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ABSTRACT OF THE THESIS 

 

Effects of Aerobic Exercise on Intracranial Pressure in Humans 

 

by 
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 It is well documented that MAP decreases after aerobic exercise due to factors 

such as reduced TPR, maintained vasodilation in previously active muscles, reduced 

sympathetic innervation, and resetting of baroreceptors. Even with a significant 

decrease in MAP, it has been shown that cerebrovascular function, middle cerebral 

arterial flow velocity, and CPP are well-maintained. CPP, the pressure gradient that 

drives cerebral blood flow, is defined as the difference between MAP and ICP. Thus, it 



 x 

was hypothesized that ICP will concomitantly decrease with MAP to maintain CPP and 

allow for adequate blood supply to the cerebrum. 

 To test this hypothesis, seventeen healthy human subjects were recruited to 

complete a 30-minute period of stationary cycling. Measurements of ICP, MAP, TPR, 

and HR were taken before exercise to serve as a baseline; one hour of follow-up 

measurements were collected and compared to baseline values. It was discovered that 

ICP significantly decreased after stationary cycling (ANOVA P=0.0352) in conjunction 

with a significant decrease in MAP (ANOVA P=0.0025) and TPR (ANOVA P<0.0001). 

HR was elevated for the entire hour after exercise (ANOVA P<0.0001).  

Sixteen of the subjects had their ICP estimated non-invasively while one of the 

subjects had their ICP measured invasively. The non-invasive ICP results closely 

matched the invasive ICP results and confirmed that the estimated ICP was accurate.  

These trends support my hypothesis that ICP decreases with MAP following 

moderate aerobic exercise.
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INTRODUCTION 

 Managing ICP is crucial for preserving brain function and, generally, normal ICP 

levels are below 15 mmHg in humans. Elevated ICP, or intracranial hypertension, refers 

to when ICP surpasses 15 or 20 mmHg. Intracranial hypertension can be caused by 

changes in posture, elevated systemic blood pressure, traumatic brain injury, and 

various other factors (Rangel-Castilla et. al 2008). Intracranial hypertension is the 

leading cause of death in hospital patients with traumatic brain injury (Shen et. al 2016). 

In the short term, intracranial hypertension can cause headaches, irritability, and 

difficulty sleeping while prolonged, untreated intracranial hypertension can cause 

adverse effects on brain growth and development (Hickey 2007). ICP reduces cerebral 

blood flow and thus intracranial hypertension can be deleterious to the cerebrum by 

limiting its blood supply. CPP is the gradient that drives cerebral blood flow and is 

defined by the following relationship: CPP = MAP – ICP. If ICP exceeds MAP, then 

cerebral ischemia will develop and potentially cause permanent tissue damage (Hickey 

2007). Therefore, it is important to characterize how ICP changes following activities 

that induce significant changes in MAP.  

 It is well-documented that there is a significant decrease in MAP following a bout 

of aerobic exercise (Halliwill 2001; Halliwill et. al 2013). The post-exercise decrease in 

MAP, known as post-exercise hypotension, is generally dose-dependent and enhances 

with greater exercise intensity and duration. Aerobic exercise lasting as little as 15 

minutes can cause a significant decrease in MAP (MacDonald et. al 1999). After aerobic  
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exercise, the body enters a state of recovery, which is physiologically different from 

when the body is exercising or resting. There is sustained vasodilation in the previously 

active muscle that contributes to the decrease in MAP (Romero et. al 2017). 

The causes for this vasodilation in active muscle tissue are multifactorial and 

include central as well as peripheral mechanisms. Centrally, there is a resetting of the 

arterial baroreflex to allow this reflex to operate properly during exercise as well as post-

exercise hypotension (Halliwill et. al 1996). Following this baroreflex resetting, there is a 

reduction in sympathetic nerve activity at the muscles active during exercise (Floras et. 

al 1989). These central mechanisms are intertwined with and accompanied by 

peripheral mechanisms. Reduced sympathetic nerve activity decreases vascular 

resistance at the previously active muscle tissue (Halliwill et. al 1996; Chen and 

Bonham 2010). TPR, the sum of local changes in vascular resistance, generally 

decreases from the local sympathoinhibition. Other peripheral changes that occur 

following aerobic exercise are increased cardiac output driven largely by an elevated 

HR (Halliwill et. al 2014; Laughlin et. al 2012). It is important to note that these changes 

have been predominantly observed when the subject is supine following exercise and 

that recovery from exercise in the upright position has different peripheral effects due to 

the gravitational pooling of blood. 

  In the past two decades, there have been several studies documenting that 

histamine signaling is an integral part of this vasodilation (Lockwood et. al 2005; 

McCord and Halliwill 2006; Romero et. al 2017). Two receptors in the histamine 

signaling pathway, H1 and H2, are activated in response to exercise at the active  
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muscle tissue and cause a local increase in vascular conductance (Halliwill et. al 2013). 

There is growing evidence to show that histamine is the predominant factor responsible 

for vasodilation and the subsequent post-exercise hypotension. Furthermore, there is a 

growing body of literature on how aerobic exercise affects MAP and the factors that 

contribute to post-exercise hypotension but very little knowledge exists about the effects 

of aerobic exercise on ICP. Considering that ICP and MAP determine CPP and ensure 

adequate blood supply to the brain, there is a clear need to characterize what happens 

to ICP following aerobic exercise. 

 During exercise recovery, middle cerebral arterial flow, cerebral blood flow and 

cerebrovascular function are maintained despite the significant decrease in MAP (Ogoh 

et. al 2007; Willie et. al 2013; Hashimoto et. al 2018). Since cerebral blood flow is 

maintained after exercise, we believe that CPP is also maintained as it drives blood flow 

to the brain. 

Considering the relationship between CPP, MAP, and ICP, it is hypothesized that 

following a 30-minute bout of stationary cycling at moderate intensity, ICP will decrease 

below baseline values concomitantly with MAP to maintain CPP. The goal of this study 

is to close the gap in knowledge about what happens to ICP after aerobic exercise in 

order to better understand how the environment surrounding the brain responds during 

recovery from exercise. 
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MATERIALS AND METHODS 

Approvals and Recruitment 

 The study was approved by the University of California, San Diego Institutional 

Review Board and the experimental procedures conformed to the Declaration of 

Helsinki. Written informed consent was obtained from all test subjects prior to the start 

of the study. Sixteen healthy individuals (8 female and 8 male, 21 ± 2 years, 174 ± 12 

cm, 71 ± 16 kg) were included in the non-invasive ICP portion of the study and one 

healthy individual was included in the invasive ICP portion of the study. The invasive 

ICP portion of the study was directed by principal investigator Dr. Lonnie Petersen and 

conducted by our collaborators, N Nørager, A Lilja-Cyron, M Juhler, at the University of 

Copenhagen, Denmark. Evan Grace communicated the experimental design to the 

collaborators in Denmark. The invasive protocol was approved by the Ethical 

Committee of the University of Copenhagen, Denmark. 

 

Study Design 

 Subjects were instructed to refrain from strenuous physical activity as well as 

consuming alcohol, caffeine, or other drugs within 12 hours of the start of the 

experiment. None of the subjects were on medication. 

 The first stage of the experiment was collecting pre-exercise ICP and 

cardiovascular data to serve as a baseline. Measurements were taken in both the  

seated and supine postures. The purpose of including baseline measurements in two 

postures was to ensure that the non-invasive ICP device was detecting posture-induced 

changes in ICP (Petersen et. al 2016; Campbell-Bell et. al 2018). Cardiovascular 
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parameters were recorded continuously for the entirety of the study via Nexfin® 

(BMEYE B.V., Amsterdam, The Netherlands). 

 The second stage of the experiment was stationary cycling. Subjects mounted 

the stationary bike and completed a warm-up then a 30-minute exercise bout. During 

this stage, cardiovascular recordings were used to track the subject’s HR as a marker of 

exercise intensity. Non-invasive ICP estimates were not collected during this stage.  

 The third stage of the experiment was collecting measurements during exercise 

recovery. Subjects dismounted the stationary bike and returned to the supine position 

for further data collection. 2 minutes after the end of cycling, follow-up measurements 

began. Non-invasive ICP estimates were collected at 2, 12, 22, 32, 42, 52, and 62 

minutes after the end of exercise. All measurements during the recovery period were 

collected with the subject in the supine position and then compared to the supine 

baseline measurements. 

 

Stationary Cycling 

 Every subject underwent at least a 5-minute warm-up period, which was 

terminated once the subject’s HR reached 50% HR Reserve as determined by the 

Karvonen Formula:  

Exercise HR = [% of Target Intensity (HRmax – HRresting)*] + HRresting 

 *(HRmax – HRresting) is HR Reserve 

Following the warm-up period, subjects transitioned into an exercise period of 30 

minutes. HR was monitored to ensure the subject was exercising between 50% HR 

Reserve and 70% HR Reserve. The pedaling resistance was set to a level that allowed 

each subject to pedal at a rate of roughly 80 RPM. As time elapsed during the exercise 
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period, resistance was lowered for some subjects in order to maintain the 80 RPM 

pedaling rate. Subjects drank water before and during the exercise period ad libetum. 

Subjects were not allowed to drink water after exercise as this would create a change in 

the supine posture. 

 

Cochlear and Cerebral Fluid Pressure Analyzer 

Non-invasive ICP measurements were collected with the Marchbanks Measuring 

System 14 CCFP Analyzer. This device estimates ICP by measuring evoked TMD with 

computer-based instrumentation that can resolve the movement to 1nL (Samuel et. al 

1998). Prior to any CCFP Analyzer measurements, acoustic reflex thresholds were 

measured with a portable, handheld tympanometer. All subjects’ thresholds were within 

the range of 85-100dB. A transducer probe connected to the CCFP Analyzer was 

placed in the subject’s left external auditory meatus until a seal was obtained.  Each 

participant had at least one run of 20s spontaneous TMD data to measure background 

noise levels and pulse amplitude as well as confirm that a proper seal existed. A 1kHz 

ipsilateral stimulus at a sound level 5dB above the subject’s acoustic reflex threshold 

was used to evoke TMD, producing two sets of 10 measurements at every time point. 

Each evoked measurement measured TMD in response to a 1kHz stimulus of 0.3s 

duration from a 1s window.  
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Invasive ICP Measurements 

 Direct invasive ICP was measured by a tip-transducer probe placed on scientific 

indication in conjunction in conjunction with a prophylactic endovascular procedure to 

coil a non-ruptured aneurism (Petersen et. al 2018). 

 

Statistical Analysis 

 For non-invasive ICP, MAP, TPR, and HR, a 1-way repeated measures ANOVA 

was conducted along with Dunnett’s multiple comparisons tests (Bakdash and Marusich 

2017). The 1-way repeated measures ANOVA analyzed if the general trend for each 

variable had significant changes. The Dunnett’s multiple comparisons evaluated if there 

were specific time points that had significant changes within the general trend. 

Repeated measures correlation coefficient (RMCORR) was calculated for ICP and MAP 

(Bakdash and Marusich 2017). 

 All measurements after exercise were taken with the subjects in the supine 

posture and compared to the supine baseline measurements. Non-invasive estimates of 

ICP were first converted from nL to -nL and then converted from -nL to percent change 

relative to supine baseline. MAP measurements were converted from mmHg to percent 

change relative to supine baseline. TPR measurements were converted from dyn·s/cm5  

to percent change relative to supine baseline. HR measurements were converted from 

beats per minute to percent change relative to supine baseline. 

 Seated baseline measurements were not included in the 1-way repeated 

measures ANOVA or Dunnett’s multiple comparisons tests ensured the CCFP Analyzer 
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was working properly on the day of the experiment through detecting posture-induced 

ICP changes. 

 

 

 

RESULTS 

 Following 30 minutes of moderate stationary cycling, there were significant 

decreases in ICP, MAP, and TPR during the 1-hour recovery period (Figures 1, 3, 4; 

Tables 1, 3, 4). HR was significantly elevated for the duration of the 1-hour recovery 

period (Figure 5, Table 5). 

 Non-invasive ICP decreased significantly for the hour following exercise (Figure 

1). The ANOVA value was P=0.0352 (Table 1). None of the individual follow-up 

measurements were significant (P>0.05) when compared to supine baseline (Table 1). 

 The invasive ICP measurements showed a similar trend to the non-invasive 

estimates of ICP as the invasive ICP subject also experienced decreased ICP following 

exercise (Figure 2).  Invasive ICP was well correlated to non-invasive ICP (r=0.932). 

Unlike the non-invasive ICP subjects, the invasive ICP subject had a direct 

measurement of ICP during exercise and revealed that ICP during exercise was nearly  

equal to the seated baseline value (Table 2). There is no data for the first follow-up 

invasive ICP measurement. 

 For MAP, the ANOVA value was P=0.0025 and indicates that MAP decreased 

significantly for the hour following exercise, as expected (Figure 3, Table 3). None of the 

individual follow-up measurements were significant (P>0.05) when compared to supine 
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baseline (Figure 3, Table 3). Over time, MAP appeared to slowly recover and in a 

similar fashion to ICP. ICP and MAP were positively and significantly correlated 

(RMCORR: R=0.65, 95% Confidence Interval=0.48-0.78, P<0.0001). 

 For TPR, the ANOVA value was P<0.0001 and reveals that TPR decreased very 

significantly following exercise (Figure 4, Table 4). All individual measurements, except 

for at 62 minutes, were significant (P<0.05) relative to supine baseline and document 

that TPR to decrease was driven an immediate and substantial decrease that eventually 

tapered off by the 1-hour recovery period (Figure 4, Table 4). 

 For HR, the ANOVA value was P<0.0001 and shows that HR was significantly 

elevated for the hour following exercise (Figure 5, Table 5). All individual measurements 

were significantly elevated (P<0.05) relative to supine baseline and indicate the exercise 

was robust (Figure 5, Table 5). 
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DISCUSSION 

Cardiovascular Changes 

 As expected, subjects experienced post-exercise hypotension as indicated by the 

significant decreases in MAP and TPR. The decrease in MAP and TPR both taper off by 

the end of the 1-hour recovery period. As these subjects are healthy, normotensive 

individuals and the exercise is 30 minutes, MAP and TPR recover an hour after 

exercise. TPR has a steeper drop than MAP, which is expected as TPR is part of what 

drives changes in MAP. 

 HR is significantly elevated for the entirety of the recovery period, which 

documents the intensity of the exercise. The fast, initial recovery of HR after exercise is 

explained by parasympathetic reactivation and the slow, delayed recovery is probably 

attributed to reduced sympathetic outflow that can last as long as 90 minutes after 

exercise (Seiler et. al 2007). 

 

ICP Changes 

 It is postulated that the documented decrease in ICP is related to the 

maintenance of CPP. If MAP decreases without any change in ICP, a reduction in CPP  

occurs. As CPP is the pressure gradient that drives cerebral blood flow, a decrease in 

CPP would likely result in a decrease in cerebral blood flow. Generally, cerebral blood 

flow is maintained after exercise (Willie et. al 2013). Thus, we believe that ICP 

decreases with MAP to allow for CPP to be maintained following aerobic exercise. 
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Limitations 

 Devices that measure ICP non-invasively have many limits. The CCFP Analyzer 

inherently can only include about 70% of the population due limited or lack of patency in 

some people’s cochlear aqueducts (Finch et. al 2018).  Additionally, the anatomy of the 

ear canal is not uniform across the population and this leads to the exclusion of some 

subjects as the CCFP Analyzer cannot achieve a seal for those individuals. Subjects 

who are incompatible with the non-invasive ICP equipment, and thus excluded from the 

study, have measurements that do not show an increase in estimated ICP when 

changing to a supine posture from a seated posture. Thus, sample size is a limitation 

when using the CCFP Analyzer.  

 Furthermore, CPP and ICP are just two aspects of a very intricate process known 

as cerebral autoregulation that tightly regulates cerebral blood flow during changes in 

blood pressure (Petersen and Okoh 2019). Much about cerebral autoregulation is 

unknown and while this study adds another perspective on regulation of cerebral blood 

flow, it does not entirely answer the question of what happens to cerebral 

hemodynamics following aerobic exercise.  

 

 

Future Directions 

 This thesis is just an introduction to tracking changes in ICP following aerobic 

exercise. In the future, we aim to investigate if there are any differences in how ICP 

changes after aerobic exercise based on age, sex, physical fitness, and resting MAP. 

We also aim to investigate how other forms of exercise affect ICP. 
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Percent change in non-invasive ICP relative to supine baseline. (Petersen 
Grace et. al unpublished) 
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Figure 2. Percent change in non-invasive vs. invasive ICP relative to supine baseline. 
(Petersen Grace et. al unpublished) 
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Figure 3. Percent change in MAP relative to supine baseline. (Petersen Grace et. al 
unpublished) 
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Figure 4. Percent change in TPR relative to supine baseline. (Petersen Grace et. al 
unpublished) 
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Figure 5. Percent change in HR relative to supine baseline. (Petersen Grace et. al 
unpublished) 
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TABLES 
 

Table 1. 1-way ANOVA and Dunnett’s multiple comparisons test values for percent 
change in non-invasive ICP relative to supine baseline. (Petersen Grace et. al 
unpublished) 

 

 

 

 
Table 2. Invasive ICP measurements (n=1). (Petersen Grace et. al unpublished) 

Time Point ICP (mmHg) 

Seated Baseline -6 

Supine Baseline 8 

Seated Exercise -7 

T2 N/A 

T12 6 

T22 5 

T32 7 

T42 7 

T52 7 

T62 8 
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Table 3. 1-way ANOVA and Dunnett’s multiple comparisons test values for percent 
change in MAP relative to supine baseline. (Petersen Grace et. al unpublished) 

 

 
 
 
 
 
 
 
Table 4. 1-way ANOVA and Dunnett’s multiple comparisons test values for percent 
change in TPR relative to supine baseline. (Petersen Grace et. al unpublished) 
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Table 5. 1-way ANOVA and Dunnett’s multiple comparisons test values for percent 
change in HR relative to supine baseline. (Petersen Grace et. al unpublished) 

 

 

This thesis, in part, is coauthored with Casper Petersen, Evan Grace, and Lonnie 

Petersen. The thesis author was a primary author of this material. 
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