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Abstract
Objective—Extend evidence suggesting that essential hypertension influences neuropsychological
performance and that brain function prior to treatment is related to the success of pharmacological
lowering of blood pressure (BP).

Methods—A voxel-based examination of the whole brain was conducted among forty-three
hypertensive patients treated for one year with assessment pre and post treatment using positron
emission tomography (PET) and neuropsychological testing.

Results—Neuropsychological performance improved over the year of treatment, but was unrelated
to change in regional cerebral blood flow (rCBF). Neither mean resting rCBF nor responsivity to a
working memory task changed significantly with treatment. However, patients with greater lowering
of systolic BP during treatment showed increased rCBF responsivity to a working memory task in
medial and orbital frontal areas, and decreased rCBF responsivity in mid frontal, parietal, thalamus,
and pons (as well as lower thalamic rCBF pre-treatment). Improved working memory performance
over the treatment period was related to decreased responsivity in medial frontal, medullary, and
parietal areas. Patients showing greater lowering of BP with treatment appeared to reduce excitatory
and enhance inhibitory coupling between memory processing and BP more than those with less
treatment success.

Conclusion—Degree of treatment success for both blood pressure and cognitive performance
among hypertensives is related to differing patterns of rCBF. Overall, the results emphasize the
relevance of brain function to the treatment of hypertension.
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An interest in brain function in association with hypertension was initiated by findings that
hypertension, particularly if present in middle age and untreated, is associated with mild
neuropsychological deficits (1). Pharmacologic treatment for hypertension generally improves
or maintains neuropsychological function although this result has been less consistent (1–5)
and it remains difficult to separate pharmacologic effects on the brain from effects mediated
directly through systemic BP reduction (4) (2) (1).

Understanding changes in cognitive function with hypertension and its treatment should be
advanced by examining brain function more directly than in neuropsychological testing. Our
prior work comparing normotensive and hypertensive participants showed comparable resting
regional cerebral blood flow (rCBF) whereas during working memory tasks, untreated
hypertensive participants manifested lower but more widespread rCBF responsivity (6).
Although the effects of hypertension on the brain are typically thought to occur only late in the
disease progression, early stage hypertension has been related physiologically to processes in
brain areas such as the hypothalamus and medulla and functionally to increases in the
cardiovascular response to psychological stress (7). If altered brain function is implicated in
early hypertension (8), then structural and functional brain indices might indicate the severity
of the disease, and through this relate to treatment success. Substantial and increasing evidence
suggests significant representation and control of the vasculature within the brain (9). For
example, baroreceptor control of BP is well recognized and functions via brain stem areas that
adjust neural control to maintain a relatively constant BP. Hypertensive disease and its
treatment alter BP levels and as such would seem to necessarily interact with the intrinsic
central regulation of BP. Indeed both pre-treatment indices of brain aging (e.g., ventricular and
sulcal volumes, white matter hyperintensities) as well as the thalamic response to a working
memory task have been found to relate to degree of treatment success with a year of standard
pharmacological treatment of BP (10). This report from our laboratory was based on a limited
sample with quantitative PET findings derived from a small set of specific regions of interest.

The current aim is to extend our prior report by examining a somewhat expanded sample using
relative measures of blood flow and coverage of the whole brain. A voxel based approach using
Statistical Parametric Mapping (SPM) was applied with an analysis focused on regions of
interest that were drawn from regions previously found to show differences between
hypertensives and normotensives (6,11) and/or known to be brain regions related to control of
autonomic function (9).

We had two sets of hypotheses. The first set was based on the assumption that treatment with
an angiotensin converting enzyme inhibitor (ACE-I) was expected to alter rCBF more than
treatment with a beta blocker based on the former’s efficacy in reversing the vascular
remodeling that occurs with hypertension (12–17). We suggested that the ACE-I would
improve both rCBF and performance more than the beta blocker. Greater improvement in rCBF
response to working memory with the ACE-I was anticipated to occur in areas previously
shown to separate hypertensive and normotensive participants: posterior parietal, thalamic, and
prefrontal areas (6). Successful treatment with ACE-I should also show greater relative
improvement in neuropsychological performance, particularly working memory, in
conjunction with improvements in rCBF induced by medication.

The second set of hypotheses focused on individual differences in a) BP response to treatment,
b) changes in rCBF responsivity, and c) changes in neuropsychological performance. First,
degree of BP reduction should be related to rCBF such that greater BP reduction would
associate with pressor areas showing initially low rCBF and pressor areas that respond less to
the demands of working memory performance after treatment. Conversely, successful
hypertension treatment should correlate with enhanced rCBF responsivity in areas related to
the inhibition of pressor areas. Finally, participants showing increases over the course of

Jennings et al. Page 2

Psychosom Med. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treatment in rCBF response in areas related to working memory (parietal, frontal, and thalamic)
should have improved cognitive performance.

Methods
Participants

Participants were a community sample recruited from the Pittsburgh area via radio, television,
newspaper, and health fairs. Participants were between 35 and 65 years of age, and had an
average diastolic (5th phase) BP of 90–109 mm Hg, systolic BP of 140–179 mm Hg, or both.
Seated BP was assessed after at least 5 minutes rest using the ausculatory technique with a
mercury manometer. Baseline BP was calculated from the average of the last 2 of 3 readings
done on two occasions. Participants were required to have either no prior pharmacologic
treatment for hypertension or no more than 6 months of BP medication within the past 5 years
with no BP medication taken in the 6 months preceding enrollment. Detailed inclusion/
exclusion criteria for this study and screening outcomes have been previously presented (10).
Screening was designed to exclude secondary hypertension, use of drugs/substances interfering
with accurate and safe treatment/assessment, and presence of other serious disease, notably
coronary or cerebrovascular disease. Participant characteristics were assessed with the Beck
Depression Inventory (18), the PANAS (19), and the NEO-FFI (20,21). The University of
Pittsburgh Institutional Review Board approved all procedures as consistent with ethical
principles and subjects provided informed consent.

Design
Initial BP assessment, medical screening and history, physical examination, administration of
self-report questionnaires, and detailed consent followed phone screening. The next session
included the second BP assessment and neuropsychological examination. Separate sessions
followed for brachial artery ultrasound, MRI, and PET examinations. All examinations were
repeated after 1 year except for the screening and self-report instruments. Data were collected
between October 2001 and April 2006. This report focuses on the 43 of the 45 participants who
completed the entire study. Thirty-six other participants signed consent forms, but then
withdrew due to a failure to pass medical screening, a change in interest in the study, or
claustrophobia (see 17). Participants were similar to non-completing individuals in age,
education, and personality factors; they differed in that continuing participants were
significantly (Chi-square p<.05) more likely to be male, white, and married.

Medication procedures
Patients were treated for 1 year within a randomized, double-blind design employing either
lisinopril or atenolol—a choice of drugs based on the initial hypothesis that lisinopril would
favorably affect cerebral vasculature relative to atenolol (6). During a 6-week titration phase,
drug dosage was gradually increased across 4 dosage levels: 10, 20, 30, and 40 mg for lisinopril
and 25, 50, 75, and 100 mg for atenolol. Upward titration stopped if a participant’s BP had
fallen to 135/85 mm Hg or less, or if resting pulse fell below 50 beats per minute. If a
participant’s BP remained greater than 140/90 mm Hg on the full dose treatment, 12.5 mg
hydrochlorothiazide was added (4 in lisinopril group and 7 in beta-blocker group). Participants
were withdrawn from the study if BP averaged > 160/95 on two consecutive visits during the
maintenance phase (Week 6 through the final visit at Week 52). During visits, physical
symptoms and impact of hypertension on quality of life were assessed with the Bulpitt
Hypertension Questionnaire (22,23) and adherence was estimated based upon returned pill
counts. The hypertension treatment effect was calculated from standardized BP assessment
performed during the last regular clinical visit (approximately week 40).

Jennings et al. Page 3

Psychosom Med. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Structural MRI Measures
All subjects underwent a structural MRI using a GE Signa 1.5 Tesla scanner (Milwaukee, WI)
to provide a detailed image for mapping PET results. A brief scout T1-weighted image was
followed by an axial series oriented to the plane along anterior and posterior commissures: fast
spin echo T2 weighted (effective echo time [TE]/repetition time [TR]= 102/2,500 milliseconds,
1 excitation), proton density weighted (effective TE/TR = 17/2,000 milliseconds, 1 excitation),
and fast fluid-attenuated inversion recovery, FLAIR (effective TE/TR = 56/9,002 milliseconds,
time to inversion. 2,200 milliseconds, 1 excitation) (24). Section thickness was 5 mm with a
1-mm intersection gap. A field of view of 24 cm and image matrix of 256 by 192 pixels were
used for all axial MR series. A volumetric spoiled gradient-recalled (SPGR) sequence with
parameters optimized for maximal contrast among gray matter, white matter, and spinal fluid
was acquired for purposes of ROI placement in the coronal plane (TE/TR = 5/25 milliseconds,
flip angle 40°, 1 excitation, slice thickness 1.5 mm, 0-mm interslice). Participants showing
evidence of significant lacunar or other infarcts (n=2) were excluded from participation.

Functional PET Measures
Nine PET scans were performed that tested rCBF responses during information processing
(visuomotor and working memory tasks), a rest period, and following administration of
acetazolamide. This report focuses on the 6 scans related to working memory. Each task was
administered twice and used the same display and two button responses. The Control task
required the subject to respond with the thumb to any letter appearing on the left of the screen
and with the index finger for a letter appearing on the right. The One-back Memory task
required the subject to respond with the thumb to occurrence of a letter on the current
presentation that was in the same spatial position as a letter on the immediately preceding
presentation and respond with the index finger if it did not. The Two-back Memory task
required the subject to respond with the thumb if spatial position of the letter currently
appearing matched the spatial position which appeared two presentations earlier and the index
finger if it did not. Each task lasted 5 minutes (approximately 150 presentations) and started 2
minutes prior to tracer injection. Task order was randomized with approximately 5 minute
inter-task intervals during which the subjects rested and the next tracer injection was prepared
for delivery (see prior paper for further description (10)). PET scans were acquired in three-
dimensional imaging mode using a Siemens/CTI ECAT HR+ PET scanner (63 transaxial
planes, 2.4-mm slice thickness). PET data were corrected for radioactive decay, photon
attenuation, and scatter (25). Data were reconstructed using filtered back projection and the
final image resolution was 6 mm (transverse and axial). Head motion was minimized using a
thermoplastic mask. A peripheral vein catheter was inserted for tracer injections and a radial
artery catheter for arterial blood sampling. An initial 10-minute transmission scan was
performed using rotating 68Ge/68Ga rods (attenuation correction). Nine millicuries of [15O]
water was injected as a rapid bolus using an automated injector system. A 180-second emission
scan was acquired in 20 sequential frames (10×3 sec, 3×10 sec, 4×15 sec, and 3×20 sec),
followed by a 5-minute rest period for a total of 8 minutes between injections. All PET images
were corrected for small head movements using Automated Image Registration (26) which
was also used in a modified form to align and center the PET data (27).

Assessing rCBF
The [15O]water 1 minute radiation uptake data were analyzed using SPM5
(http://www.fil.ion.ucl.ac.uk/spm/). Individual data were aligned between scans and registered
to their SPGR anatomical MRI. Results were then co-registered to the Montreal Neurological
Institute T1 standard image and images were smoothed with a 12 mm full width half height
filter. Individual data were then submitted to a first level analysis which identified voxels
showing activation responsive to a working memory load vector that weighted the control task
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-1, the one-back memory task 1 and the two-back task 2 and the difference in response to this
vector at post as compared to pre-treatment testing. Data were expressed as a proportion of
total radiation assessed, i.e., relative blood flow measures of rCBF. Results of the level 1
comparison were then tested at a second level comparing individuals differing in treatment
condition, degree of success in lowering BP or performance on the memory tasks. Results were
examined using a statistical significance of p<.001, uncorrected, but statistical significance
was accepted using a corrected (p<.05) significance based on the correction from random field
theory (see discussion and references,
http://www.fil.ion.ucl.ac.uk/spm/doc/biblio/Keyword/RFT.html). Results were tested first
using a whole brain analysis followed by regions of interests (ROIs) including: posterior
parietal and thalamus, previously shown to differentiate between hypertensive participants and
normotensive controls (28); medial frontal, orbital frontal, insula, anterior cingulate, mid brain,
and limbic lobe, areas drawn from the central autonomic network (9), and; dorsolateral
prefrontal and posterior parietal cortices, areas related to working memory. The Wake Forest
Pick Atlas was used to identify these ROI’s (29,30).

Analyses of the rCBF responses employing SPM at the second level assessed the impact of
medication, change in systolic BP, and change in neuropsychological performance on the
change in rCBF response to 2 back working memory over the 1 year treatment period. Whole
brain analyses were followed up with tests confined to the pre-defined ROI’s detailed above.
These analyses were performed for resting rCBF prior to treatment, rCBF response during
working memory prior to treatment, and change in rCBF response from pre to post treatment.

Assessing Performance
A 1.5 to 2 hour battery of neuropsychological tests was administered both prior to after
treatment. The battery was designed to emphasize memory and executive functions previously
related to hypertension (31–33). Standard tests with known and acceptable reliability and
validity were drawn from the Wechsler Adult Intelligence Scale, III (Object Assembly, Block
Design, Digit Symbol, Grooved Pegboard, and Verbal Fluency) and the Wechsler Memory
Scale III (Story Recall, Faces, Verbal Paired Associates, Family Pictures, Letter-Number
Sequencing, Spatial Span). In addition, the Trail Making test, Four Word Short Term Memory,
and National Adjusted Reading Tests were administered. Neuropsychological data were
reduced to four factors in order to control the number of comparisons required. Varimax rotated
factor analysis was performed with pre-treatment data, which had previously been corrected
for any differences between the two neuropsychology examiners via regression. Summary
neuropsychological measures from pre-treatment testing, 22 variables, were correlated for 79
participants (the number available prior to participant withdrawals at time of initial brain
imaging). Four factors had eigen values over 1 and together accounted for 68% of the variance.
Variables loading >=.7 (absolute value) were transformed to z-scores and combined with unit
weighting. The factors were labeled: Verbal Memory (Logical Memory, 1st recall; Auditory
Immediate Memory, Auditory Delayed Memory; 4-Word Short Term Memory, and Verbal
Paired Associates), Visuospatial Memory (Family Pictures immediate and delayed, Visual
Immediate Memory and delayed, and General Memory Index,), Psychomotor Speed (Grooved
Pegboard preferred and non-preferred hands), and Spatial Construction (Object Assembly and
Block Design). Working memory performance on the n-back tasks tested both in the scanner
and in the neuropsychological testing was also examined. Working memory was assessed using
an A’ signal detection index derived from the proportion of hit and false alarms observed in
the responses of the participants (34,35).

These cognitive measures were analyzed with a general linear model that included age and
estimated IQ as covariates and assessed the within subject effect of pre vs. post treatment and
the between subject effect of medication (ACE-Inhibitor vs. Beta Blocker). Factors testing the
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effect of gender and adding or not adding hydrochlorothiazide were also examined. Due to the
small n in specific cells for these latter comparisons, higher order interactions were not
examined.

Results
Sample characteristics

Table 1 presents the characteristics of the 43 participants that completed the study. The table
depicts a largely white, well-educated, middle-aged sample. Although gender participation was
reasonably similar at the time of consent, the table shows that a preponderance of males
completed the study. Participants reported low levels of depression and personality
characteristics appropriate for their age cohort. The table also documents the success of the
medication treatment for these participants.

Direct effects of treatment on rCBF response to working memory
Increasing working memory load elicited the expected rCBF response with maximal change
in parietal and prefrontal regions (see Figure 1); however, our initial hypothesis was questioned
as no statistically significant change in this response pattern was observed between pre- and
post-treatment scans and no even marginally significant effects related to medication were
observed (see 17,36).

Direct effects of treatment on neuropsychological performance
Performance on the neuropsychological tests improved from pre to post test. The overall effect
of treatment was significant for the scores of the factors for Verbal Memory (F (1,36) =10.8,
p<.01), Visuospatial Memory (F (1,36) = 5.54, p=.02), and Spatial Construction (F (1,36) =
12.8, p<.01). No significant effects were present for the Psychomotor factor. Table 2 presents
the overall treatment effects for the four factors. No significant changes due to treatment were
observed in the working memory performance scores from the working memory tasks
performed in the scanner (pre-treatment for 2-back memory, a’=.89(standard error, .02); post-
treatment a’=.91 (standard error, .02)).

The results, therefore, also cast doubt on the second hypothesis. Although a general increase
in neuropsychological performance occurred, working memory performance did not improve
and the mean performance changes that were observed were not accompanied by mean changes
in rCBF. The four neuropsychological composite/factor scores failed to relate strongly to mean
pre-treatment or post-pre treatment resting or responsive rCBF. No areas met whole brain levels
of significance. In addition, change in cognitive performance was unrelated to decline of BP
during treatment or to changes in BP reactivity during task performance.

Individual differences in response to hypertension treatment in relation to rCBF
Our second set of hypotheses asked whether differences between individuals in brain indices
and their response to treatment related to the success of blood pressure treatment or change in
cognitive function with treatment. Table 3 presents areas in which a greater response to working
memory post treatment, relative to pre-treatment, related to a better BP response to
antihypertensive therapy (i.e. a greater drop in systolic BP). Table 3 indicates that this
relationship was present in areas related to autonomic control: anterior cingulate, medial
frontal, and orbital frontal areas. Resting rCBF prior to treatment showed no significant
relationships with improvements in BP with treatment. Table 4 presents areas in which a greater
response to working memory post treatment, relative to pre treatment, or greater pre-treatment
rCBF was related to a poorer response to antihypertensive therapy (i.e., a lesser drop in systolic
BP). Both greater thalamic resting rCBF pre treatment and greater thalamic rCBF increase after

Jennings et al. Page 6

Psychosom Med. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treatment in the response to working memory were related to a relatively smaller decrease in
clinical BP with treatment. Similarly, a lesser BP decrease was related to a greater responsivity
after treatment to working memory in middle frontal and posterior parietal regions, areas
robustly related to working memory performance, as well as in the pons. Figure 2 presents
saggital slices of the brain which illustrate the areas related to greater BP decrease (indicated
in blue) and areas related to a smaller BP decrease (indicated in red). Note that pre-treatment
responses during working memory were not associated with BP response to treatment.

Individual differences in performance changes with treatment in relation to rCBF
The hypothesis of positively correlated change in cognitive function and rCBF was not
supported, but specific regions did show an inverse relationship between performance and
change in rCBF. Table 5 shows regions in which an increase in the rCBF response to working
memory in post relative to pre treatment was related to a decrease in performance on the task
during scanning. No regions were identified in which baseline rCBF, pre-treatment rCBF
response or change in response to the working memory task related to improved performance.
Relatively poorer performance on the working memory task post treatment was related to a
relatively greater rCBF response post treatment in both anterior brain areas (medial frontal
gyrus) and posterior areas (precuneus, cuneus) as well as in the medulla. Figure 3 illustrates
(indicated in blue) on saggital slices these areas related to relatively poorer performance.

Joint relationship with performance and treatment response for CBF response in medial
frontal cortex

As noted, pre- to post-treatment change in the medial frontal cortex response to working
memory related both to the success of hypertension treatment and the change in performance
on the working memory task. We examined this more closely by repeating each analysis
excluding the significant voxels from the other analysis. This approach identified voxels which
related to both BP decline and working memory performance and voxels specific to either.
Figure 4 shows that the area of overlap is relatively medial and central to the rCBF change
related to BP decline, which is itself concentrated more medially than the rCBF change related
to performance. The analysis masking out the changes related to treatment success showed a
cluster of 236 voxels (relative to the prior cluster of 394 voxels in the unmasked analysis) that
remained significant at p<.001 (uncorrected, t=4.4) and were somewhat more left lateralized
and rostral to the cluster of overlapping activation. The analysis masking out the changes related
to the change in performance showed a cluster of 150 voxels (relative to 308 in the unmasked
analysis) that remained significant at p<.001 (uncorrected t=5.3) and were slightly caudal
relative to the area showing overlapping activation. Masking either analysis with the rCBF
change to working memory prior to treatment showed no overlap of medial prefrontal
activation, i.e. the associations with BP lowering and change in performance were not based
on voxels that significantly activated during memory processing pre-treatment.

Treatment course
Compliance with treatment was high (greater than 97% report of compliance with medication)
and reported side effects were minimal with the median number of side effects reported over
the course of treatment being 1 (sd=1.9). Four patients reported a change in diet, primarily a
reduction in salt and 2 reported weight gains of 5 pounds or less. Levels of glucose, sodium,
and potassium did not differ pre to post treatment. Six patients did report some depressive
mood not requiring a visit to a physician at least at one point during the course of treatment.
These reports corresponded to the higher average Beck Depression scores in these participants
prior to the start of treatment (mean =7.6 relative to the mean of the other participants mean=3.7,
t=2.1, p<.05). Over the course of treatment momentary PANAS negative affect scores declined
significantly from a mean of 13 to a mean of 5 (F(1,41)=356.9, p<.001). Overall, these
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treatment indicators were consistent with successful blood pressure treatment with minimal
adverse side effects.

Discussion
Our voxel-based whole brain analysis failed to support our hypotheses concerning direct effects
of rCBF and concomitant changes in rCBF and performance, although some support was found
for our hypotheses regarding individual differences in BP responses to treatment. Our initial
hypotheses were not supported in that treatment did not appear to shift hypertensive brain
function toward that observed in normotensive samples. Neuropsychological performance did
improve after treatment, but performance on the working memory task performed in the MR
scanner did not significantly change. More importantly, we failed to see any increase in the
rCBF response to working memory after treatment. Thus, those hypotheses stipulating a
concomitant effect of treatment on brain function and performance cannot be accepted. Note
that this result is relevant only to the particular treatment employed; neither study medication
crossed the blood-brain barrier. Centrally acting medications might yield different results.

The current results did extend our prior results showing that rCBF prior to and during treatment
is related to the success of pharmacological lowering of BP among hypertensive patients. We
previously reported on quantitative blood flow assessed only in a priori specified ROI’s and
found that the magnitude of BP decline with treatment was related to resting rCBF in the
thalamus pre-treatment and the change in thalamic responsivity to the working memory task
over 1 year of pharmacological treatment (8,36). The current results analyzed the whole brain
with voxel-based, relative measures of rCBF in an expanded sample. We expected that low
rCBF and low responsiveness in midbrain and medullary areas known to have pressor effects
would relate to the success of hypertension treatment, see reviews (37,38). This expectation
held true for the thalamus and pons, areas known in humans to increase BP when stimulated
(39). The thalamus result verified and extended our prior work with quantitative blood flow
(36) , and the current whole brain analysis extended the findings to the pons. We also supported
the related hypothesis that high responsiveness in areas showing inhibitory influences on
pressor increases would relate positively to the success of hypertension treatment. Relatively
better response to hypertension treatment was observed among those whose rCBF response
during working memory increased after treatment in medial frontal and left orbital frontal rCBF
areas. The inhibitory role of these structures on midbrain and medullary circuits has been well
documented in electrophysiological and anatomical studies in animals (37,40,41), although in
humans some areas within these same structures appear to have excitatory effects (38). Note
that the sensitivity and spatial resolution of our current PET techniques pose a limit to the extent
and specificity of areas localized.

Parietal and middle frontal areas, not typically associated with pressor effects, also showed a
relationship between treatment success and relatively lower rCBF responsivity post treatment.
These areas are strongly and consistently activated during working memory performance, e.g.,
(42,43) and were similarly activated by the working memory task in this data (see Figures 1
and 2, as confirmed by masking analysis eliminating overlap of areas). This finding may relate
to the observation that young participants doing well on a task often show relatively smaller
activations relative to those doing poorly or older (44,45). Speculatively, participants with less
task activation may then have less advanced effects of hypertension on the brain, change less
over treatment, and benefit more from treatment.

Correlations with level of working memory performance during scanning implicated other
areas; specifically, improved performance on the working memory task in the scanner was
associated with decreases in rCBF response in medial frontal and medullary areas implicated
in central autonomic control (37,38). This may indicate that coordinated control of autonomic
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activation was less strongly engaged during successful working memory performance post-
treatment relative to pre-treatment. Reduced activation in the precuneus was also associated
with enhanced performance. This area is significantly activated by working memory task
performance (42,43) and thus, the observed association directly contradicts our hypothesis. An
alternative conceptualization, however, considers other observations that suggest that the
precuneus is active during rest (i.e., acts as a portion of the so-called default network) and
inhibited during performance of a working memory task (46–49). With this conceptualization
decreased precuneus activation would be expected to relate to enhanced working memory
performance. Clearly though, one must argue for functional or anatomical differences within
the precuneus in order to account for observations that areas within the precuneus both increase
and decrease during working memory performance.

A striking concordance among our set of findings was that greater responses to working
memory after relative to before treatment in the medial frontal cortex were related to better
hypertension treatment outcomes but relatively poorer working memory performance.
Analyses masking the two analyses with the results of the other suggested a core rCBF area
that changed over treatment in response to the working memory task and related to both better
treatment response and poorer performance. Relatively more lateral medial frontal cortex areas
showed a unique relationship to poorer performance; relatively more rostral rCBF related
uniquely to improved hypertension treatment response. The precise role of the overlapping and
non-overlapping areas is difficult to interpret at this time given the variability of findings and
paradigms for this area.

A thorough quantitative review of the literature with a focus on emotion does seem relevant,
however. Kober and colleagues (50) analyzed 162 studies related to affect and used quantitative
techniques to assess areas commonly activated as well as areas concomitantly active within
the studies. The areas we have observed that relate to treatment success and performance
change are clearly encompassed in the area termed dorsomedial prefrontal cortex (dmPFC) in
their review. Their mediation analyses based on imaging studies of emotion identify co-
activation of dmPFC separately with two areas critical for autonomic control, the hypothalamus
and periaqueductal grey/thalamus. Functionally, they interpret the dmPFC as evaluating
context and appropriately modulating lower structures related to the expression of affect/
motivation. Although the current study did not directly vary affect, the relevance of this dmPFC
area and its interpretation is justified first by the close anatomical association with the dmPFC
area identified by Kobor et al. (50). Based on 67 activations they center a region of 496 voxels
on coordinates −2 51 29), essentially overlapping our area of rCBF activation. Second, the
relationships shown to autonomic control are clearly relevant to our focus on adjustment in BP
with treatment. Pharmacological decreases in BP might reasonably be assumed to alter how
motivational/affective aspects of a task are linked to BP. Based on this assumption, an
integrated interpretation may be made to form a working hypothesis for future work.
Performance of routine cognitive tasks, such as maintenance of items in working memory, is
presumed to induce both rCBF changes required for such maintenance as well as autonomic
changes configuring the cardiovascular system to appropriately support the central processing.
Relative to baseline activity, heart rate and BP are known to show small increases during such
tasks (for review see (51)). Individual differences in the degree to which such changes occur
are known to relate prospectively to hypertension (52–54). As suggested in the Kober et al.
(50) review, dorsal medial prefrontal cortex as well as orbital frontal cortex evaluate the degree
of autonomic support appropriate to the task at hand. Thalamic, hypothalamic and medullary
areas then organize the autonomic efferent response. Our findings suggest that treatment alters
these task linked pressor responses by increasing prefrontal inhibitory activity and decreasing
thalamic/medullary excitatory effects—at least among those showing a relatively better
response to treatment. This may concomitantly reduce the motivational commitment to the task
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—accounting for the relationship with performance scores and possibly, the decreased response
in prefrontal and parietal memory related area.

Our interpretation of this study is clearly limited. The initial design compared medications over
a year of treatment, but did not include an untreated group. As a result, we are unable to examine
the effect of repetition per se of our neuropsychological and PET testing after one year. Within
this and most imaging designs, we are only able to observe parallel changes in function and
brain state, i.e. such correlational results are not sufficient to infer causation. The two
medications that we did examine failed to provide any clear differential influences on
performance or rCBF, but other effective antihypertensive medication were not studied and
we cannot generalize to their effects. Finally, the arduous experimental protocol led to
substantial self-selection of participants, most clearly a bias toward males in participation. This
again limits the generalizability of the current results. The reasonably small sample size limited
our ability to detect small effects; larger samples could potentially find some support for our
initial hypotheses.

Overall, the current results provide further evidence of the relevance of brain function in the
disease course and treatment of essential hypertension as recently reviewed (55). Ultimately,
therapeutic approaches should be informed by recognition of the linkage between central
aspects autonomic nervous system regulation of the vasculature, cognitive function, and
hypertension.
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Figure 1.
Cortical response to the vector of increasing working memory load requirements. Coronal
slices are shown which illustrate the typical rCBF activations for this task in posterior parietal
and mid frontal regions. Additional cingulate activation is also shown. (All area activations,
p<.01 fwe corrected.)
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Figure 2.
Coronal slices with superimposed areas of significant rCBF activation. Areas shown in blue
indicate that greater activation post relative to pre treatment was related to a relatively better
BP response to treatment (see Table 3); while areas shown in red indicate areas in which lesser
activation post relative to pre treatment were related to better Hypertension treatment success
(see Table 4).
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Figure 3.
Coronal slices with superimposed areas of significant rCBF activation. Areas shown in blue
were those in which relatively decreased activation post relative to pre was associated with an
improvement over treatment in performance on the working memory task (see table 5).
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Figure 4.
Saggital slices with superimposed areas activated solely in predicted a better response to BP
medication (red areas), activated solely in predicting a poorer improvement in working memory
performance over the year of treatment (blue areas), and activated and jointly related to
treatment success and less improvement in working memory (green areas).
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Table 1

Characteristics of participants (n=43).

Mean or N Standard Deviation
or Percent

Age 52.5 6.7

Male Gender 33 77%

Body Mass Index 30.0 4.8

Race, white 38 88%

Non-smoker 37 86%

Less than 1 alcoholic drink per week 21 49%

Initial Blood pressure:
SBP mmHG

147.4 10.5

DBP mmHG 95.5 8.3

Final Blood pressure:
SBP mmHG

125.7 11.5

DBP mmHG 79.7 9.1

Beck Depression Inventory 4.1 4.1

PANUS positive (trait) 34.0 7.8

PANUS negative (trait) 15.7 6.1

NEO Neuroticism 28.0 7.4

NEO Extraversion 40.7 6.4

NEO Openess 39.4 5.6

NEO Agreeableness 44.0 5.30

NEO Conscientiousness 45.6 6.7
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Table 2

Pre and post treatment scores for the neuropsychological factors. Means are presented in z-score units
accompanied by the standard error of the mean. Positive scores indicate better performance.

Variable Pre Post

Verbal Memorya −.17 (.13) .10 (.12)

Visuospatial Memorya −.06 (.15) .23(.15)

Psychomotor (time scores) −.11(.10) −.18 (.12)

Spatial Constructiona .00 (.16) .25 (.16)

a
p< .05 or smaller, see text. Effect size (Cohen’s D) as derived from the t-test value for significant effects range from .64 to 1.07 (56).
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Table 3

Areas in which increases in the rCBF response to working memory after relative to before treatment related to
greater BP reduction with treatment.

Area MNI coordinates Extent (voxels) t-value p (fwe-corrected)

Right and Left     2   50  12 308 5.43 .03 (whole brain)

Medial Frontal
(BA10,32)

Left Orbital −30 20 −24 265 4.40 .04 (ROI)

Frontal (BA47) −38 30 −10

Note. BA refers to Brodman’s Area, MNI is Montreal Neurological Institute and refers to the location in x, y, and z coordinates on the reference brain
from that institute. fwe refers to the correction for multiple testing based on random field theory (see description and references,
http://www.fil.ion.ucl.ac.uk/spm/doc/biblio/Keyword/RFT.html). p values are corrected based on the number of whole brain voxels or if not significant
for the whole brain within predefined regions of interest (ROI). Effect sizes (Cohen’s D) derived from t-value range from 1.36 to 1.67 (56).
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Table 4

Areas in which greater rCBF response to working memory post relative to pre treatment or resting rCBF related
to smaller Hypertension treatment response.

Resting rCBF pre-Treatment

Area MNI coordinates Extent (voxels) t-value p (fwe-corrected)

Thalamus 6 −4 −4 247 4.53 p<.01 (ROI)

Change in rCBF Response to Working Memory with pharmacological treatment

Area MNI coordinates Extent (voxels) t-value p (fwe-corrected)

Right Middle 38  −6  46 108 5.52 .03 (whole brain)

Frontal Gyrus
(BA6)

Pons 0 −38 −20 226 5.43 .03 (whole brain)

Left and Right −16 −68 42 195 4.81 .02 (ROI)

Posterior
Parietal,
Precuneus
(BA7)

20 −68 30 73

Thalamus −10 −8  2 24 3.89 .03 (ROI)

See Table 3 for abbreviations. Effect sizes (Cohen’s D) derived from t values range from 1.20 to 1.70 (56).
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Table 5

Regions in which increases in the rCBF response to working memory pre to post treatment were associated with
a decline in working memory performance during scanning

Area MNI coordinates Extent (voxels) t-value p (fwe-corrected)

Right and Left 4 50 20 240 4.90 .01 (ROI)

Medial Frontal
Gyrus (BA9, 10)

−6  50 10 11

Left Medulla −12 −22 −40 44 5.18 .003 (ROI)

Right and Left −4 −58 34 108 4.58 .04 (ROI)

Precuneus
(BA7), Cuneus
(BA19)

6 −80 34 40

Note. Effect sizes (Cohen’s D) derived from t-values range from 1.42 to 1.51 (56).
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