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Abstract

Hypertension confers increased risk for cognitive decline, dementia, and cerebrovascular disease. 

These associations have been attributed, in part, to cerebral hypoperfusion. Here we posit that 

relations of higher blood pressure to lower levels of cerebral perfusion may be potentiated by a 

prior head injury. Participants were 87 community-dwelling older adults -69% men, 90% white, 

mean age= 66.9 years, 27.6% with a history of mild traumatic brain injury (mTBI) defined as a 

loss of consciousness </= 30 minutes resulting from an injury to the head, and free of major 

medical (other than hypertension), neurological or psychiatric comorbidities. All engaged in 

clinical assessment of systolic and diastolic blood pressure (SBP, DBP) and single photon 
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emission computed tomography (SPECT). Computerized coding of the SPECT images yielded 

relative ratios of blood flow in left and right cortical and select subcortical regions. Cerebellum 

served as the denominator. Sex-stratified multiple regression analyses, adjusted for age, education, 

race, alcohol consumption, smoking status, and depressive symptomatology, revealed significant 

interactions of blood pressure and head injury to cerebral blood flow in men only. Specifically, 

among men with a history of head injury, higher systolic blood pressure was associated with lower 

levels of perfusion in the left orbital (β=-3.21, p=.024) and left dorsolateral (β=-2.61, p=.042) 

prefrontal cortex, and left temporal cortex (β=-3.36, p=.014); higher diastolic blood pressure was 

marginally associated with lower levels of perfusion in the left dorsolateral prefrontal cortex 

(β=-2.79, p=.051). Results indicate that men with a history of head injury may be particularly 

vulnerable to the impact of higher blood pressure on cerebral perfusion in left anterior cortical 

regions, thus potentially enhancing risk for adverse brain and neurocognitive outcomes.
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1. Introduction

Hypertension has numerous negative brain health associations, including increased risk of 

stroke1, vascular dementia2, and Alzheimer's disease.3 Higher systolic (SBP) and diastolic 

blood pressure (DBP) have been further linked to decreased global4 and regional cerebral 

blood flow (rCBF)5. In that regard, lower rCBF has been found in the prefrontal cortex, 

anterior cingulate cortex, occipital lobe, and right cerebral hemisphere among 

hypertensives.6,7 Both men5 and the elderly6,7 may be particularly vulnerable to 

hypertension-related hypoperfusion. An additional factor that may render the brain 

vulnerable to the impact of high blood pressure is a history of head injury.

Mild traumatic brain injury (mTBI) has also been associated with reductions in cerebral 

blood flow.8 Although prospective studies suggest that these decrements may normalize 

within 1 to 3 months following the injury,8 increased prospective risk for dementia may 

remain.9 Persistent reductions in cerebral blood flow (CBF) have been associated with more 

severe TBI, but the exact mechanisms are unclear.10 It is presently unknown whether a 

history of head injury renders the brain more vulnerable to hypertension and/or higher blood 

pressure, and if CBF reduction may be compounded when both are present.

Accordingly, here we explored the potential interactive relations of blood pressure and 

history of mTBI to rCBF. Associations were examined separately in men and women due to 

known sex differences in hypertension11, mTBI12, and their associations with rCBF6.

Material and Methods

Participants were 87 healthy, community-dwelling older adults (ages 54–83; 69% men; 90% 

white) enrolled in a parent study investigating cardiovascular risk factors, the brain, and 

cognitive function in older adults.13,14 Participants were recruited for the parent study by 

newspaper and other local advertisement, from the Geriatric Research Education and 
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Clinical Center at the Baltimore Veterans Affairs Medical Center (B-VAMC), and by general 

advertisement at the B-VAMC. A subset of participants were veterans. Exclusionary criteria 

were history or clinical evidence of diabetes mellitus, cardiovascular disease, coronary artery 

bypass surgery, carotid endarterectomy, renal, hepatic, pulmonary, hematological, or 

neurological disease, stroke, transient ischemic attacks, epilepsy, suspected dementia (Mini 

Mental State Examination<24), moderate-to-severe head injury (loss of consciousness >30 

min), self-reported psychiatric disorder, moderate-to-severe depressive symptoms (Beck 

Depression Inventory>18), heavy alcohol use (>14 drinks/week), medication having central 

nervous system effects, and less than 8 years of formal education. Sample characteristics are 

displayed in Table 1. Of note, prevalence rates for mTBI were higher in our sample than 

previous documented lifetime prevalence rates for both men (16.68% compared to our 26%) 

and women (8.55% compared to our 30%).15 This may be due to our recruitment from the 

local VA, thus incorporating veterans who are more likely to sustain a combat-related mTBI. 

Participants provided written informed consent according to the guidelines of the University 

of Maryland, Baltimore and University of Maryland, Baltimore County's Institutional 

Review Boards.

2.1 Biomedical Assessment

Participants underwent a comprehensive medical evaluation that included history, physical 

examination, blood chemistries, a graded exercise treadmill test, and an oral glucose 

tolerance test. Head injury was based on self-reported loss of consciousness (LOC; i.e., 

“ever been knocked out or passed out”). If the participant reported yes, the participant was 

further probed about the nature of the LOC and the length of time they were unconscious. If 

a head injury occurred with a LOC less than 30 minutes, the participant was recorded as 

having a history of a mTBI. Six individuals reported having had 2 prior mTBI, and an 

additional 2 participants reported having a third mTBI.

BP was assessed while participants were taking their routine medications. Clinical 

assessment of BP was performed on 2–3 occasions with patients in a seated position using 

an automated vital signs monitor (Dinamap Model # 1846SX, Critikon, Tampa, FL) and 

appropriate sized occluding cuff. The readings were averaged to yield an estimate of 

participants' resting systolic and diastolic BP.

Participants also reported demographic information (age, sex, race, highest level of 

education completed), average weekly alcohol consumption, current smoking status and 

history (dichotomized into ever smoked regularly vs. never smoked), and use of anti-

hypertensive medications. They also completed the Beck Depression Inventory (BDI) to 

measure depressive symptomatology.16

2.2 Brain SPECT Imaging

Two hours following injection with 99m Technetium Bicisate (Neurolite), participants 

underwent brain SPECT imaging on a Picker Prism 3000 triple headed SPECT scanner with 

a high-resolution fan beam collimator. The acquisition matrix was 128 × 128 pixels with a 

360 degree rotation (120 degrees per head). Imaging was acquired in a series of 40 stops per 

head at 3 degrees per step with duration of 25 seconds per step. If necessary, an X-Y SPECT 
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motion correction algorithm was used. Reconstruction utilized a standard ramp filter, a 3D 

post-filer with a 0.76 multiplier, and an attenuation correction algorithm using a coefficient 

of 0.12 and an ellipse fit of one per file.

Computerized coding of the perfusion images was performed using the Cerebral Blood Flow 

(1999) program developed by Sopha Medical Vision (SMV) America (Twinsburg, OH) on a 

SMV PowerStation computer. Following oblique reconstruction for anatomic normalization, 

images were used to derive relative ratios of blood flow in regions of interest (ROIs). ROIs 

were predetermined by the research team using anatomic landmarks.18 These included the 

right and left frontal, temporal, parietal, and occipital cortex, thalamus, head of caudate, 

anterior cingulate cortex, and cerebellum.

Coding methods were as follows. First, inner and outer cortical ROIs were placed. The entire 

cortical region was then segmented into 12 equal ROIs using four transaxial brain slices (see 

Figure 1 for an example). Average counts were derived from those segments corresponding 

to left and right frontal, temporal, parietal, and occipital lobes. For example: Slice 1: top 

most slice of gray/white junction (frontal); Slice 2: above the atria of lateral ventricle 

(frontal, parietal); Slice 3: at the level of the atria of lateral ventricle (occipital); Slice 4: just 

below the level of atria, above tentorium (temporal, occipital)

The research team next identified prefrontal subregions using anatomic landmarks19 

including Fuster's20 criteria for anatomically and functionally defined prefrontal regions. 

These regions were drawn manually. To identify inner structures, were six ROIs were drawn 

manually on the left and right thalamus, head of caudate, and anterior cingulate cortex. 

Average counts were derived for data analytic purposes.

SPECT methodology allows assessment of relative ratios of blood flow in different brain 

regions. In this study, average counts for each ROI were used as a numerator to derive 

relative ratios of blood flow. The average counts for cerebellum was used as a standard 

denominator to calculate the relative uptake ratios.21 Coding was completed using nine 1.3 

cm thick transaxial slices such that the top slice corresponded to the first image of the brain's 

gray-white junction and the ninth image corresponded to the cerebellum. All SPECT images 

were coded by two graduate student raters trained by a representative of SMV, and 

supervised by a nuclear medicine physician or physicist. To assess inter-rater reliability of 

the SPECT coding, iIntraclass correlations were computed, revealing coefficients greater 

than 0.90 across all perfusion estimates.

2.3 Data Analyses

Statistical analyses were all conducted using Statistical Package for the Social Sciences, 

version 22. All analyses were stratified by sex. An interaction of history of mTBI and 

continuous systolic BP were computed by multiplying the two variables. Multiple linear 

regression models were computed for each ROI as the dependent outcome, including the 

right and left frontal (dorsolateral, medial, orbital), temporal, parietal, and occipital cortex, 

thalamus, head of caudate, and anterior cingulate cortex. Systolic BP, history of mTBI, the 

interaction of history of mTBI and systolic BP, age, education, race, average weekly alcohol 

consumption, smoking status (ever/never), anti-hypertensive medication use (yes/no), and 
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BDI score were all entered as covariates in the models. Models were then re-computed with 

diastolic BP. Significant interactions were then probed by computing regression line 

equations from the unstandardized beta coefficient for those with and without a history of 

mTBI.

2. Results

For men, there were significant interactions of history of mTBI and SBP for the following 

ROIs: left orbital prefrontal cortex (β = -3.21, p = .024), left dorsolateral prefrontal cortex (β 

= -2.61, p = .042), and left temporal cortex (β = -3.36, p = .014; Table 2). Also for men, 

there was a marginally significant interaction of history of mTBI and DBP for the ROI of 

left dorsolateral prefrontal cortex (β = -2.79, p = .051; Table 3). There were no significant 

interactions for women.

The significant interactions were probed by plotting simple slopes to clarify the nature of the 

interaction: for men only, the effects of SBP on the ROIs of the left dorsolateral prefrontal 

cortex, the left orbital prefrontal cortex, and the left temporal cortex were stratified by 

history of mTBI (Figure 2). For individuals with a history of mTBI, as SBP increased, rCBF 

decreased, whereas among individuals with no history of mTBI, there was no relation 

between SBP and rCBF. Additionally in men, the interaction of history of mTBI and DBP 

for the ROI of left dorsolateral prefrontal cortex (Figure 2) was also separated. For 

individuals with a history of mTBI, as DBP increased, the rCBF in the ROI decreased 

whereas in individuals with no history of mTBI, there was no relation between DBP and 

rCBF.

3. Discussion

To our knowledge, this is the first investigation to examine interactive relations of BP and 

mTBI history to regional cerebral perfusion. Results indicated that, in men with a history of 

mTBI, relative ratios of CBF in the left dorsolateral and orbital prefrontal cortex and the left 

temporal cortex decreased as SBP increased; CBF decreases were also noted in the left 

dorsolateral prefrontal cortex with DBP increases. These results suggest that men with a 

history of head injury may be particularly vulnerable to the impact of higher BP on cerebral 

perfusion in left anterior brain regions, thus potentially enhancing risk for adverse brain and 

neurocognitive outcomes.

Border-zone or watershed regions within the brain have been shown to be especially 

vulnerable to hypoperfusion and infarction.22 One of these areas is in the prefrontal cortex, 

located between the regions perfused by the anterior and middle cerebral arteries.23 Due to 

the vulnerability of this area to hypoperfusion, it is conceivable that higher blood pressure in 

the context of prior mTBI results in decreased circulation in the brain, affecting the 

dorsolateral and orbital prefrontal cortex.

Prior research has indeed indicated that the prefrontal cortex is vulnerable to the effects of 

hypertension alone. A reduction in white matter volume and greater white matter 

hyperintensities have also been found in the prefrontal cortex of hypertensives compared to 

controls, with no other brain area being significantly affected.24 mTBI has similarly been 
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shown to affect the frontal lobes as well, with some studies suggesting associated executive 

dysfunction in the short-term25 and the long term.26 Findings from the present study suggest 

that the impact of both higher BP and mTBI on prefrontal cortex (in men) is synergistic, 

rather than additive. The temporal lobe hosts the hippocampus and amygdala, structures 

essential to memory and emotions.27 Interestingly, short-term memory and emotional 

changes28 are two of the more notable complaints of individuals that have sustained a mTBI 

and this association has been corroborated by formal neuropsychological assessments.25, 29 

The hippocampus is also particularly vulnerable to hypoxic brain injury, with hippocampal 

cells being among the first to die without proper perfusion to the brain.30 Given previously 

noted associations of hypertension and temporal hypoperfusion5 combined with the 

vulnerability of the hippocampus and amygdala to mTBI, it is conceivable that the temporal 

lobe is particularly vulnerable to the combination of mTBI and hypertension.

While the majority of the CBF literature shows bilateral effects of different health conditions 

in various regions of the brain, there has also been some evidence of unilateral perfusion 

effects. Hypertensives have been found to have greater activation in the right hemisphere 

when performing well on verbal memory tasks with no activation on the left, perhaps 

providing indirect support of our findings of lesser perfusion in the left hemisphere of 

hypertensives with mTBI.31

Prior studies have also noted sex differences in the relations of various forms of brain 

pathology to rCBF. In that regard, increased systolic and diastolic blood pressure were 

associated with decreased CBF in men but not in women.5 When compared to women, men 

have also shown more significant reductions in rCBF in the presence of Alzheimer's 

disease.32 Men are also more likely to sustain a head injury33 and are at higher risk for 

cardiovascular diseases such as stroke34 and hypertension.35

Because our analyses were cross-sectional, it is possible that CBF changes predated the 

mTBI and conferred greaterer risk for head injury. For instance, mild functional and 

structural cerebral abnormalities such as reduced prefrontal perfusion have been noted in 

conditions like Attention Deficit Hyperactivity Disorder36 and substance use37. Individuals 

with these conditions are also more likely to sustain a mTBI38, 39. It is therefore possible 

that a preexisting condition may also explain the lower levels of CBF c among individuals 

with a mTBI.

Our findings have several potential implications. Reduced CBF may precede structural 

alterations in the brain which may then trigger brain pathology related to Alzheimer's 

disease.3 Thus, the combination of mTBI and hypertension may promote future risk for 

dementia or other cognitive impairments. Additionally, despite evidence that mTBI does not 

leave lasting structural or functional changes in the brain,8 our study may illustrate a 

sustained vulnerability that can compound with other negative exposures to promote poor 

brain health outcomes.

The current study had several limitations. First, the study sample was relatively small, 

especially among women with a history of mTBI, thus limiting statistical power and ability 

to detect smaller effect sizes. We also did not correct for Type-I error due to the exploratory 
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nature of our study this could result in spurious effects. Additionally the generalizability of 

the findings is limited due to the homogenous, non-representative, convenience sample of 

primarily well-educated, white individuals. Also because only individuals with mild to 

moderate hypertension were admitted to the parent study, the BP range was truncated. 

Another limitation is the self-reported measure of mTBI based on LOC which could 

mislabel an individual if inaccurate. There was also no information collected on the nature 

and location of the injury, and length of time post-injury. Furthermore, the data obtained 

were cross-sectional, thus precluding any temporal inferences. Lastly, brain SPECT imaging 

is a semi-quantitative methodology that offers less spatial resolution than PET or arterial 

spin labeling (ASL), and has limited ability to estimate perfusion in subcortical ROIs, 

SPECT imaging was selected for use in the present investigation due to the unavailability of 

positron emission tomography at our institution at the time of study inception in 1995 (with 

data collected through 2008).17 Future research may benefit from the greater precision of 

PET or ASL, and potentially increased participation rates by using the radiation free ASL 

methodology.

4. Conclusions

In conclusion, the present study is the first to demonstrate interactive relations of higher 

blood pressure levels and mTBI to CBF in regions with known vulnerability to 

hypoperfusion. Men with both a history of mTBI and higher blood pressure showed 

decreased CBF in several left anterior cortical regions involved in executive functions, 

memory, and emotion. Men with a history of head injury may benefit from careful blood 

pressure screening and prevention of hypertension. Additional studies should be performed 

to further investigate the effects of more severe injuries and additional brain pathologies.
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Highlights

• We examine the interaction of head injury and blood pressure on cerebral 

perfusion

• We examined men and women separately

• Higher blood pressure was associated with lower perfusion for men with head 

injury

• Left anterior cortical regions were the most vulnerable in men only

• Men with head injury may be at enhanced risk for adverse brain outcomes
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Figure 1. Example of coding methodology (i.e., placement of inner and outer cortical structures) 
with the Cerebral Blood Flow program using a representative transaxial brain slice
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Figure 2. Interaction graphs of mTBI and BP (systolic and diastolic) with significant cerebral 
blood flow regions
A: The interaction of mTBI history and SBP on the dorsolateral frontal blood flow for men

B: The interaction of mTBI history and SBP on the orbitofrontal blood flow for men

C: The interaction of mTBI history and SBP on the temporal blood flow for men

D: The interaction of mTBI history and DBP on the dorsolateral prefrontal blood flow for 

men

SBP: Systolic Blood Pressure

DBP: Diastolic Blood Pressure

BP: Blood Pressure

mTBI: Mild Traumatic Brain Injury
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Table 1
Demographic Characteristics

Demographic Variable Men (n=62) Women (n=27)

Age (M, SD) 67.21 (6.57) 65.81 (7.15)

Head Injury (% with History) 26 30

Education (M, SD in years) 16.40 (2.94) 16.30 (2.63)

Ethnicity (% Caucasian) 93.9 83.1

Beck Depression Inventory (M, SD) 3.90 (4.03) 5.07 (4.05)

Weekly Alcohol Consumption (M, SD) 3.33 (4.24) 1.83 (2.12)

Smoking Status (% Smokers) 53.4 52.8

Systolic Blood Pressure (M, SD, Range) 134.65 (17.19); 95-178.3 125.53 (18.79); 95-178.3

Diastolic Blood Pressure (M, SD, Range) 76.11 (7.95); 50-91 70.71 (11.62); 53-102
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Table 2
Results from Multiple Regression Analyses of the Interaction of Systolic Blood Pressure 

and History of Head Injury on Regional Cerebral Blood Flow in Men*

Cerebral Region p β Standard Error

Left Frontal .109 -2.101 1.050

Right Frontal .078 -2.379 1.190

Left Dorsolateral Prefrontal .042 -2.614 1.046

Right Dorsolateral Prefrontal .084 -2.364 1.773

Left Medial .278 -1.440 1.440

Right Medial .117 -2.105 1.403

Left Orbitofrontal .024 -3.213 1.607

Right Orbitofrontal .064 -2.572 1.286

Left Temporal .014 -3.364 1.121

Right Temporal .076 -2.358 1.415

Left Parietal .401 -1.145 1.718

Right Parietal .211 -1.724 1.293

Left Anterior Cingulate .272 -1.435 1.435

Right Anterior Cingulate .206 -1.828 1.371

Left Thalamus .329 -1.387 1.387

Right Thalamus .146 -1.841 1.227

*
Results for women were all non-significant and therefore excluded
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Table 3
Results from Multiple Regression Analyses of the Interaction of Diastolic Blood Pressure 

and History of Head Injury on Regional Cerebral Blood Flow in Men*

Cerebral Region p β Standard Error

Left Frontal .121 -2.248 1.285

Right Frontal .106 -2.401 1.501

Left Dorsolateral Prefrontal .051 -2.786 1.238

Right Dorsolateral Prefrontal .163 -2.118 1.513

Left Medial .480 -1.042 1.389

Right Medial .128 -2.205 1.470

Left Orbitofrontal .099 -2.492 1.384

Right Orbitofrontal .062 -2.713 1.357

Left Temporal .060 -2.719 1.360

Right Temporal .101 -2.278 1.424

Left Parietal .165 -2.079 1.485

Right Parietal .180 -2.031 1.451

Left Anterior Cingulate .215 -1.780 1.526

Right Anterior Cingulate .236 -1.874 1.406

Left Thalamus .353 -1.411 1.411

Right Thalamus .221 -1.617 1.213

*
Results for women were all non-significant and were therefore excluded
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