPI) sequence. Thirty-two axial slices parallel to the AC-PC line covering the whole brain were acquired with TR = 2000 ms, TE = 25 ms, bandwidth = 2004 Hz/pixel, flip angle = 85°, field of view = 220 × 220 mm, matrix = 64 × 64, 32 slices with slice thickness = 4 mm, and no gap. There were three hundred images in each session.




2.5. Gray Matter Volumes Derived with Voxel-Based Morphometry (VBM)


Data were analyzed with Statistical Parametric Mapping (SPM12, Wellcome Department of Imaging Neuroscience, University College London, UK). We used the VBM8 toolbox as implemented in SPM to identify differences in the local composition of brain tissues, while discounting large scale differences in gross anatomy and position [46]. T1-images were first co-registered to the Montreal Neurological Institute (MNI) template space using a multiple stage affine transformation. Co-registration started with a coarse affine registration using mean square differences, followed by a fine affine registration using mutual information. Coefficients of the basis functions that minimize the residual square difference (between individual image and the template) were estimated. After affine transformation, T1-images were corrected for intensity bias field and a local means de-noising filter was applied to account for intensity variations (inhomogeneity) and noise caused by different positions of cranial structures within the MRI coil. Images were then segmented into cerebrospinal fluid and gray and white matters using an adaptive maximum a posteriori method with k-means initializations, generating tissue class maps. Segmented and initially registered tissue class maps were normalized, and the normalized gray matter (GM) maps were modulated to obtain the absolute volume of GM tissue corrected for individual brain sizes. Finally, the GM maps were smoothed by convolving with an isotropic Gaussian kernel of 8 mm at full width at half maximum (FWHM) [46].




2.6. Preprocessing and Modeling of BOLD Data of the SST


We followed the standard pre-processing of BOLD data as in our previous work [45,46,47,48,49,50,53]. In the pre-processing of BOLD data, images of each participant were realigned (motion-corrected) and corrected for slice timing. A mean functional image volume was constructed for each participant per run from the realigned image volumes. These mean images were co-registered with the high-resolution structural image and then segmented for normalization to an MNI EPI template with affine registration, followed by nonlinear transformation [58,59]. The normalization parameters determined for the structure volume were then applied to the corresponding functional image volumes for each participant. Finally, images were smoothed with a Gaussian kernel of 8 mm at FWHM. Images from the first five TRs at the beginning of each session were discarded, so only signals with steady-state equilibrium between radio frequency pulsing and relaxation were included in data analyses [45,46,47,48,49,50,53].



We employed two generalized linear models (GLM) with four trial outcomes, go success (GS), go error (GE), stop success (SS), and stop error (SE), distinguished for each model [46,47,48,49]. In the first GLM, we modeled BOLD signals by convolving the onsets of the go signals of each trial with a canonical hemodynamic response function (HRF) and the temporal derivative of the canonical HRF [50,59]. We included the reaction time (RT) of GS trials, SSD of SS trials, and SSD of SE trials as parametric modulators in the model, in that order. In the second GLM, we modeled BOLD signals by convolving the onsets of the fixation point (the beginning) of each trial with a canonical HRF and the temporal derivative of the canonical HRF. We included p(Stop) of GS trials, SSD of SS trials, p(Stop) of SS trials, SSD of SE trials, and p(Stop) of SE trials as parametric modulators in the model, in that order. In both models, realignment parameters in all six dimensions were entered in the model. Serial autocorrelation of the time series was corrected by a first degree autoregressive or AR(1) model [60,61]. The data were high-pass filtered (1/128 Hz cutoff) to remove low-frequency signal drifts.



In first-level analysis, we computed a contrast of “stop success > go success” (SS > GS) in the first GLM, and a contrast “1” on the parametric modulator p(Stop) of GS trials in the second GLM for each individual. In second-level analysis, we performed whole-brain regressions of SS > GS against age and p(Stop) > 0 against age, respectively, with small volume correction for the bilateral hippocampus mask obtained from the Automatic Anatomic Labelling (AAL) atlas. Following current reporting standards, all results were examined for voxels meeting a threshold of voxel p < 0.05 and corrected for familywise error (FWE) of multiple comparisons on the basis of Gaussian Random Field theory, as implemented in the SPM.




2.7. Mediation Analysis


We performed mediation analyses to test the hypothesis that GMV and activations of the hippocampus each mediated the association between age and SSRT using the toolbox developed by Wager and Lindquist (http://www.columbia.edu/cu/psychology/ tor/). The methods were detailed in our previous work [46,49,62]. Briefly, in a mediation analysis, the relation between the independent variable X and dependent variable Y, i.e., X → Y, is tested to see if it is significantly mediated by a variable M. The mediation test is performed by employing three regression equations:


Y = i1 + cX + e1,



(5)






Y = i2 + c′ X + bM + e2,



(6)






M = i3 + aX + e3,



(7)




where i1, i2, and i3 are intercepts, e1, e2, and e3 are residuals, a represents X → M, b represents M → Y (controlling for X), c′ represents X → Y (controlling for M), and c represents X → Y. In the literature, a, b, c, and c′ were referred to as path coefficients or simply paths, and we followed this notation. Variable M is said to be a mediator of connection X → Y, if (c − c′), which is mathematically equivalent to the product of the paths a × b, and is significantly different from zero [63]. If the product of a × b and the paths a and b are significant, one concludes that X → Y is mediated by M. In addition, if path c′ is not significant, it indicates that there is no direct connection from X to Y and that X → Y is completely mediated by M. Note that path b represents M → Y, controlling for X, and should not be confused with the correlation coefficient between Y and M. Note also that a significant correlation between X and Y and between X and M is required for one to perform the mediation test [46,49,62].





3. Results


3.1. Behavioral Performance


As reported earlier [46], participants responded in 98% ± 3% (mean ± SD) of go trials and 49% ± 3% of stop trials, with 628 ± 119 ms in median go trial reaction time (goRT) and 206 ± 37 ms in SSRT. Both goRT and SSRT were positively correlated with age (rgoRT = 0.1671, p = 0.0416; rSSRT = 0.2671, p = 0.0010) in linear regressions [46]. On the other hand, the magnitude of sequential effect was not significantly correlated with age (r = −0.0510, p = 0.5366) [45]. These findings suggested impaired reactive inhibitory control and preserved proactive inhibitory control in older adults.




3.2. Age-Related Decreases in Hippocampal Gray Matter Volume (GMV)


With small volume correction (SVC) for the bilateral AAL hippocampus masks, we observed age-related decreases in bilateral hippocampal GMV (Figure 1a). We extracted the GMV of anterior and posterior hippocampus, as defined in Zeidman and Maguire [30] (Figure 1b). The GMVs of anterior and posterior hippocampus were both negatively correlated with age (ranterior = −0.2554, p = 0.0017; rposterior = −0.2486, p = 0.0022), and a slope test [64] revealed no difference between the two regressions (t = 0.0446, p = 0.9645). We examined whether the GMVs correlated with the SSRT and sequential effect and evaluated the results of Pearson regression at a corrected p-value of 0.05/4 = 0.0125. The GMV of the anterior hippocampus was not correlated with SSRT (r = −0.1478, p = 0.0720) or with the sequential effect (r = 0.0653, p = 0.4288). The GMV of the posterior hippocampus was not correlated with SSRT (r = −0.1541, p = 0.0606), or with the sequential effect (r = 0.1686, p = 0.0398) at the corrected threshold. Table A1 summarizes the statistics of Pearson regressions for the left- and right- hemispheric anterior and posterior hippocampus examined separately.




3.3. Age and Hippocampal Activation in Reactive and Proactive Inhibitory Control


With SVC for the bilateral AAL hippocampus masks, we observed a negative age correlation of the right anterior hippocampus (x = 36, y = −22, z = −8, k = 57, Z = 3.31, pFWE = 0.033, Figure 2a, blue) activation for SS > GS, while no voxels in the left hippocampus showed significant age-related activations. We also observed a positive age correlation of the right posterior hippocampus (x = 27, y = −40, z = −2, k = 48, Z = 3.67, pFWE = 0.011, Figure 2a, red) activation for p(Stop) > 0, while activation of the left hippocampus was not significant (x = −21, y = −40, z = 1, k = 42, Z = 3.00, pFWE = 0.077). We visualized these correlations with scatter plots showing the β estimates vs. age. These clusters are also highlighted with an overlay on the anterior and posterior hippocampus masks, as defined in Zeidman and Maguire [30] (Figure 2b,c).



In a separate model, we included sex as a covariate, and found age-related activations peaked in the same coordinates for the anterior hippocampus (Z = 3.51, k = 62, pFWE = 0.035) for SS > GS and posterior hippocampus (Z = 3.52, k = 46, pFWE = 0.034) for p(Stop) > 0. Sex was also included as a covariate in the regression between age and the β contrast of the anterior and posterior hippocampus, with or without behavioral measures, and sex was not a significant covariate in the regressions (Table A2).



In addition, the β contrast (SS > GS) of the right anterior hippocampus was negatively correlated with SSRT (r = −0.2272, p = 0.0053), and the β contrast (p(Stop) > 0) of the right posterior hippocampus was not correlated with the sequential effect (r = −0.1368, p = 0.0963). In the mediation analysis, the β contrast (SS > GS) of the right anterior hippocampus did not mediate the relationship between age and SSRT (Figure 3a).




3.4. Age-Related Structural and Functional Changes in the Hippocampus


We performed mediation analyses to examine the relationship between age-related hippocampal structural and functional changes, focusing on voxels in the right anterior hippocampus that overlapped between the regression of GMV with age (Figure 1c green) and the regression of SS > GS with age (Figure 1c blue), and the voxels in the right posterior hippocampus that overlapped between the regression of GMV with age (Figure 1c green) and the regression of p(Stop) > 0 with age (Figure 1c red). The results showed that the GMV of the right anterior hippocampus did not significantly mediate the correlation between age and activity during SS > GS (Figure 3b). The GMV of the right posterior hippocampus did not mediate the relationship between age and activation to p(Stop) (Figure 3c).





4. Discussion


Whereas the GMVs of the anterior and posterior hippocampus decreased with age, the GMVs were not correlated with SSRT or with the sequential effect. The activation of the right anterior hippocampus during reactive inhibitory control was negatively associated with age, and the activation of the right posterior hippocampus in proactive control was positively associated with age. These findings suggest potentially distinct roles of the anterior and posterior hippocampus and implicate hippocampal dysfunction in age-related decline in cognitive control.



4.1. The Hippocampus and Inhibitory Control


Although rarely a focus in studies of inhibitory control, the hippocampus may partake in cognitive control and adaptive behavior, likely via its connection with the thalamus [65] and prefrontal cortex [66]. In fact, some studies suggested a broader role of the hippocampus, for instance, in volitional finger movements even in the absence of motor learning or recall [67]. An electrophysiological study identified an event-related potential in the hippocampus, likely reflecting task-specific preparation or proactive control for hard mental calculation [68]. A meta-analysis using Neurosynth to identify regions that are recruited in studies of cognitive control identified frontoparietal structures, thalamus, caudate, and hippocampus [69]. Thus, the current findings provide additional evidence in support of hippocampal function in cognitive control.



In particular, we distinguished the potential roles of the anterior and posterior hippocampus, each figuring more prominently in reactive and proactive control. Although no other studies have specifically investigated these roles of the anterior and posterior hippocampus in the stop signal, go/no-go, Stroop, flankers, or other cognitive control paradigms, a few provided evidence in accord with the current findings. For instance, the activation of the hippocampus was reported for the contrast of successful stop > go in a stop signal task, and hippocampal activity was negatively correlated with SSRT [70]. In patients with post-traumatic stress disorder, van Rooij et al. [71] demonstrated higher hippocampal activation during no-go than go trials in a go/no-go task; moreover, this inhibition-related hippocampal activation was negatively correlated with posttraumatic stress scores, suggesting that the importance of the hippocampus in inhibitory control may extend beyond simple cognitive challenges. In a recent work, Meyers et al. [72] examined ventral hippocampal activity during inhibition of threat responses in mice and humans. In humans, participants were conditioned on threatening, safe, and a compound (combination of both threating and safe) signals in the acquisition period. During testing, the ventral hippocampus showed greater activation to the compound than to the safe and threatening signals alone. The authors proposed that the inhibition of threat response was induced by the presentation of a safe signal in the compound condition, and that the ventral hippocampus contributed to such inhibition. Engaged in a similar task, mice showed lower activity in the ventral hippocampus during exposure to threat than to compound and safe signals, suggesting a role of ventral hippocampal neurons in safety monitoring and inhibition of threat response.




4.2. A Broader Role of Hippocampal Structure and Function in Age-Related Cognitive Decline


Hippocampal atrophy is a biomarker for MCI and progression to AD [3,73,74]. Reduced hippocampal activations [7], decreased hippocampal resting state connectivity [8,9], and increased hippocampal metabolism [9] were reported in MCI. In particular, hippocampal structural changes and alterations in hippocampal cortical connectivity predicted progression in cognitive decline in MCI [10,11]. The hippocampal volume especially of the right hemisphere was positively associated with the performance in a spatial contextual cueing task in MCI [5]. In encoding faces-to-names, MCI patients showed greater (especially right-hemispheric) hippocampal activation than age-matched healthy controls [75]. In healthy old adults, increased hippocampal activation was associated with increased beta-amyloid accumulation, which predicted longitudinal memory decline [76]. In a longitudinal study of healthy old adults, hyper-activation of the hippocampus at baseline was positively associated with the severity of cognitive decline in two years, supporting hippocampal activation to memory encoding as a predictor of future cognitive impairment [77]. Hippocampus activation exhibited a non-linear trajectory from MCI to AD in that, compared with controls, early phase MCI showed hyper-hippocampal activation and later phase MCI and AD showed hypo-hippocampal activation in the face−name association task [78]. Our results underscoring the roles of the hippocampus in inhibitory control extend this literature in new directions.



Many other studies documented age-related changes in hippocampal function, including failure in recruiting hippocampal connectivity with lateral prefrontal cortical regions during correct rejections of recombined pairs in a stimulus association task [79]. Aging compromised hippocampal-striatal coupling required for integration of episodic information with future value computation in a variant delay discounting task [80]. Both aging and MCI were associated with heightened hippocampal striatal connectivity, along with stronger activation of striatal areas during associative memory retrieval, suggesting functional dedifferentiation [81]. Collected with distinct paradigms, these data together suggest the possibility of both age-related decline and functional compensation in the hippocampal processes to support cognition. Here, we demonstrated that, playing a more significant role in reactive inhibition, the right anterior hippocampus showed age-related decreases in response to motor inhibition, consistent with prolonged SSRT in older individuals. In contrast, the right posterior hippocampus showed age-related increases in response to a subjectively estimated likelihood of the stop signal or p(Stop). As higher estimates of p(Stop) prolong go trial reaction time—a manifestation of proactive control—this preparatory activity may have contributed to a compensatory process to maintain the sequential effect in older individuals.




4.3. Structural and Functional Asymmetry of the Hippocampus


Previous studies have reported hippocampal volumetric asymmetry in both healthy and pathological aging, with the right hippocampus having greater volume than the left [82]. Such asymmetry might be related to a faster age-related volume reduction rate of the left than right hippocampus [83]. Hippocampal asymmetry appeared to be most prominent in patients with AD, followed by those with MCI, and the least in healthy controls [84,85] (however, see [82]). In MCI, the right but not the left hippocampal volume was positively associated with performance in a spatial contextual cueing task, suggesting functional laterality of the hippocampus [5]. Indeed, the right but not left hippocampus in healthy older adults showed higher activation during high confidence hits versus misses during memory retrieval [86]. Our result of age-related changes in the right hippocampus is hence consistent with previous research.





5. Limitations, Other Considerations, and Conclusions


A number of limitations need to be considered for the current study. First, this is a cross-sectional study, and the current findings do not provide information as to how hippocampal function and dysfunction may evolve through the development of MCI and early-stage AD. Likewise, more studies are needed to understand whether or how these neural markers may predict the development of dementia. Second, the hippocampus partakes in a wide variety of cognitive processes. With data collected from a single behavioral task, we are not able to evaluate whether age is associated with similar extents of impairment across the cognitive domains as a result of hippocampal dysfunction. Third, likely as a result of the small sample size and relative paucity of older individuals, we were not able to establish a statistically significant mediating effect of hippocampal activation on age-related changes in SSRT or of hippocampal GMV on age-related changes in activation to the proactive control. The relationship between age-related changes in hippocampal volume and activities remains to be investigated. Fourth, besides the sequential effect, proactive inhibition can also be quantified as a frequentist measure [87]. As shown in our earlier work, this and the Bayesian measure were highly correlated [88] and demonstrated similar age-related changes (Figure A2). Finally, women and men may demonstrate differences in age-related hippocampal processes, and a larger sample size with balanced age distribution would be needed to address this issue.



In conclusion, we showed that age is associated with diminished capacity in reactive response inhibition, and reduced activation of the right anterior hippocampus contributes to this age-related deficit. Proactive control, as quantified by the sequential effect in the stop signal task, appears to be preserved in older adults, which may at least in part be accounted for by higher age-related activation of the right posterior hippocampus. The findings extend the literature by implicating the hippocampus in age-related changes in cognitive control.
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	AAL
	Automatic Anatomic Labelling



	AC-PC
	Anterior Commissure-Posterior Commissure



	AD
	Alzheimer’s Disease



	AR
	Autoregressive



	BOLD
	Blood oxygenation level dependent



	GS
	Go success trials



	GE
	Go error trials



	EPI
	Echo-planar imaging



	FWE
	Familywise error



	FWHM
	Full Width at Half Maximum



	GLM
	Generalized linear model



	GM
	Gray matter



	GMV
	Gray matter volume



	goRT
	Go trial reaction time



	HRF
	Hemodynamic response function



	MCI
	Mild cognitive impairment



	MNI
	Montreal Neurological Institute



	p(Stop)
	Bayesian estimated probability of stop signal



	RT
	Reaction time



	SD
	Standard deviation



	SE
	Stop error trials



	SPM
	Statistical Parametric Mapping



	SS
	Stop success trials



	SSRT
	Stop signal reaction time



	SSD
	Stop signal delay



	SST
	Stop signal task



	SVC
	Small volume correction



	TE
	Echo time



	TR
	Repetition time
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Table A1. Correlations of the left and right hippocampal GMV with age, SSRT, and the sequential effect.
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Region

	
k

	
Z Value

	
MNI Coordinate (mm)

	
Correlation

	
r

	
p




	

	

	

	
X

	
Y

	
Z

	
with

	

	






	
L ant. Hipp.

	
632

	
6.36

	
−15

	
−2

	
−14

	
Age

	
−0.2344

	
0.0040




	

	

	

	

	

	

	
SSRT

	
−0.1366

	
0.0966




	

	

	

	

	

	

	
Seq. Effect

	
0.0526

	
0.5241




	
L post. Hipp.

	
50

	
4.04

	
−12

	
−36

	
0

	
Age

	
−0.2261

	
0.0056




	

	

	

	

	

	

	
SSRT

	
−0.1279

	
0.1200




	

	

	

	

	

	

	
Seq. Effect

	
0.1676

	
0.0410




	
R ant. Hipp.

	
84

	
4.35

	
14

	
−2

	
−15

	
Age

	
−0.2623

	
0.0012




	

	

	

	

	

	

	
SSRT

	
−0.1499

	
0.0680




	

	

	

	

	

	

	
Seq. Effect

	
0.0827

	
0.3162




	
R post. Hipp.

	
298

	
4.62

	
21

	
−21

	
−17

	
Age

	
−0.2290

	
0.0050




	

	

	

	

	

	

	
SSRT

	
−0.1582

	
0.0540




	

	

	

	

	

	

	
Seq. Effect

	
0.1364

	
0.0972








Note: L: left; R: right; ant Hipp: anterior hippocampus; post Hipp: posterior hippocampus; k: number of voxels in the cluster; Z value: z value of peak voxel; Seq. Effect: sequential effect.
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Table A2. Results of multiple regression analyses for the effect size of anterior and posterior hippocampus activations.
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	t
	p
	β
	F
	df
	p
	adj. R2





	Ant. Hippocampus
	
	
	
	
	
	
	



	Overall model
	3.2110
	0.0016
	1.2914
	4.38
	146
	0.0142
	0.0437



	Age
	−2.9337
	0.0039
	−0.0346
	
	
	
	



	Sex
	−0.0004
	0.9996
	−0.0001
	
	
	
	



	Ant. Hippocampus
	
	
	
	
	
	
	



	Overall model
	3.4794
	0.0007
	2.7778
	4.53
	145
	0.0046
	0.0667



	SSRT
	−2.1465
	0.0335
	−0.0084
	
	
	
	



	Age
	−2.3231
	0.0216
	−0.0280
	
	
	
	



	Sex
	0.1879
	0.8512
	0.0527
	
	
	
	



	Post. Hippocampus
	
	
	
	
	
	
	



	Overall model
	−5.089
	0.0000
	−20.105
	4.77
	146
	0.0099
	0.0485



	Age
	3.0856
	0.0024
	0.3573
	
	
	
	



	Sex
	−0.5399
	0.5901
	−1.4986
	
	
	
	



	Post. Hippocampus
	
	
	
	
	
	
	



	Overall model
	−3.6526
	0.0004
	−16.594
	4
	145
	0.0090
	0.0574



	SEQ
	−1.5427
	0.1251
	−16.534
	
	
	
	



	Age
	3.0107
	0.0031
	0.3475
	
	
	
	



	Sex
	−0.4914
	0.6239
	−1.3584
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Figure A1. Frequency distribution of age and its break-down by sex. 
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Figure A2. Correlation between (a) age and proactive control represented by the sequential effect quantified as the correlation between the estimated probability of stop signal and go reaction time (goRT) (a reproduction of Figure 1a in Hu et al. [45]); (b) age and proactive control represented by the delta goRT quantified as the difference between goRT of go trials following stop trials and those of go trials following go trials described in Soltanifar et al. [87]; and (c) the two proactive control indices. 






Figure A2. Correlation between (a) age and proactive control represented by the sequential effect quantified as the correlation between the estimated probability of stop signal and go reaction time (goRT) (a reproduction of Figure 1a in Hu et al. [45]); (b) age and proactive control represented by the delta goRT quantified as the difference between goRT of go trials following stop trials and those of go trials following go trials described in Soltanifar et al. [87]; and (c) the two proactive control indices.



[image: Brainsci 10 01013 g0a2]







References


	



Yonelinas, A.P.; Ranganath, C.; Ekstrom, A.D.; Wiltgen, B.J. A Contextual Binding Theory of Episodic Memory: Systems Consolidation Reconsidered. Nat. Rev. Neurosci. 2019, 20, 364–375. [Google Scholar] [CrossRef]

	



Basu, J.; Siegelbaum, S.A. The Corticohippocampal Circuit, Synaptic Plasticity, and Memory. Cold Spring Harb. Perspect. Biol. 2015, 7, a021733. [Google Scholar] [CrossRef]

	



Mueller, S.; Keeser, D.; Reiser, M.F.; Teipel, S.; Meindl, T. Functional and Structural Mr Imaging in Neuropsychiatric Disorders, Part 1: Imaging Techniques and Their Application in Mild Cognitive Impairment and Alzheimer Disease. AJNR Am. J. Neuroradiol. 2012, 33, 1845–1850. [Google Scholar] [CrossRef]

	



Ten Kate, M.; Barkhof, F.; Boccardi, M.; Visser, P.J.; Jack, C.R., Jr.; Lovblad, K.O.; Frisoni, G.B.; Scheltens, P.; Geneva Task Force for the Roadmap of Alzheimer’s Biomarkers. Clinical Validity of Medial Temporal Atrophy as a Biomarker for Alzheimer’s Disease in the Context of a Structured 5-Phase Development Framework. Neurobiol. Aging 2017, 52, 167–182. [Google Scholar] [CrossRef] [PubMed]

	



Negash, S.; Kliot, D.; Howard, D.V.; Howard, J.H., Jr.; Das, S.R.; Yushkevich, P.A.; Pluta, J.B.; Arnold, S.E.; Wolk, D.A. Relationship of Contextual Cueing and Hippocampal Volume in Amnestic Mild Cognitive Impairment Patients and Cognitively Normal Older Adults. J. Int. Neuropsychol. Soc. 2015, 21, 285–296. [Google Scholar] [CrossRef] [PubMed]

	



Bonner-Jackson, A.; Mahmoud, S.; Miller, J.; Banks, S.J. Verbal and Non-Verbal Memory and Hippocampal Volumes in a Memory Clinic Population. Alzheimers Res. Ther. 2015, 7, 61. [Google Scholar] [PubMed]

	



Farras-Permanyer, L.; Guardia-Olmos, J.; Pero-Cebollero, M. Mild Cognitive Impairment and Fmri Studies of Brain Functional Connectivity: The State of the Art. Front. Psychol. 2015, 6, 1095. [Google Scholar] [CrossRef] [PubMed]

	



Bharath, S.; Joshi, H.; John, J.P.; Balachandar, R.; Sadanand, S.; Saini, J.; Kumar, K.J.; Varghese, M. A Multimodal Structural and Functional Neuroimaging Study of Amnestic Mild Cognitive Impairment. Am. J. Geriatr. Psychiatry 2017, 25, 158–169. [Google Scholar] [CrossRef] [PubMed]

	



Tahmasian, M.; Pasquini, L.; Scherr, M.; Meng, C.; Forster, S.; Mulej Bratec, S.; Shi, K.; Yakushev, I.; Schwaiger, M.; Grimmer, T.; et al. The Lower Hippocampus Global Connectivity, the Higher Its Local Metabolism in Alzheimer Disease. Neurology 2015, 84, 1956–1963. [Google Scholar] [CrossRef]

	



Wang, Z.; Liang, P.; Jia, X.; Qi, Z.; Yu, L.; Yang, Y.; Zhou, W.; Lu, J.; Li, K. Baseline and Longitudinal Patterns of Hippocampal Connectivity in Mild Cognitive Impairment: Evidence from Resting State Fmri. J. Neurol. Sci. 2011, 309, 79–85. [Google Scholar] [CrossRef]

	



Lin, L.; Xing, G.; Han, Y. Advances in Resting State Neuroimaging of Mild Cognitive Impairment. Front. Psychiatry 2018, 9, 671. [Google Scholar] [CrossRef] [PubMed]

	



Rabi, R.; Vasquez, B.P.; Alain, C.; Hasher, L.; Belleville, S.; Anderson, N.D. Inhibitory Control Deficits in Individuals with Amnestic Mild Cognitive Impairment: A Meta-Analysis. Neuropsychol. Rev. 2020, 30, 97–125. [Google Scholar] [CrossRef] [PubMed]

	



Guarino, A.; Favieri, F.; Boncompagni, I.; Agostini, F.; Cantone, M.; Casagrande, M. Executive Functions in Alzheimer Disease: A Systematic Review. Front. Aging Neurosci. 2018, 10, 437. [Google Scholar] [CrossRef] [PubMed]

	



Johns, E.K.; Phillips, N.A.; Belleville, S.; Goupil, D.; Babins, L.; Kelner, N.; Ska, B.; Gilbert, B.; Massoud, F.; de Boysson, C.; et al. The Profile of Executive Functioning in Amnestic Mild Cognitive Impairment: Disproportionate Deficits in Inhibitory Control. J. Int. Neuropsychol. Soc. 2012, 18, 541–555. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, D.; Dong, X.; Sun, H.; Xu, Y.; Ma, Y.; Wang, X. The Overall Impairment of Core Executive Function Components in Patients with Amnestic Mild Cognitive Impairment: A Cross-Sectional Study. BMC Neurol. 2012, 12, 138. [Google Scholar] [CrossRef] [PubMed]

	



Wylie, S.A.; Ridderinkhof, K.R.; Eckerle, M.K.; Manning, C.A. Inefficient Response Inhibition in Individuals with Mild Cognitive Impairment. Neuropsychologia 2007, 45, 1408–1419. [Google Scholar] [PubMed]

	



Alichniewicz, K.K.; Brunner, F.; Klunemann, H.H.; Greenlee, M.W. Neural Correlates of Saccadic Inhibition in Healthy Elderly and Patients with Amnestic Mild Cognitive Impairment. Front. Psychol. 2013, 4, 467. [Google Scholar] [CrossRef]

	



Belanger, S.; Belleville, S.; Gauthier, S. Inhibition Impairments in Alzheimer’s Disease, Mild Cognitive Impairment and Healthy Aging: Effect of Congruency Proportion in a Stroop Task. Neuropsychologia 2010, 48, 581–590. [Google Scholar] [CrossRef]

	



Cespon, J.; Galdo-Alvarez, S.; Diaz, F. Inhibition Deficit in the Spatial Tendency of the Response in Multiple-Domain Amnestic Mild Cognitive Impairment. An Event-Related Potential Study. Front. Aging Neurosci. 2015, 7, 68. [Google Scholar]

	



Nguyen, L.T.; Mudar, R.A.; Chiang, H.S.; Schneider, J.M.; Maguire, M.J.; Kraut, M.A.; Hart, J., Jr. Theta and Alpha Alterations in Amnestic Mild Cognitive Impairment in Semantic Go/Nogo Tasks. Front. Aging Neurosci. 2017, 9, 160. [Google Scholar] [CrossRef]

	



Moser, M.B.; Moser, E.I. Functional Differentiation in the Hippocampus. Hippocampus 1998, 8, 608–619. [Google Scholar] [CrossRef]

	



Small, S.A. The Longitudinal Axis of the Hippocampal Formation: Its Anatomy, Circuitry, and Role in Cognitive Function. Rev. Neurosci. 2002, 13, 183–194. [Google Scholar] [CrossRef] [PubMed]

	



Fanselow, M.S.; Dong, H.W. Are the Dorsal and Ventral Hippocampus Functionally Distinct Structures? Neuron 2010, 65, 7–19. [Google Scholar] [CrossRef] [PubMed]

	



Poppenk, J.; Evensmoen, H.R.; Moscovitch, M.; Nadel, L. Long-Axis Specialization of the Human Hippocampus. Trends Cogn. Sci. 2013, 17, 230–240. [Google Scholar]

	



Manns, J.R.; Eichenbaum, H. Evolution of Declarative Memory. Hippocampus 2006, 16, 795–808. [Google Scholar] [CrossRef]

	



Robinson, J.L.; Barron, D.S.; Kirby, L.A.; Bottenhorn, K.L.; Hill, A.C.; Murphy, J.E.; Katz, J.S.; Salibi, N.; Eickhoff, S.B.; Fox, P.T. Neurofunctional Topography of the Human Hippocampus. Hum. Brain Mapp. 2015, 36, 5018–5037. [Google Scholar] [CrossRef]

	



Poppenk, J.; Moscovitch, M. A Hippocampal Marker of Recollection Memory Ability among Healthy Young Adults: Contributions of Posterior and Anterior Segments. Neuron 2011, 72, 931–937. [Google Scholar] [CrossRef]

	



Anacker, C.; Hen, R. Adult Hippocampal Neurogenesis and Cognitive Flexibility—Linking Memory and Mood. Nat. Rev. Neurosci. 2017, 18, 335–346. [Google Scholar]

	



Nadel, L.; Hoscheidt, S.; Ryan, L.R. Spatial Cognition and the Hippocampus: The Anterior-Posterior Axis. J. Cogn. Neurosci. 2013, 25, 22–28. [Google Scholar] [CrossRef]

	



Zeidman, P.; Maguire, E.A. Anterior Hippocampus: The Anatomy of Perception, Imagination and Episodic Memory. Nat. Rev. Neurosci. 2016, 17, 173–182. [Google Scholar] [CrossRef]

	



Duarte, I.C.; Ferreira, C.; Marques, J.; Castelo-Branco, M. Anterior/Posterior Competitive Deactivation/Activation Dichotomy in the Human Hippocampus as Revealed by a 3d Navigation Task. PLoS ONE 2014, 9, e86213. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.; Evensmoen, H.R.; Lehn, H.; Pintzka, C.W.; Haberg, A.K. Persistent Posterior and Transient Anterior Medial Temporal Lobe Activity During Navigation. Neuroimage 2010, 52, 1654–1666. [Google Scholar] [CrossRef] [PubMed]

	



O’Shea, A.; Cohen, R.A.; Porges, E.C.; Nissim, N.R.; Woods, A.J. Cognitive Aging and the Hippocampus in Older Adults. Front. Aging Neurosci. 2016, 8, 298. [Google Scholar] [CrossRef] [PubMed]

	



Bettio, L.E.B.; Rajendran, L.; Gil-Mohapel, J. The Effects of Aging in the Hippocampus and Cognitive Decline. Neurosci. Biobehav. Rev. 2017, 79, 66–86. [Google Scholar] [CrossRef] [PubMed]

	



Reuben, A.; Brickman, A.M.; Muraskin, J.; Steffener, J.; Stern, Y. Hippocampal Atrophy Relates to Fluid Intelligence Decline in the Elderly. J. Int. Neuropsychol. Soc. 2011, 17, 56–61. [Google Scholar] [CrossRef] [PubMed]

	



Papp, K.V.; Kaplan, R.F.; Springate, B.; Moscufo, N.; Wakefield, D.B.; Guttmann, C.R.; Wolfson, L. Processing Speed in Normal Aging: Effects of White Matter Hyperintensities and Hippocampal Volume Loss. Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 2014, 21, 197–213. [Google Scholar] [CrossRef]

	



Rubin, R.D.; Watson, P.D.; Duff, M.C.; Cohen, N.J. The Role of the Hippocampus in Flexible Cognition and Social Behavior. Front. Hum. Neurosci. 2014, 8, 742. [Google Scholar] [CrossRef]

	



Nyberg, L.; Andersson, M.; Lundquist, A.; Salami, A.; Wahlin, A. Frontal Contribution to Hippocampal Hyperactivity During Memory Encoding in Aging. Front. Mol. Neurosci. 2019, 12, 229. [Google Scholar]

	



Abela, A.R.; Dougherty, S.D.; Fagen, E.D.; Hill, C.J.; Chudasama, Y. Inhibitory Control Deficits in Rats with Ventral Hippocampal Lesions. Cereb. Cortex 2013, 23, 1396–1409. [Google Scholar] [CrossRef]

	



Chudasama, Y.; Doobay, V.M.; Liu, Y. Hippocampal-Prefrontal Cortical Circuit Mediates Inhibitory Response Control in the Rat. J. Neurosci. 2012, 32, 10915–10924. [Google Scholar] [CrossRef]

	



Messanvi, F.; Perkins, A.; du Hoffmann, J.; Chudasama, Y. Fronto-Temporal Galanin Modulates Impulse Control. Psychopharmacology 2020, 237, 291–303. [Google Scholar] [CrossRef] [PubMed]

	



Lee, I.; Byeon, J.S. Learning-Dependent Changes in the Neuronal Correlates of Response Inhibition in the Prefrontal Cortex and Hippocampus. Exp. Neurobiol. 2014, 23, 178–189. [Google Scholar] [CrossRef] [PubMed]

	



McDonald, R.J.; Ko, C.H.; Hong, N.S. Attenuation of Context-Specific Inhibition on Reversal Learning of a Stimulus-Response Task in Rats with Neurotoxic Hippocampal Damage. Behav. Brain Res. 2002, 136, 113–126. [Google Scholar] [CrossRef]

	



McDonald, R.J.; Balog, R.J.; Lee, J.Q.; Stuart, E.E.; Carrels, B.B.; Hong, N.S. Rats with Ventral Hippocampal Damage Are Impaired at Various Forms of Learning Including Conditioned Inhibition, Spatial Navigation, and Discriminative Fear Conditioning to Similar Contexts. Behav. Brain Res. 2018, 351, 138–151. [Google Scholar] [CrossRef]

	



Hu, S.; Job, M.; Jenks, S.K.; Chao, H.H.; Li, C.R. Imaging the Effects of Age on Proactive Control in Healthy Adults. Brain Imaging Behav. 2019, 13, 1526–1537. [Google Scholar] [CrossRef]

	



Hu, S.; Ide, J.S.; Chao, H.H.; Castagna, B.; Fischer, K.A.; Zhang, S.; Li, C.R. Structural and Functional Cerebral Bases of Diminished Inhibitory Control During Healthy Aging. Hum. Brain Mapp. 2018, 39, 5085–5096. [Google Scholar] [CrossRef]

	



Hu, S.; Chao, H.H.; Winkler, A.D.; Li, C.S. The Effects of Age on Cerebral Activations: Internally Versus Externally Driven Processes. Front. Aging Neurosci. 2012, 4, 4. [Google Scholar] [CrossRef]

	



Hu, S.; Tseng, Y.C.; Winkler, A.D.; Li, C.S. Neural Bases of Individual Variation in Decision Time. Hum. Brain Mapp. 2014, 35, 2531–2542. [Google Scholar] [CrossRef]

	



Hu, S.; Ide, J.S.; Zhang, S.; Li, C.R. The Right Superior Frontal Gyrus and Individual Variation in Proactive Control of Impulsive Response. J. Neurosci. 2016, 36, 12688–12696. [Google Scholar]

	



Hu, S.; Li, C.S.R. Neural Processes of Preparatory Control for Stop Signal Inhibition. Hum. Brain Mapp. 2012, 33, 2785–2796. [Google Scholar] [CrossRef]

	



Verbruggen, F.; Aron, A.R.; Band, G.P.; Beste, C.; Bissett, P.G.; Brockett, A.T.; Brown, J.W.; Chamberlain, S.R.; Chambers, C.D.; Colonius, H.; et al. A Consensus Guide to Capturing the Ability to Inhibit Actions and Impulsive Behaviors in the Stop-Signal Task. Elife 2019, 8, e46323. [Google Scholar] [CrossRef] [PubMed]

	



Ide, J.S.; Shenoy, P.; Yu, A.J.; Li, C.S. Bayesian Prediction and Evaluation in the Anterior Cingulate Cortex. J. Neurosci. 2013, 33, 2039–2047. [Google Scholar] [CrossRef] [PubMed]

	



Hu, S.; Ide, J.S.; Zhang, S.; Li, C.S. Anticipating Conflict: Neural Correlates of a Bayesian Belief and Its Motor Consequence. Neuroimage 2015, 119, 286–295. [Google Scholar] [CrossRef] [PubMed]

	



Yu, A.J.; Dayan, P.; Cohen, J.D. Dynamics of Attentional Selection under Conflict: Toward a Rational Bayesian Account. J. Exp. Psychol.-Hum. Percept. Perform. 2009, 35, 700–717. [Google Scholar] [CrossRef] [PubMed]

	



Yu, A.J.; Cohen, J.D. Sequential Effects: Superstition or Rational Behavior? In Advances in Neural Information Processing Systems; Nips, 2008; Koller, D., Schuurmans, D., Bengio, Y., Bottou, L., Eds.; MIT: Vancouver, BC, Canada, 2009; pp. 1873–1880. [Google Scholar]

	



O’Doherty, J.; Dayan, P.; Schultz, J.; Deichmann, R.; Friston, K.; Dolan, R.J. Dissociable Roles of Ventral and Dorsal Striatum in Instrumental Conditioning. Science 2004, 304, 452–454. [Google Scholar] [CrossRef] [PubMed]

	



Daw, N.D.; O’Doherty, J.P.; Dayan, P.; Seymour, B.; Dolan, R.J. Cortical Substrates for Exploratory Decisions in Humans. Nature 2006, 441, 876–879. [Google Scholar]

	



Ashburner, J.; Friston, K.J. Nonlinear Spatial Normalization Using Basis Functions. Hum. Brain Mapp. 1999, 7, 254–266. [Google Scholar] [CrossRef]

	



Friston, K.; Holmes, A.P.; Worsley, K.J.; Poline, J.B.; Frith, C.D.; Frackowiak, R. Statistical Parametric Maps in Functional Imaging: A General Linear Approach. Hum. Brain Mapp. 1995, 2, 189–210. [Google Scholar] [CrossRef]

	



Friston, K.J.; Josephs, O.; Zarahn, E.; Holmes, A.P.; Rouquette, S.; Poline, J.B. To Smooth or Not to Smooth? Bias and Efficiency in Fmri Time-Series Analysis. Neuroimage 2000, 12, 196–208. [Google Scholar] [CrossRef]

	



Della-Maggiore, V.; Chau, W.; Peres-Neto, P.R.; McIntosh, A.R. An Empirical Comparison of Spm Preprocessing Parameters to the Analysis of Fmri Data. Neuroimage 2002, 17, 19–28. [Google Scholar] [CrossRef]

	



Ide, J.S.; Li, C.S. Error-Related Functional Connectivity of the Habenula in Humans. Front. Hum. Neurosci. 2011, 5, 25. [Google Scholar] [CrossRef] [PubMed]

	



MacKinnon, D.P.; Fairchild, A.J.; Fritz, M.S. Mediation Analysis. Annu. Rev. Psychol. 2007, 58, 593–614. [Google Scholar] [CrossRef] [PubMed]

	



Zar, J.H. Biostatistical Analysis, 4th ed.; Prentice-Hall: Upper Saddle River, NJ, USA, 1999. [Google Scholar]

	



Mathiasen, M.L.; O’Mara, S.M.; Aggleton, J.P. The Anterior Thalamic Nuclei and Nucleus Reuniens: So Similar but So Different. Neurosci. Biobehav. Rev. 2020, 119, 268–280. [Google Scholar] [CrossRef]

	



Jiang, J.; Wang, S.F.; Guo, W.; Fernandez, C.; Wagner, A.D. Prefrontal Reinstatement of Contextual Task Demand Is Predicted by Separable Hippocampal Patterns. Nat. Commun. 2020, 11, 2053. [Google Scholar] [CrossRef] [PubMed]

	



Burman, D.D. Hippocampal Connectivity with Sensorimotor Cortex During Volitional Finger Movements: Laterality and Relationship to Motor Learning. PLoS ONE 2019, 14, e0222064. [Google Scholar]

	



De Loof, E.; Vassena, E.; Janssens, C.; De Taeye, L.; Meurs, A.; Van Roost, D.; Boon, P.; Raedt, R.; Verguts, T. Preparing for Hard Times: Scalp and Intracranial Physiological Signatures of Proactive Cognitive Control. Psychophysiology 2019, 56, e13417. [Google Scholar] [CrossRef]

	



Parro, C.; Dixon, M.L.; Christoff, K. The Neural Basis of Motivational Influences on Cognitive Control. Hum. Brain Mapp. 2018, 39, 5097–5111. [Google Scholar] [CrossRef]

	



Zhao, R.; Zhang, X.; Fei, N.; Zhu, Y.; Sun, J.; Liu, P.; Yang, X.; Qin, W. Decreased Cortical and Subcortical Response to Inhibition Control after Sleep Deprivation. Brain Imaging Behav. 2019, 13, 638–650. [Google Scholar]

	



Van Rooij, S.J.H.; Stevens, J.S.; Ely, T.D.; Hinrichs, R.; Michopoulos, V.; Winters, S.J.; Ogbonmwan, Y.E.; Shin, J.; Nugent, N.R.; Hudak, L.A.; et al. The Role of the Hippocampus in Predicting Future Posttraumatic Stress Disorder Symptoms in Recently Traumatized Civilians. Biol. Psychiatry 2018, 84, 106–115. [Google Scholar] [CrossRef]

	



Meyer, H.C.; Odriozola, P.; Cohodes, E.M.; Mandell, J.D.; Li, A.; Yang, R.; Hall, B.S.; Haberman, J.T.; Zacharek, S.J.; Liston, C.; et al. Ventral Hippocampus Interacts with Prelimbic Cortex During Inhibition of Threat Response Via Learned Safety in Both Mice and Humans. Proc. Natl. Acad. Sci. USA 2019, 116, 26970–26979. [Google Scholar] [CrossRef]

	



Ruan, Q.; D’Onofrio, G.; Sancarlo, D.; Bao, Z.; Greco, A.; Yu, Z. Potential Neuroimaging Biomarkers of Pathologic Brain Changes in Mild Cognitive Impairment and Alzheimer’s Disease: A Systematic Review. BMC Geriatr. 2016, 16, 104. [Google Scholar] [CrossRef] [PubMed]

	



Zanchi, D.; Giannakopoulos, P.; Borgwardt, S.; Rodriguez, C.; Haller, S. Hippocampal and Amygdala Gray Matter Loss in Elderly Controls with Subtle Cognitive Decline. Front. Aging Neurosci. 2017, 9, 50. [Google Scholar] [CrossRef] [PubMed]

	



Dickerson, B.C.; Salat, D.H.; Greve, D.N.; Chua, E.F.; Rand-Giovannetti, E.; Rentz, D.M.; Bertram, L.; Mullin, K.; Tanzi, R.E.; Blacker, D.; et al. Increased Hippocampal Activation in Mild Cognitive Impairment Compared to Normal Aging and Ad. Neurology 2005, 65, 404–411. [Google Scholar] [PubMed]

	



Leal, S.L.; Landau, S.M.; Bell, R.K.; Jagust, W.J. Hippocampal Activation Is Associated with Longitudinal Amyloid Accumulation and Cognitive Decline. Elife 2017, 6, e22978. [Google Scholar] [CrossRef] [PubMed]

	



O’Brien, J.L.; O’Keefe, K.M.; LaViolette, P.S.; DeLuca, A.N.; Blacker, D.; Dickerson, B.C.; Sperling, R.A. Longitudinal Fmri in Elderly Reveals Loss of Hippocampal Activation with Clinical Decline. Neurology 2010, 74, 1969–1976. [Google Scholar] [CrossRef]

	



Celone, K.A.; Calhoun, V.D.; Dickerson, B.C.; Atri, A.; Chua, E.F.; Miller, S.L.; DePeau, K.; Rentz, D.M.; Selkoe, D.J.; Blacker, D.; et al. Alterations in Memory Networks in Mild Cognitive Impairment and Alzheimer’s Disease: An Independent Component Analysis. J. Neurosci. 2006, 26, 10222–10231. [Google Scholar]

	



Trelle, A.N.; Henson, R.N.; Simons, J.S. Neural Evidence for Age-Related Differences in Representational Quality and Strategic Retrieval Processes. Neurobiol. Aging 2019, 84, 50–60. [Google Scholar] [CrossRef]

	



Sasse, L.K.; Peters, J.; Brassen, S. Cognitive Control Modulates Effects of Episodic Simulation on Delay Discounting in Aging. Front. Aging Neurosci. 2017, 9, 58. [Google Scholar] [CrossRef]

	



Oedekoven, C.S.; Jansen, A.; Keidel, J.L.; Kircher, T.; Leube, D. The Influence of Age and Mild Cognitive Impairment on Associative Memory Performance and Underlying Brain Networks. Brain Imaging Behav. 2015, 9, 776–789. [Google Scholar] [CrossRef]

	



Shi, F.; Liu, B.; Zhou, Y.; Yu, C.; Jiang, T. Hippocampal Volume and Asymmetry in Mild Cognitive Impairment and Alzheimer’s Disease: Meta-Analyses of Mri Studies. Hippocampus 2009, 19, 1055–1064. [Google Scholar]

	



Fraser, M.A.; Shaw, M.E.; Anstey, K.J.; Cherbuin, N. Longitudinal Assessment of Hippocampal Atrophy in Midlife and Early Old Age: Contrasting Manual Tracing and Semi-Automated Segmentation (Freesurfer). Brain Topogr. 2018, 31, 949–962. [Google Scholar] [CrossRef] [PubMed]

	



Yue, L.; Wang, T.; Wang, J.; Li, G.; Wang, J.; Li, X.; Li, W.; Hu, M.; Xiao, S. Asymmetry of Hippocampus and Amygdala Defect in Subjective Cognitive Decline among the Community Dwelling Chinese. Front. Psychiatry 2018, 9, 226. [Google Scholar] [CrossRef] [PubMed]

	



Ardekani, B.A.; Hadid, S.A.; Blessing, E.; Bachman, A.H. Sexual Dimorphism and Hemispheric Asymmetry of Hippocampal Volumetric Integrity in Normal Aging and Alzheimer Disease. AJNR Am. J. Neuroradiol. 2019, 40, 276–282. [Google Scholar] [CrossRef] [PubMed]

	



Mormino, E.C.; Brandel, M.G.; Madison, C.M.; Marks, S.; Baker, S.L.; Jagust, W.J. Abeta Deposition in Aging Is Associated with Increases in Brain Activation During Successful Memory Encoding. Cereb. Cortex 2012, 22, 1813–1823. [Google Scholar] [CrossRef] [PubMed]

	



Soltanifar, M.; Knight, K.; Dupuis, A.; Schachar, R.; Escobar, M. A Time Series-Based Point Estimation of Stop Signal Reaction Times: More Evidence on the Role of Reactive Inhibition-Proactive Inhibition Interplay on the Ssrt Estimations. Brain Sci. 2020, 10, 598. [Google Scholar] [CrossRef]

	



Ide, J.S.; Hu, S.; Zhang, S.; Yu, A.J.; Li, C.S. Impaired Bayesian Learning for Cognitive Control in Cocaine Dependence. Drug Alcohol Depend. 2015, 151, 220–227. [Google Scholar] [CrossRef]








[image: Brainsci 10 01013 g001 550] 





Figure 1. GMV of the hippocampus. (a) Age-related decreases in the GMV of bilateral anterior and posterior hippocampi; (b) Overlap with anterior hippocampus mask (cyan) and posterior hippocampus mask (yellow) divided at MNI coordinate y= −22, as defined in Zeidman and Maguire [30]; (c) Overlap with the functional cluster in the anterior hippocampus identified from a regression of SS > GS with age (blue; Figure 2a) and with the functional cluster in the posterior hippocampus identified from a regression of p(Stop) > 0 with age (red; Figure 2a). 
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Figure 2. Hippocampal activations during cognitive control. (a) Right anterior hippocampus (blue) showed activation during SS > GS in negative correlation with age; right posterior hippocampus (red) showed activation to p(Stop) > 0 in positive correlation with age. These clusters were overlaid on (b) the right anterior hippocampus mask (MNI coordinate anterior to y = −22, cyan, as defined in Zeidman and Maguire [30]; overlap shown in cobalt), and on (c) the right posterior hippocampus mask (yellow) with the overlap shown in orange. 
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Figure 3. Mediation analysis between (a) age and SSRT with the right anterior hippocampal activation to SS > GS being the mediator, (b) age and the right anterior hippocampal activation to SS > GS with the GMV of right anterior hippocampus being the mediator, and (c) age and the right posterior hippocampal activation to p(Stop) with GMV of right posterior hippocampus being the mediator. Ant. Hipp: anterior hippocampus; Post. Hipp: posterior hippocampus; gray line: not significant result. 
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