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Abstract

Subjective memory complaints (SMCs) may be an important early indicator of cognitive aging 

and preclinical Alzheimer’s disease (AD) risk. The present study investigated whether age-related 

differences in right or left hippocampal volume underlie SMCs, if these relationships differ by 

hypertension status, and how they are related to objective memory performance in a group of 190 

healthy older adults, ages 50–89. Analyses revealed a significant mediation of the relationship 

between age and mild SMCs by right hippocampal volume that was moderated by hypertension 

status. This moderated mediation effect was not observed with left hippocampal volume. 

Additionally, a moderated serial mediation model showed that age predicted right hippocampal 

volume, which predicted SMCs, and in turn predicted objective memory performance on 
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several measures of verbal selective reminding in individuals with hypertension, but not in 

non-hypertensives. Together, these findings suggest that even mild SMCs, in the context of 

hypertension, provide an early indicator of cognitive aging, reflecting a potential link between 

vascular risk, SMCs, and the preclinical risk for AD.
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1. Introduction

Subjective memory complaints (SMCs) are self-reported, perceived declines in memory 

abilities (Jessen et al., 2014) and are generally associated with older age (Jonker et al., 

2000). SMCs may be an important early indicator of cognitive aging, reflecting subtle 

cognitive changes that are not yet detected by objective tests (Kaup et al., 2015; Jessen 

et al., 2014; Mitchell et al., 2014; Reisberg et al., 2010; Schmand et al., 1996). As such, 

SMCs may represent a preclinical stage in the development of cognitive decline related to 

Alzheimer’s disease (AD; Reisberg & Gauthier, 2008). In fact, longitudinal studies have 

found individuals with SMCs are significantly more likely to subsequently develop mild 

cognitive impairment (MCI) or dementia than those without complaints (Kaup et al., 2015; 

Jessen et al., 2014; Mitchell et al., 2014; Reisberg et al., 2010; Schmand et al., 1996). While 

some studies have not observed a relationship between SMCs and concurrent objective 

memory performance (Cook & Marsiske, 2006; Mendes et al., 2008), meta-analyses have 

found that memory complaints are significantly associated with objective memory in healthy 

older adults (Burmester et al., 2016; Crumley et al., 2014). Heterogeneity of methodology, 

including differences in participant characteristics and differing definitions of SMCs, may 

account for some of the discrepancies in findings across studies (Burmester et al., 2016; 

Mitchell et al., 2014).

Reductions in total and regional gray matter volume, particularly in the medial temporal, 

frontotemporal, and other neocortical regions have been associated with SMCs (Jessen 

et al., 2006; Lee et al., 2016; Saykin et al., 2006; Stewart et al., 2008). Notably, when 

compared to those without complaints, individuals with SMCs have decreased volumes 

of the hippocampus, an important neuroanatomical structure for objective memory and an 

early hallmark feature of AD (Scheef et al., 2012; Stewart et al., 2008; Striepens et al., 

2010; van der Fier et al., 2004). In addition, Scheef and colleagues (2012) found lateralized 

differences in the association between hippocampal volume and SMCs. They observed 

that older adults with SMCs had decreased right hippocampal volume and, after a two to 

three-year follow-up, showed greater decline on objective memory measures than those who 

did not have complaints. However, left hippocampal volume was not significantly associated 

with SMCs in their study. This suggests that hippocampal volume, particularly in the right 

hemisphere, may underlie SMCs in healthy older adults.

Hypertension is a common age-related vascular risk factor, reported to be prevalent in 

approximately 70.1% of the older adult population aged 65 years and older (McDonald et 
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al., 2009). This vascular risk factor has been associated with total and regional gray matter 

volume reduction (Beauchet et al., 2013; Jennings et al., 2012; Raz et al., 2005), especially 

in the prefrontal cortex and hippocampus (Beauchet et al., 2013; Raz et al., 2003), and 

these effects can occur even when hypertension is treated (Firbank et al., 2007; Jennings 

et el., 2012; Kern et al., 2017; Raz et al., 2003; Salerno et al., 1992; Strassburger et al., 

1997). Recent findings from the SPRINT MIND study (Kjelden et al., 2018) have found 

that changing the target for systolic blood pressure to be below 120 mmHg, instead of 

140 mmHg, significantly reduced the risk of subsequently developing MCI or dementia. 

However, the mechanism of how hypertension and other vascular risk factors contribute to 

the development of AD remains unclear.

While hypertension has been found to be a risk factor for MCI and AD (Kivipelto 

et al., 2002; Kjelden, et al., 2018; Luchsinger et al., 2005; Wu et al., 2003), fewer 

studies have specifically considered the effects of hypertension on memory performance 

in healthy cognitive aging research (Alexander et al., 2012b). We have previously found 

that the interaction between hypertension status and mild SMCs affect objective memory 

performance in a healthy older adult sample (Nguyen et al., 2016). Specifically, individuals 

with treated hypertension and mild SMCs performed significantly poorer on objective 

memory measures than non-hypertensives and those with hypertension that did not have 

SMCs. These findings suggest that hypertension status modifies the relationship between 

mild SMCs and objective memory performance and may contribute to the heterogeneity in 

findings on the relation between SMCs and objective memory performance in healthy older 

adults (Nguyen et al., 2016). We sought to extend these findings by examining whether 

hippocampal volume underlies SMCs in healthy older adults, differs by hypertension status, 

and leads to differences in objective memory performance.

In the present study, we used moderated mediation analyses to investigate whether 

the relationship between age and mild SMCs is mediated by hippocampal volume and 

moderated by hypertension status in a sample of healthy older adults. Such moderated 

mediation analyses (Hayes, 2017) allow, in one model, tests of indirect and direct effects 

to investigate how the relationships between hippocampal volume, SMCs, and objective 

memory performance may differ between hypertensive and non-hypertensive groups. 

Studies investigating the asymmetry of hippocampal volume decline in aging and AD have 

produced mixed findings. Some studies have found left hippocampal volume exhibits more 

atrophy, whereas others demonstrated right hippocampal volume is preferentially affected 

(Minkova et al., 2017). Given the possible asymmetry of hippocampal volume atrophy in 

aging and AD, as well as lateralized differences of the hippocampus in the association with 

SMCs, we investigated these relationships by testing right and left hippocampal volumes 

separately. Further, we utilized moderated serial mediation models in order to examine 

if these moderated mediations lead to differences in objective memory performance. 

We hypothesized age would be associated with reduced hippocampal volume, which in 

turn would be related to more SMCs that would then predict poorer objective memory 

performance, in individuals with hypertension, but not in non-hypertensives.
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2. Method

2.1 Participants

Participants were 190 community dwelling healthy adults, 50–89 years of age, with an 

average age of 71.07 years (SD = 9.65), who volunteered in a study on healthy cognitive 

aging. The sample was predominantly Caucasian (94.74%), with 94 female participants 

(49.47%) and an average of 15.94 years (SD = 2.61) of education. The cohort had an 

average Mini Mental Status Exam (MMSE; Folstein et al., 1975) score of 28.93 (SD = 

1.24) and Wechsler Adult Intelligence Scale (WAIS-IV; Wechsler, 2008) Full-Scale IQ 

(FSIQ) score of 112.78 (SD = 12.50). To exclude significant neurological, medical, and 

psychiatric disorders, participants underwent an extensive medical screen, and a physical 

and neurological examination performed by a neurologist (GAH), who specializes in aging. 

Systolic and diastolic blood pressures were obtained at rest, while the participants were 

seated. Participants were excluded if they had a MMSE score less than 26 or a Hamilton 

Depression Rating Scale (HAM-D; Hamilton, 1960) score greater than 9. All procedures 

were approved by the Institutional Review Board at the University of Arizona and all 

participants provided informed written consent. Participants were grouped as hypertensives 

and non-hypertensives based on self-reported history of hypertension and treatment for 

hypertension. Participants reported the duration of their hypertension diagnosis and number 

of hypertension medications. The group mean hypertension duration was 27.39 months (SD 
= 38.13) and the mean number of medications was 1.21 (SD = .74). The hypertensive 

and non-hypertensive groups did not differ in demographic, cognitive and neuroimaging 

characteristics, as shown in Table 1, but the hypertensive group had higher mean resting 

systolic and diastolic blood pressures than the non-hypertensives.

2.2 Subjective memory complaints

SMCs were measured using a portion of the Memory Functioning Questionnaire (MFQ), 

which is considered a reliable measure for evaluating SMCs (Gilewski et al., 1990). For the 

purpose of this study, we focused on the general question asking participants to rate their 

overall problems with memory, if at all, on a 1–7 scale, with lower SMC scores indicating 

greater severity of complaints (Gilewski et al., 1990). Participants’ MFQ SMC scores in this 

healthy older adult sample ranged from mild complaints to no complaints with an average of 

5.07 (SD = 1.16).

2.3 Objective Memory

The 12-item, 12-trial version of the Selective Reminding Test (SRT; Buschke, 1973) was 

administered as part of a larger neuropsychological battery. The SRT is a verbal list-learning 

task that provides multiple measures of learning and memory. During this task, participants 

were asked to remember a list of 12 unrelated words, immediately recalling the words after 

each trial. They were selectively reminded of only the words that were not recalled on 

the previous trial. After a 30-minute delay, participants were asked to recall all 12 words 

again and were then given a recognition memory test. For the present study, we focused 

on the recall measures from the SRT, which included total sum recall (total number of 

words recalled across all immediate trials), short-term retrieval (STR; words recalled that 

were in short-term storage), long-term retrieval (LTR; words recalled that have entered long-
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term storage), consistent long-term retrieval (CLTR; words consistently recalled without 

interruption), and delayed recall (words recalled after the 30 minute delay).

2.4 Magnetic Resonance Imaging

Volumetric T1-weighted Spoiled Gradient Echo (SPGR) MRI scans (slice thickness = 

1.0mm, TR = 5.3ms, TE = 2.0ms, TI = 500ms, FA = 15°, matrix = 256×256, FOV = 25.6cm) 

and T2 Fluid-Attenuated Inversion Recovery (FLAIR) scans (slice thickness = 2.6mm, TR = 

11000ms, TE = 120ms, TI = 2250ms, flip angle = 90°, matrix = 256×256, FOV = 25.0cm) 

were acquired on a 3T GE Signa scanner (HD Signa Excite, General Electric, Milwaukee, 

WI).

T1-weighted 3T volumetric MRIs were processed using FreeSurfer v5.3 software to obtain 

right and left hippocampal volumes (Dale et al., 1999; Fischl et al., 2002; Fischl et al., 

2004). Total intracranial volume (TIV) was computed for each participant in native brain 

space using T1 scans with SPM12 (Alexander et al., 2012a). TIV-adjusted right and left 

hippocampal volumes were used in the analyses. White matter hyperintensities (WMH) were 

computed using T1 and T2-FLAIR scans and the lesion segmentation toolbox (Schmidt 

et al., 2012) with Statistical Parametric Mapping (SPM12; Wellcome Trust Centre for 

Neuroimaging, London, UK). The probability maps for WMH were thresholded at 1, and 

voxel volumes were summed to compute the total WMH volume in milliliters (ml). WMH 

volumes were log transformed and adjusted for TIV. In addition, individuals who were ±2.5 

or more standard deviations away from the mean WMH volume were excluded from the 

analyses (n=2).

2.5 Statistical Analyses

Differences in cognitive performance, demographic, and imaging variables between 

hypertensive and non-hypertensive groups were evaluated using independent t-tests. Sex 

distribution differences were compared with chi-square tests.

All mediation analyses were performed using the PROCESS macro for SPSS (v3.1; 

Hayes, 2017), using percentile bootstrap resampling with 10,000 iterations to produce 95% 

confidence intervals, which indicate significance when they do not include zero. Moderated 

mediation models tested the mediation of the relationship between age and SMC score by 

TIV-adjusted right or left hippocampal volume, with hypertension status as the moderator. 

Sex and education were subsequently included as covariates, as these demographic 

characteristics have been shown to influence memory performance. Hypertension duration, 

total WMH volume, and measured systolic blood pressure (SBP) were also subsequently 

included as covariates to account for hypertension severity and blood pressure variability. 

SRT sum recall was added as an additional covariate, in an effort to ensure that our results 

with SMC score as the outcome were not solely due to underlying differences in objective 

memory. Finally, WAIS-IV FSIQ was separately added as an additional follow-up covariate, 

to test that the results with SMC score as the outcome were not due to differences in general 

cognitive ability.

To further examine if moderated mediation effects lead to differences in objective memory 

performance, moderated serial mediation models were then used to test the mediation of the 
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relationship between age and objective memory performance by right hippocampal volume 

and SMC score, with hypertension status as the moderator. Sex, education, hypertension 

duration, total WMH volume, and SBP were included as covariates. WAIS-IV FSIQ was 

separately added as a follow-up covariate, to ensure that the results with objective memory 

performance as the outcome were not due to underlying differences in general cognitive 

ability.

3. Results

3.1 Moderated Mediations

A moderated mediation model revealed that the mediation of the relationship between age 

and SMC score by right hippocampal volume was moderated by hypertension status (−.032 

(SE= .015), 95% CI, [−.062, −.005]). Individuals with hypertension showed negative indirect 

effects of age on SMC score through right hippocampal volume (−.032 (SE= .012), 95% CI, 

[−.057, −.011]), but in non-hypertensives, right hippocampal volume did not significantly 

mediate this relationship between age and SMC score (−.0001 (SE= .008), 95% CI, [−.018, 

.015]). These findings remained significant after including sex, education, hypertension 

duration, WMH volume, SBP, and SRT sum recall as covariates (−.026 (SE= .013), 95% 

CI, [−.051, −.002]; see Table 2). In addition, this moderated mediation model remained 

significant after we added WAIS-IV FSIQ as an additional follow-up covariate (see Table 

2). There were no significant moderated mediations between age and SMC score by left 

hippocampal volume, with (−.013 (SE= .013), 95% CI, [−.039, .011]; see Supplemental 

Figure 1) or without sex, education, hypertension duration, WMH volume, SBP, and SRT 

sum recall as covariates (−.016 (SE= .014), 95% CI, [−.044, .012]), by hypertension status. 

This moderated mediation model was not significant after adding WAIS-IV FSIQ as an 

additional covariate.

Examination of the individual associations of the significant moderated mediation model 

(see Figure 1) showed that there was a significant overall positive direct relationship 

between age and SMC score (.025 (SE= .012), p = .045, 95% CI, [.001, .049]), but this was 

not moderated by hypertension status (.018 (SE= .011), p = .101, 95% CI, [−.004, .040]). 

For indirect associations, there was a significant overall negative relationship between age 

and right hippocampal volume (−.053 (SE= .008), p < .0001, 95% CI, [−.068, −.038]), 

and this path was significantly moderated by hypertension status (.013 (SE= .006), p = 

.046, 95% CI, [.0002, .025]). In hypertensives, the relationship between age and right 

hippocampal volume was significantly negative (−.040 (SE= .011), p = .0003, 95% CI, 

[−.061, −.019]) and this negative association was greater in non-hypertensives (−.065 (SE= 

.009), p < .0001, 95% CI, [−.083, −.048]). Additionally, there was a significant overall 

positive relationship between right hippocampal volume and SMC score (.318 (SE= .120), 

p = .009, 95% CI, [.082, .554]), and this path was significantly moderated by hypertension 

status (.320 (SE= .117), p = .007, 95% CI, [.089, .551]). In hypertensives, the relationship 

between right hippocampal volume and SMC score was significantly positive (lower SMC 

scores indicate greater memory complaints; .638 (SE= .203), p = .002, 95% CI, [.238, 

1.04]), but in non-hypertensives, this path was not significant (−.002 (SE= .121), p = .990, 

95% CI, [−.241, .238]).
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3.2 Moderated Serial Mediations

Moderated serial mediation models revealed that the relationships between age and SRT 

sum recall (−.151 (SE= .078), 95% CI, [−.334, −.031]), short-term retrieval (.083 (SE= 

.046) 95% CI, [.005, .186]), long-term retrieval (−.235 (SE= .120), 95% CI, [−.507, −.047]), 

and consistent long-term retrieval (−.297 (SE= .157), 95% CI, [−.668, −.056]) were each 

mediated by right hippocampal volume and SMC score, and moderated by hypertension 

status, after controlling for sex, education, hypertension duration, WMH volume, and 

SBP (see Table 3). These moderated serial mediation results remained significant after 

we added WAIS-IV FSIQ as an additional follow-up covariate (see Table 3). There was 

not a significant moderated serial mediation of the relationship between age and delayed 

recall in relation to hypertension status (see Table 3 & Figure 6) with the same covariates 

added (−.005 (SE= .010), 95% CI, [−.023, .019]); and this was not significant after adding 

WAIS-IV FSIQ as an additional covariate.

With the exception of short-term retrieval, the moderated serial mediations followed the 

same pattern: increasing age predicted reduced right hippocampal volume, which was 

associated with more SMCs, and in turn predicted poorer objective memory performance 

(see Figures 2, 4, & 5). These serial mediation patterns were only significant in 

hypertensives, and not non-hypertensives (see Table 3). Additionally, the individual 

associations of the moderated serial mediations for sum recall, long-term retrieval, and 

consistent long-term retrieval all shared similar patterns. Each of these models had a 

significant overall negative direct relationship between age and memory performance for 

sum recall (−1.01 (SE= .163), p < .0001, 95% CI, [−1.34, −.693]), long-term retrieval (−1.38 

(SE= .254), p < .0001, 95% CI, [−1.88, −.875]), and consistent long-term retrieval (−1.64 

(SE= .313), p < .0001, 95% CI, [−2.25, −1.02]). The direct associations between age and 

memory performance were not significantly moderated by hypertension status for sum recall 

(−.222 (SE= .158), p = .162, 95% CI, [−.535, .090]), long-term retrieval (−.387 (SE= .246), 

p = .118, 95% CI, [−.872, .099]), and consistent long-term retrieval (−.373 (SE= .304), p = 

.222, 95% CI, [−.972, .227]).

For the indirect associations in these models, the relationships between age and right 

hippocampal volume, and between right hippocampal volume and SMC score, followed 

the same pattern as described in the moderated mediation, above. The final indirect paths 

in the models revealed that there were overall positive relationships between SMC score 

and objective memory for sum recall (3.11 (SE= 1.09), p = .005, 95% CI, [.949, 5.27]), 

long-term retrieval (4.68 (SE= 1.70), p = .007, 95% CI, [1.33, 8.03]), and consistent long-

term retrieval (5.53 (SE= 2.10), p = .009, 95% CI, [1.39, 9.67]). These associations were 

moderated by hypertension status for sum recall (2.59 (SE= 1.12), p = .021, 95% CI, [.392, 

4.79]), long-term retrieval (4.18 (SE= 1.73), p = .017, 95% CI, [.762, 7.60]), and consistent 

long-term retrieval (5.69 (SE= 2.14), p = .009, 95% CI, 1.47, 9.91]). In hypertensives, the 

relationships between SMC score and performance were significantly positive (lower SMC 

scores indicate greater memory complaints) for sum recall (5.70 (SE= 1.78), p = .002, 95% 

CI, [2.20, 9.20]), long-term retrieval (8.86 (SE= 2.76), p = .002, 95% CI, [3.42, 14.30]), 

and consistent long-term retrieval (11.22 (SE= 3.41), p = .001, 95% CI, [4.50, 17.94]). In 

non-hypertensives, these paths were not significant for sum recall (.514 (SE= 1.31), p = 
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.696, 95% CI, [−2.08, 3.11]), long-term retrieval (.500 (SE= 2.04), p = .807, 95% CI, [−3.53, 

4.53]), and consistent long-term retrieval (−.160 (SE= 2.52), p = .950, 95% CI, [−5.14, 

4.82]).

Within short-term retrieval, increasing age predicted reduced right hippocampal volume, 

which was associated with more SMCs, and in turn predicted higher scores on short-term 

retrieval (see Figure 3). Again, this mediation pattern was only significant in hypertensives, 

not non-hypertensives (see Table 3). When examining the individual associations, there 

was a significant overall positive direct relationship between age and short-term retrieval 

(.383 (SE= .105), p = .0003, 95% CI, [.176, .590]) that was not significantly moderated by 

hypertension status (.166 (SE= .102), p = .105, 95% CI, [−.035, .367]).

The indirect associations between age and right hippocampal volume, and between right 

hippocampal volume and SMC score, also followed the same pattern as described in the 

moderated mediation, above. However, the last indirect path displayed a different association 

than the other moderated serial mediation models. This path revealed that there was an 

overall negative relationship between SMC score and short-term retrieval (−1.56 (SE= .703), 

p = .028, 95% CI, [−2.94, −.167]) that was moderated by hypertension status (−1.58 (SE= 

.717), p = .029, 95% CI, [−3.00, −.167]). In hypertensives, the relationship between SMC 

score and short-term retrieval was significantly negative (−3.14 (SE= 1.14), p = .007, 95% 

CI, [−5.39, −.885]), but in non-hypertensives, this path was not significant (.028 (SE= .845), 

p = .974, 95% CI, [−1.64, 1.70]).

4. Discussion

In a sample of cognitively unimpaired older adults, we found that the combination of 

age-related mild SMCs and hypertension has a neuroanatomical substrate, reflected by 

reduced right hippocampal volume. Thus, mild SMCs in generally healthy cognitive aging 

may be sensitive to right hippocampal volume differences and this effect depends on 

hypertension status. Follow-up analyses using moderated serial mediation models, found 

that older adults with hypertension had reduced right hippocampal volumes, leading to 

more SMCs, which in turn, predicted significantly poorer performance on multiple indices 

of learning and memory. In contrast, the serial mediation models were not observed in 

individuals without hypertension. All moderated mediation effects were significant even 

while controlling for hypertension severity and blood pressure variability, suggesting that the 

results represent differences associated with the longstanding impact of hypertension. That 

we did not observe group differences in the right hippocampal volume simply between 

the hypertensives and non-hypertensives, but rather only through its mediational role 

in predicting SMCs, highlights the importance of the mediation approach for detecting 

these very early effects in the context of healthy cognitive aging. A previous study 

found right hippocampal volume was associated with memory complaints in healthy older 

adults (Scheef et al., 2012), yet we found hypertension status modified this relationship, 

which suggests implications for potential mechanistic links between vascular risk and 

the progression of preclinical AD (Brickman, 2013). Our findings from the present study 

suggest even mild SMCs may add to the preclinical risk for AD, in the context of 

hypertension.
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With the exception of short-term retrieval, the moderated serial mediation models all 

followed the same pattern, showing that smaller right hippocampal volumes were associated 

with more SMCs, which was then related to poorer objective memory performance. 

However, for short-term retrieval, smaller right hippocampal volumes led to more memory 

complaints, which in turn, was associated with an increase in performance. We previously 

suggested that such an increase in short-term retrieval might reflect greater reliance on 

inefficient learning strategies, potentially related to compensation for poorer long-term 

retrieval (Nguyen et al., 2016). The current findings further support this possibility, 

providing a shared anatomical basis for both the observed compensatory increase in short-

term retrieval and the corresponding decreases in long-term retrieval measures. Greater 

reductions in medial temporal lobe volumes may influence consolidation of information 

from short-term to long-term memory (Nguyen et al., 2016). The current results indicate that 

this inefficient learning may result from smaller right hippocampal volumes, which in turn 

contributes to poorer performance on longer-term retrieval measures.

The existing literature investigating the asymmetry of hippocampal volume atrophy in aging 

and AD have produced mixed findings. While some studies have found left hippocampal 

volume exhibits greater atrophy, others have demonstrated that right hippocampal volumes 

show larger reductions (Minkova et al., 2017). In a recent meta-analysis, Minkova and 

colleagues (2017) observed greater right hippocampal atrophy in individuals with MCI, but 

greater left hippocampal atrophy in those with AD dementia. This suggests the possibility of 

an accelerated decline of the right hippocampus in the earlier stages of AD, whereas the left 

hippocampus may be more affected at later stages. In addition, our present findings indicate 

that mild SMCs may be sensitive to decreases in right, but not left, hippocampal volume in 

healthy older adults with hypertension. As SMCs may represent a preclinical stage in the 

course of AD (Reisberg & Gauthier, 2008), the current results, along with previous findings, 

suggest right hippocampal volume may be preferentially affected in the preclinical early 

stages of AD. It is also possible that these relationships may emerge for left hippocampal 

volume if studied in a larger cohort of healthy older adults, providing greater power to 

detect smaller effects. Additional studies with larger samples and a wider range of cognitive 

difficulties are needed to further examine the observed lateralized differences.

Previous findings have indicated even individuals with treated hypertension are at an 

increased risk for subsequent development of MCI and dementia (Kjelden, et al., 2018; 

Luchsinger et al., 2005). High blood pressure has detrimental effects on blood vessels, 

causing them to thicken and narrow, which can increase risk for ischemia and blockages 

or ruptures of the vessels (Cifuentes et al., 2015; Kennelly, Lawlor, & Kenny, 2009). 

However, the mechanism of how vascular risk factors, like hypertension, may contribute to 

the development of AD is not fully understood. Some studies suggest that cerebrovascular 

disease increases amyloid deposition (Carnevale et al., 2012; Gomez et al., 2018), whereas 

others indicate amyloid and vascular risk may have interactive effects on the clinical 

presentation of AD (Bangen et al., 2017; Lo & Jagust, 2012; Provenzano et al., 2014). 

The hippocampus is particularly vulnerable to vascular impacts (Schmidt-Kastner & Freund, 

1991), and hippocampal volume atrophy and the accompanied memory loss are early 

hallmark features of AD. The results from the current study raise the possibility that 

older adults with hypertension experience ischemic damage that is associated with reduced 
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hippocampal volume, which may in turn promote differences in subjective and objective 

memory that places these older adults with hypertension at greater risk for AD. These 

findings add to the growing body of literature on the vascular mechanisms of AD, 

suggesting a possible connection between hypertension and preclinical risk for AD. As some 

hippocampal subfields are more sensitive than others to aging and hypertension (Small et 

al., 2011), future studies measuring volumes of hippocampal subfields may provide further 

insight into the mechanisms of hypertension’s impact on AD-related pathology.

Older adults with hypertension may benefit from further control of blood pressure. Recent 

results from the SPRINT MIND study have indicated that more aggressive control of 

hypertension reduces the risk of cognitive decline and has led to changes in blood pressure 

guidelines, which are aimed at controlling blood pressure to below 120/80 mmHg (Kjelden, 

et al., 2018). Given the participants in the current study were being treated for hypertension 

according to the previous longstanding guidelines (i.e., 140/90 mmHg), these results suggest 

that older adults with hypertension may benefit from a more intensive approach to blood 

pressure control to lessen its impact on SMCs and objective memory in older adults, 

which could potentially reduce AD risk in this population. The average systolic blood 

pressure in our hypertensives was elevated above recommended guidelines, which may 

indicate that not all individuals in the hypertensive group had successfully managed their 

high blood pressure. Further research is needed to better understand how these effects may 

differ in well-controlled and uncontrolled hypertension (e.g., Kern et al., 2017). It is also 

important to note that hypertensive risk for dementia may also depend in part on age, as 

hypertension onset in the oldest-old (80+ years) has been associated with a decreased risk 

of dementia, compared to those without a history of hypertension (Corrada et al., 2017). 

Furthermore, when examining the individual path associations in our study, we found that 

age had a greater negative effect on right hippocampal volume in non-hypertensives than in 

hypertensives, suggesting the impact of aging on right hippocampal volume may differ as a 

function of hypertension status and age group. However, the majority of participants in our 

study were younger than 80 years of age; thus, future studies should examine if the observed 

relations differ in a larger oldest-old adult sample.

The present study has several limitations. First, it is comprised of mainly Caucasian 

participants, which may limit the generalizability of the findings. Further research with 

ethnically diverse populations is needed, particularly in groups where high rates and poor 

control of hypertension is observed (Delgado et al., 2012; Flack et al., 2003). Second, 

our sample of generally healthy older adults had limited cognitive difficulties, and the 

observed associations between subjective and objective memory may differ in samples of 

individuals with a wider range of cognitive deficits. Future studies in cohorts with varying 

levels of cognitive ability should investigate whether these relationships may change as 

a function of cognitive status in healthy aging. Third, our results are limited to verbal 

objective memory performance. Additional studies are warranted to examine if these results 

extend to other types of objective memory tests, including tasks that measure non-verbal 

memory performance. Fourth, this study was cross-sectional in design. While the present 

study highlights important differences in healthy aging, further research with longitudinal 

data is needed to understand whether hippocampal differences lead to greater SMCs over 

time, if this association differs by hypertension status, and whether it, in turn, leads 
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to further decline in objective memory performance. Finally, our inclusion criteria for 

hypertension included individuals who self-reported a history of hypertension, and while our 

non-hypertensive group did not report histories of hypertension or hypertension treatment 

and had an average blood pressure that fell below previous clinical guidelines, their blood 

pressure measures during the research study visit showed wide variation. Consequently, our 

non-hypertensive group may have included some individuals with previously undiagnosed 

hypertension. However, the hypertensive group had significantly higher measured systolic 

and diastolic blood pressures than the non-hypertensive group. Moreover, previous studies 

have found the deleterious effects of hypertension are even more pronounced in older adults 

who have untreated hypertension when compared to those who were treated for, or did not 

have, hypertension (Kern et al., 2017). Nonetheless, we did not observe mediation effects 

with our non-hypertensive group, which provides even stronger support for our observation 

of the right hippocampal volume effects underlying SMCs and leading to the objective 

memory differences in the hypertensive older adults.

5. Conclusions

In this sample of neurologically healthy older adults, the combination of mild SMCs and 

hypertension reflected reduced right hippocampal volume that was associated with poorer 

objective memory performance. Hypertensive older adults may experience mild SMCs 

as a result of right hippocampal atrophy and an ineffective learning strategy, leading to 

difficulties with consistent and longer-term memory retrieval and greater reliance on short-

term retrieval. Given that hypertension can contribute to Alzheimer’s-related pathology, 

these findings suggest that even mild memory complaints, in the context of hypertension, 

may be indicative of increased preclinical risk for AD in healthy older adults. Further 

research is needed to determine if more intense control of blood pressure may help to 

alleviate the impact of hypertension on hippocampal atrophy and the associated subjective 

and objective memory difficulties, thereby modifying the vascular mechanisms in a way that 

can help diminish the risk for AD.
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Highlights:

• Age-related memory complaints in hypertensives are mediated by right 

hippocampal volume

• Mild memory concerns have a neuroanatomical basis leading to overt 

memory difficulties

• Mild memory complaints with hypertension may be an early marker of 

cognitive aging

• Aging with hypertension and memory concerns may lead to greater 

preclinical AD risk
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Figure 1. 
The relationship between age and SMC score mediated by right hippocampal volume and 

moderated by hypertension status. Coefficients of a moderated mediation model with sex, 

education, hypertension duration, white matter hyperintensities, systolic blood pressure and 

SRT sum recall as covariates. Lower SMC scores indicate greater memory complaints. *p < 

.05, **p<. 01, ***p <. 001. SMC = subjective memory complaint.
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Figure 2. 
The relationship between age and sum recall mediated by right hippocampal volume and 

SMC score and moderated by hypertension status. Coefficients of a moderated serial 

mediation model with sex, education, hypertension duration, white matter hyperintensities, 

and systolic blood pressure as covariates. Lower SMC scores indicate greater memory 

complaints. *p < .05, **p <. 01, ***p <. 001, SMC = subjective memory complaint, SRT = 

selective reminding task.
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Figure 3. 
The relationship between age and short-term retrieval mediated by right hippocampal 

volume and SMC score and moderated by hypertension status. Coefficients of a 

moderated serial mediation model with sex, education, hypertension duration, white matter 

hyperintensities, and systolic blood pressure as covariates. Lower SMC scores indicate 

greater memory complaints. *p < .05, **p <. 01, ***p <. 001, SMC = subjective memory 

complaint, SRT = selective reminding task.
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Figure 4. 
The relationship between age and long-term retrieval mediated by right hippocampal volume 

and SMC score and moderated by hypertension status. Coefficients of a moderated serial 

mediation model with sex, education, hypertension duration, white matter hyperintensities, 

and systolic blood pressure as covariates. Lower SMC scores indicate greater memory 

complaints. *p < .05, **p <. 01, ***p <. 001, SMC = subjective memory complaint, SRT = 

selective reminding task.
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Figure 5. 
The relationship between age and consistent long-term retrieval mediated by right 

hippocampal volume and SMC score and moderated by hypertension status. Coefficients of 

a moderated serial mediation model with sex, education, hypertension duration, white matter 

hyperintensities, and systolic blood pressure as covariates. Lower SMC scores indicate 

greater memory complaints. *p < .05, **p <. 01, ***p <. 001, SMC = subjective memory 

complaint, SRT = selective reminding task.
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Figure 6. 
The relationship between age and delayed recall mediated by right hippocampal volume 

and SMC score and moderated by hypertension status. Coefficients of a moderated serial 

mediation model with sex, education, hypertension duration, white matter hyperintensities, 

and systolic blood pressure as covariates. Lower SMC scores indicate greater memory 

complaints. *p < .05, **p <. 01, ***p <. 001, SMC = subjective memory complaint, SRT = 

selective reminding task.
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Table 1.

Table of participant demographic, cognitive, and neuroimaging characteristics.

Variable Hypertensive Non-Hypertensive P

N 67 123

Age [years; M (SD)] 72.27 (10.09) 70.42 (9.39) .209

Education [years; M (SD)] 15.73 (2.56) 16.06 (2.64) .413

Systolic Blood Pressure [M (SD)] 149.39 (16.88) 137.86 (16.54) .0001

Diastolic Blood Pressure [M (SD)] 85.51 (11.21) 77.93 (8.70) .0001

Sex (F/M) 30/37 64/59 .211

WAIS-IV FSIQ [M (SD)] 111.72 (12.95) 113.37 (12.26) .351

MMSE [M (SD)] 28.91 (1.22) 28.93 (1.25) .897

GDS [M (SD)] .99 (1.42) 1.10 (1.89) .669

MFQ SMC score [M (SD)] 4.94 (1.21) 5.13 (1.12) .288

SRT Sum Recall [M (SD)] 102.43 (20.20) 102.56 (19.54) .966

SRT LTR [M (SD)] 83.63 (30.49) 82.93 (29.48) .879

SRT CLTR [M (SD)] 59.96 (37.36) 59.25 (35.39) .898

SRT STR [M (SD)] 18.60 (11.60) 19.49 (11.39) .609

SRT Delayed Recall [M (SD)] 7.79 (2.64) 7.93 (2.85) .748

WMH
a
 [M (SD)]

.06 (.97) .01 (.94) .737

Average Hippocampal Volume
b
 [M (SD)]

−.18 (.93) .05 (1.02) .134

Right Hippocampal Volume
b
 [M (SD)]

−.18 (.85) .04 (1.06) .146

Left Hippocampal Volume
b
 [M (SD)]

−.16 (1.02) .06 (.98) .160

Means (standard deviations) from hypertensive and non-hypertensives with statistical comparisons between the groups.

a
Log Transformed and TIV-adjusted standardized values.

b
TIV-adjusted standardized values. WAIS-IV FSIQ = Wechsler Adult Intelligence Scale-Fourth Edition Full-Scale IQ, MMSE = Mini Mental 

Status Exam, GDS = Geriatric Depression Scale, MFQ SMC score = Memory Functioning Questionnaire Subjective Memory Complaint score, 
SRT = Selective Reminding Test, LTR = Long-Term Retrieval, CLTR = Consistent Long-Term Retrieval, STR = Short-Term Retrieval, WMH = 
white matter hyperintensities, TIV = total intracranial volume.
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Table 2.

Conditional indirect effects of the moderated mediation models of age predicting subjective memory 

complaints through right and left hippocampal volume and moderated by hypertension status.

Hippocampal volume Hypertension Status Effect SE LLCI ULCI

Right hippocampus
Hypertensive −.026 .010 −.048 −.008 *

Non-hypertensive .000 .008 −.015 .016

Left hippocampus
Hypertensive −.007 .009 −.026 .011

Non-hypertensive .006 .009 −.009 .025

Conditional indirect effects of the moderated mediation models for hypertensives and non-hypertensives, with sex, education, hypertension 
duration, white matter hyperintensities, systolic blood pressure, and SRT sum recall as covariates.

*
This effect remained significant after additionally adjusting for WAIS-IV FSIQ performance. Independent variable (x) = age, mediator (m) = 

hippocampal volumes (i.e., right and left hippocampal volumes), dependent variable (y) = SMC score, moderator (w) = hypertension status. CI 
= confidence interval; LLCI = lower limit confidence interval; ULCI = upper limit confidence interval. Confidence intervals indicate significance 
when they do not include 0. Bolded indirect effects are significant.
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Table 3.

Conditional indirect effects of the moderated serial mediation models of age predicting objective memory 

performance through right hippocampal volume and subjective memory complaints in relation to hypertension 

status.

Objective memory measures Hypertension status Effect SE LLCI ULCI

SRT Sum recall
Hypertensive −.151 .077 −.331 −.033 *

Non-hypertensive .000 .011 −.023 .027

SRT Short-term retrieval
Hypertensive .083 .045 .007 .185 *

Non-hypertensive .000 .006 −.015 .013

SRT Long-term retrieval
Hypertensive −.235 .118 −.506 −.049 *

Non-hypertensive .000 .017 −.033 .041

SRT Consistent long-term retrieval
Hypertensive −.297 .156 −.664 −.060 *

Non-hypertensive .000 .021 −.043 .046

SRT Delayed recall
Hypertensive −.005 .010 −.021 .019

Non-hypertensive .000 .003 −.007 .008

Conditional indirect effects of the moderated serial mediation models for hypertensives and non-hypertensives, with sex, education, hypertension 
duration, white matter hyperintensities, and systolic blood pressure as covariates.

*
These effects remained significant after additionally adjusting for WAIS-IV FSIQ performance. Independent variable (x)= age, mediator 1 (m1) = 

right hippocampal volumes, mediator 2 (m2) = SMC score, dependent variable (y) = objective memory performance, moderator (w) = hypertension 
status. CI = confidence interval; LLCI = lower limit confidence interval; ULCI = upper limit confidence interval; SRT = selective reminding test. 
Confidence intervals indicate significance when they do not include 0. Bolded indirect effects are significant.
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