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ABSTRACT 

 

Cerebral vasodilatory responsiveness is blunted in older adults (~45-70 yrs) with depressive 

disorders and thought to contribute to the link between depressive symptomology and increased 

risk for neurocognitive (e.g., dementia) and cerebral vascular (e.g., stroke) diseases. In young 

adults with major depressive disorder (MDD), peripheral vascular endothelial dysfunction is 

evident; however, to date, limited investigations have examined cerebral vasodilatory function in 

young healthy adults with MDD. We tested the hypothesis that cerebral vasodilatory 

responsiveness to a hypercapnic stimulus would be blunted in healthy young adults with MDD 

compared to healthy non-depressed adults (HA). Fourteen HA (22 ± 3yrs) and 14 adults with 

MDD (22 ± 3yrs; n=9 tested with moderate to severe depressive symptoms) participated. Beat-

to-beat mean arterial pressure (MAP; finger photoplethysmography), middle cerebral artery 

blood velocity (MCAv; transcranial Doppler ultrasound), internal carotid artery (ICA) diameter 

and blood flow (Doppler ultrasound), and end-tidal carbon dioxide concentration (PETCO2; 

capnograph) were continuously measured during baseline (i.e., normocapnia) and rebreathing-

induced hypercapnia. Cerebral vascular conductance index (CVCi=MCAv•MAP  -1) and ICA 

blood flow (Vmean• 𝜋(𝑑•20-1)2•60) and conductance (CVC=ICA blood flow•MAP -1) were 

calculated at baseline and at the highest common magnitude of hypercapnia achieved by all 

subjects during rebreathing (∆9 mmHg PETCO2). At baseline and hypercapnia, there were no 

differences between groups (p>0.05 ). MAP (HA: 91 ± 9mmHg; MDD: 90 ± 7mmHg), MCAv 

(HA: 101 ± 17 cm·s-1 ; MDD: 103 ± 18 cm·s-1), absolute CVCi (HA: 1.11 ± 0.21 cm·s-1·mmHg-

1; MDD: 1.15 ± 0.21 cm·s-1·mmHg-1) relative CVCi %baseline (HA: 36.5 ± 12.5%; MDD: 31.0 

± 13.9%). There were also no group differences in ICA diameter (HA: 4.8 ± 0.8mm; MDD: 5.0 ± 

0.7mm) or blood flow responses (HA: 550.0 ± 144.1 mL·min-1; MDD: 563.8 ± 168.61 mL·min-
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1), absolute CVC (HA: 6.13 ± 1.72 mL·min-1·mmHg-1; MDD: 6.17 ± 1.55 mL·min-1·mmHg-1) or 

relative CVC %baseline (HA: 33.9 ± 23.3%; MDD: 33.0 ± 19.0%). These data suggest that 

cerebrovascular function in young adults with MDD is preserved, intimating a protective 

mechanism that may not be present in older adults with MDD.  
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1:1 Definition and Prevalence of Major Depressive Disorder  

 

Major depressive disorder (MDD) is defined as a distinct change in mood, motivation, 

pleasure and interest. A diagnosis of MDD is based on five or more symptoms (e.g., depressed 

mood, changes in weight or appetite, changes in sleep patterns, fatigue, anhedonia, suicidal 

ideation, psychomotor retardation, agitation, indecisiveness, feelings of worthlessness, feelings 

of guilt, decreased ability to concentrate) that must be present for at least a two-week period and 

represent a change in functioning (2, 31, 37). This clinical diagnosis must include both 

symptoms of anhedonia and depressed mood as to be classified as MDD. (31, 52, 56).  

The prevalence of MDD has steadily increased in the last 10-15 years and affects ~6% of 

adults worldwide (37). Specifically, adults aged 18-25 years have shown an increase of ~73% in 

serious psychological distress (e.g., depression, anxiety) while older adults aged 65+ have shown 

~30% increase from the years 2005-2017 (54). Indeed, Hasin and colleagues demonstrated that 

the lifetime occurrence of MDD for adults aged 18-29 years was ~20%, while a MDD 

occurrence in the last 12 months adults was ~10% (17). Meaning that although recent 

occurrences of MDD seem low, there is a greater prevalence of lifetime MDD in adults and these 

numbers are continuously increasing. These observations are supported by others who also show 

an increased incidence of MDD in young adults (13).  

Furthermore, while MDD and other psychiatric disorders are rapidly increasing among 

the general population, young adults are showing the highest increases with upwards of 70% 

greater incidence of these diseases from 2005-2017 (54). Moreover, a World Health 

Organization study in college students from eight different countries revealed that one-third of 

the participants (13,984 participants total) reported a history of one or more mental disorders 

(e.g., depression, anxiety, PTSD) (3).   



   12 

The upward trend of MDD and mental disorders makes it a leading contributor to disease 

burden worldwide (36, 37). These data demonstrate that not only are there deleterious effects of 

MDD due to symptomology (i.e., suicidality, substance abuse, etc.,) but, as will be discussed 

later in this chapter, MDD is also a non-traditional risk factor for the development of 

cardiovascular and cerebrovascular disease. Indeed, MDD is associated with an increased risk of 

morbidity and mortality, and its contribution to all-cause mortality is believed to be ~10% (10, 

13, 59). Importantly, these observations are not exclusive to one population, as both clinical and 

non-clinical populations have a similar risk for mortality due to MDD (10). 

 

1:2 Evaluation and Assessment of Major Depressive Disorder 

Given the increasing disease burden and incidence, it is important to first understand how 

MDD is assessed and evaluated. There are several different assessments tools used clinically to 

evaluate MDD, some are used for diagnosis and others are used for symptom evaluation. 

Diagnosis allows primarily clinicians to determine whether psychiatric illness is present or not, 

while symptom evaluation is based on a continuum that can indicate presence of symptoms but 

not necessarily diagnosis. Symptom evaluation has also been used to determine remission of 

MDD as well.  

The most widely accepted diagnostic tool is the Mini International Neuropsychiatric 

Interview (MINI). The MINI is a structured diagnostic interview used by clinicians to diagnose 

psychiatric illness and is compatible with the Diagnostic and Statistical Manual of Mental 

Disorders (DSM). The purpose of this interview is to allow clinicians an immediate and concise 

method of patient evaluation thereby leaving more time for treatment (46). Another means of 

clinician assessment is the Hamilton Depression Scale (HAM-D). There are different variations 
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of this assessment that measure both depression and symptomology, such as depressed mood, 

suicide, work and loss of interest, retardation, agitation, gastro-intestinal symptoms, general 

somatic symptoms, hypercondriasis, insight and loss of weight (16). 

More commonly used in research are self-report depressive symptom severity 

questionnaires. One such questionnaire is the Patient-Reported Outcomes Measurement 

Information System (PROMIS). This 8-item questionnaire evaluates eight of the nine cardinal 

symptoms of major depressive disorder the patient felt in the last 7-days. Thus, providing a 

current perspective on a patient’s emotional health. PROMIS scores have been recommended as 

a general review in accompaniment of the DSM-fifth edition (DSM-V) criteria of depressive 

symptomology (9, 43). The National Institute for Health (NIH) also, developed an emotion 

assessment as part of the NIH Toolbox for the Assessment of Neurological and Behavioral 

Function. The goal of this self-report assessment is to comprehensively measure a breadth of 

emotional health indices (42). The purpose of all the NIH Toolbox components are to assess 

comprehensive mental and emotional health instead of primarily symptomology. Emotional 

health indices that are measured by the NIH Toolbox emotion assessment have also been shown 

to be highly related to the PROMIS allowing both researchers and clinicians the ability to 

amalgamate multiple assessment methods of MDD evaluation (42). The Patient Health 

Questionnaire-9 (PHQ-9), similar to the PROMIS, allows a thorough assessment of the severity 

of depression symptoms in the last 7-days, as well as a continuum of severity evaluations 

allowing for sensitive evaluation of depression symptomology (9, 27).  

Two other common self-report assessments, considered “legacy measures”, Center for 

Epidemiologic Studies Depression Scale (CES-D) and the Beck Depression Inventory-II (BDI-

II) (9). The CES-D was designed to be used for the general population but has also been useful in 
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evaluating clinical populations as well (9, 39). Similarly, BDI-II is used for both clinical and 

non-clinical populations (5, 25, 48).  This 21-item assessment measures participant’s emotional 

feelings within the last week, and thereby categorizing these scores on a continuum of 

symptomology (9). Beneficial work linking assessment scores from the PROMIS to the PHQ-9, 

CES-D and the BDI-II has allowed for misinterpretation reduction in varying methods of 

symptomology assessment (9).  

 Understanding these assessment methods is essential as classification of participants into 

depressed and non-depressed groups will be discussed. While methods of evaluations and 

symptomology sensitivity vary, these common evaluation methods have produced similar 

diagnosis characterizations between participants (9). It is important to note that interpretation of 

research using these assessments should delineate between whether symptom assessments or 

diagnostic assessments were used. This allows the reader to understand whether individuals were 

clinically diagnosed or whether symptomology classification alone occurred. 

1:3 The Vascular Depression Hypothesis 

Initially, the link between cerebrovascular disease and depression was thought to be 

related to chronic ischemic changes in the brain (24). Starkstein and colleagues discussed the 

relationship between affective disorders and cerebrovascular disease citing that those who suffer 

from a stroke are more likely to develop depression. They characterized this depression as “post-

stroke depression (PSD)” and cited it as the most common emotional disorder to follow a stroke 

(47). While the exact mechanisms of PSD were not conclusive, it was postulated that due to the 

infarct and subsequent lesions produced, that these disruptions (i.e., lesions and infarct) within 

the brain may be the cause of depression development (24, 47).  
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Subsequently, the “vascular depression hypothesis” presented by Alexopoulos et. al  

indicated that depression development was highly prevalent among individuals who already had 

vascular disease (1, 22, 24, 47, 49). Additionally, individuals who had hypertension and coronary 

artery disease were also highly likely to develop depression (1, 49). A variety of mechanisms 

establishing the link between vascular risk factors and depression (Figure 1) reaffirms the 

assertions of Alexopoulos and colleagues, that vascular risk factors are linked with the 

development of depression (49).  

Indeed, it’s not surprising that when the  brain is examined using MRI, structural markers 

of vascular disease are linked with a high prevalence of depression in older adults further 

substantiating these claims (22).  Data from the Rotterdam Study (prospective population based 

study examining both chronic and disabling disease in the elderly) showed that reduced cerebral 

blood velocity and cerebral reactivity to a physiological stimulus was predictive of depression in 

elderly individuals (12). These data further supporting, the vascular depression hypothesis in 

older adults  (12). Therefore, it would be safe to assume a link between vascular risk factors, 

cerebrovascular disease and depression development, exists in older adults (1).  

However, it is unlikely that there is only one cause of elevated cerebrovascular disease 

risk, therefore, it has been suggested that this relationship is bi-directional, as suggested by 

Thomas et. al (50). They show that there are environmental factors and lifestyle choices that 

affect the development of various vascular diseases (6, 50). Likewise, individuals with mental 

illness (i.e., MDD) show that these illnesses are an independent risk factor for the development 

of cardiovascular and cerebrovascular disease (33, 50). Furthermore, depression severity may be 

an important modulator of this relationship (4, 14). Taken together, it is apparent that depression 

is a non-traditional risk factor for the development of cerebrovascular disease. 
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1:4 Major Depressive Disorder is a Risk Factor for Disease 

 While it is recognized that traditional risk factors such as, environmental, psychosocial 

and genetic factors play a role in disease development, it is important to appreciate that disease 

risk may also be attributed to non-traditional independent disease risk factors such as psychiatric 

illness. Since, MDD is a known independent non-traditional risk factor for disease it is critical to 

understand the link between MDD and disease development. As illustrated in Figure 2, MDD has 

been linked to a variety of cardiovascular, cerebrovascular and neurodegenerative diseases. 

Indeed, longitudinal study designs have demonstrated the increased risk that MDD poses on the 

development of diabetes mellitus, heart disease, stroke, hypertension, obesity, cognitive 

impairment, cancer and Alzheimer’s disease (37). Meta-analysis and reviews on mortality have 

shown a significantly increased risk of 60-80% mortality due to disease in individuals who have 

MDD compared to non-depressed individuals (10, 37, 59).  

Likewise, data from the Netherlands Study of Depression and Anxiety (NESDA) found 

that participants who were categorized as depressed were at an increased likelihood to have 

subclinical atherosclerosis (45). Specifically, these participants were 3-times more likely to have 

a low ankle brachial index (ABI) score, a low-score being an indicator of atherosclerosis and 

PAD (45). Similarly, associations of ABI score and depression have further exhibited that 

depression precedes the development of cardiovascular disease (60). Moreover, other 

investigations have shown that  clinically diagnosed depression and smoking independently have 

the same elevated risk of cardiovascular disease development (58). Further, severity of 

depression and development of cardiovascular disease is a dose response relationship, although 

the extent of the relationship is still relatively unknown (58).   
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1:4:1 MDD is an Independent Risk Factor for Cerebrovascular Disease 

 MDD has been identified as an independent risk factor for various cardiovascular 

diseases and co-morbidities. In addition, there is also a significant aggregate of research further 

establishing MDD as an independent risk factor for cerebrovascular disease. Indeed, data from 

the Alameda County Study demonstrate in a group of middle-aged adults (aged 44 ± 17 years) 

who were all initially stroke free, those with depression were at an 8% increased risk for stroke 

mortality (14). Those with severe depression symptoms exhibit an even higher risk for mortality, 

even after accounting for co-morbidities (14).These data indicate that symptom severity serves as 

a predictor for cerebrovascular mortality, rather than that of a binary diagnosis of depression. 

  Data from the NHANES-I Epidemiologic Follow-up Study, presented similar data 

indicating that with depressive symptom evaluation and the exclusion of cardiovascular co-

morbidities, depression correspondingly confirmed an increased risk for stroke (23). Participant 

age (mean age: 50 years) and other demographic factors were evaluated as to whether they 

played a role in increased disease risk. Results indicated that after controlling for potential 

confounding factors there was no change in stroke risk for individuals who had depression, thus, 

the conclusion that depression has a significant association with stroke incidence and mortality 

(23). 

 Investigations have continued to prove that depression is an independent risk factor for 

disease development, with those who have a lifetime history of depressive disorder being at an 

elevated risk for disease development (28). Additionally, risk of stroke is significantly related to 

depressive symptoms, the more severe the symptomology, the greater the risk for stroke (35).  As 

these data have shown, individuals who have depression are at an increased risk for stroke 

incidence with risk being highly correlated with depressive symptomology. While longitudinal 
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studies provide valuable information, their main limitation lies within the follow-ups that take 

years to elucidate associations between MDD and stroke mortality. Within this time, these 

diseases may have already taken their toll, thus negating treatment and prevention strategies. 

Therefore, being able to delineate potential risk before mortality, is critical to the well-being of 

these patients.  

1:5 Cerebrovascular Function in Humans with Depression 

  Despite the crucial information provided by the aforementioned longitudinal observation 

research, the mechanisms of the heightened disease risk are not elucidated. Researchers have 

sought to address this limitation and provide crucial disease risk information through testing 

cerebrovascular function. Due to the highly regulated nature of the cerebral circulation any 

changes in the arterial carbon dioxide concentration (PaCO2) initiate concomitant changes in the 

cerebral blood flow (CBF) in response (18, 21). Cerebrovascular reactivity (CVR) illustrates how 

changes in PaCO2, are reflected in changes in CBF (8, 20, 40, 41). Changes in CBF are typically 

quantified using the middle cerebral artery blood velocity (MCAv), as measurement from the 

transcranial Doppler ultrasound (TCD) does not allow for diameter measurements (7, 19, 20, 26, 

34, 38, 40, 41). Changes in CBF can be manipulated in the laboratory setting by having 

participants breathe known quantities of vasoactive gases (i.e., CO2, N2, O2) (7, 15, 19, 20, 38, 

55) or by infusion of pharmacological substances such as acetazolamide (ACZ) (29, 34, 41, 44). 

Impaired CVR and CBF has been shown to be indicative of cerebrovascular disease, namely 

stroke (8, 32, 61).  

 Using these methods of assessing CVR, research has shown how individuals with 

depression differ in their reactivity to a hypercapnic stimulus. Specifically participants with 

MDD were shown to have a lower MCAv, CBF, and CVR compared to their non-depressed 
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counterparts (11, 29, 30, 34, 51, 57). Interpretation of these data, however, is challenged by the 

presence of a number of confounding variables (e.g., PAD, high systolic blood pressure and 

antihypertensive medications) among the study population of older adults (51).  

Other research using ACZ intravenous administration to induce dilation in the cerebral 

circulation found that in middle aged adults (~ 42-years) when measuring MCAv response that 

the depressed participants had a significantly reduced CVR when compared to healthy non-

depressed participants (11, 29, 34). In contrast to other research showing the same result, the 

subjects in these studies presented with no other vascular disease co-morbidities (with the 

exception of smoking). These results indicate that with no other apparent vascular disease co-

morbidities, individuals with depression are at an increased risk of developing cerebrovascular 

disease.   

In addition to these data regarding a reduced CVR among depressed participants Gómez-

Carrillo de Castro and colleagues also demonstrated a relationship between attenuated CVR, 

blood velocity response, and current depressive state. Their results indicate that participants who 

currently have acute depression, meaning they are currently in a depressive state or episode, 

demonstrated a decrement in CVR (11). These data were further corroborated by Vakilian et. al, 

who confirmed that participants currently suffering from a depressive episode have a reduced 

CVR (57). Thus, these results indicate that current depressive episode and symptomology may 

play a crucial role in cerebrovascular functioning.  

 

1:6 Future Directions 

 These studies present sound evidence for a strong relationship between depression and 

the associated decrements in cerebrovascular function. One of the limitations of the 
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abovementioned data is the lack of a broad age-range of participants. Many participants who 

were tested were midlife and older adults (~42-72 years) which presents numerous potential 

confounding factors. Not only were some of these studies conducted on adults with other 

cardiovascular co-morbidities but, given that age, beyond 40 years, plays an important role in the 

reduction of cerebral blood velocity, flow and reactivity (53), it is important to consider that 

some of these cerebral responses in participants with depression, may have been impacted by 

age. 

 Further research into the mechanisms behind the reduced cerebrovascular response in 

depression are required to better understand disease progression and to identify novel therapeutic 

targets. Therefore, it is important to establish whether these same decrements that are present in 

middle aged and older adults are also present in healthy young adults with MDD. Elucidating 

whether cerebrovascular dysfunction exists in an otherwise healthy young population allows 

further understanding of disease risk in individuals with depression.  
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1:7 Figures  

 

Figure 1.1: Vascular Depression Hypothesis Link. This model illustrates the hypothesized link 

from vascular risk factors and disease to the development of depression. It is important to note 

that alterations in brain matter (i.e., lesions, neural disruptions and altered connectivity) along 

with genetic and environmental factors influencing inflammation are also believed to play a role 

in the development of late life depression. Adapted from Taylor et. al (2013) (49) 

 

 

 

 
Figure 1.2: Relative Risk of the Development of Disease Due to MDD. Association of MDD 

with the development risk of various cardiovascular, cerebrovascular and neurodegenerative 

diseases. Illustrating that a patient who has MDD is at a higher likelihood for the development of 

these various diseases whether through the deleterious effects on physiology or through 

environmental factors and lifestyle choices. Adapted from Otte et. al (2016) (37) 
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Chapter 2: Cerebrovascular Function is preserved in Young Adults with  

Major Depressive Disorder 
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Major depressive disorder (MDD) is characterized by persistently depressed mood and/or 

anhedonia causing clinically significant functional impairment in daily life (1). MDD is a leading 

cause of worldwide disability and overall global disease burden (3, 28, 32). The World Health 

Organization has quantified disease burdens based on the difference between potential years 

lived in healthy good quality life and years of life that are lost based on disease instigated poor 

quality of life. It is based on the difference between these years that the total global burden of 

disease is illustrated, and is therefore indicating that MDD is quickly becoming the leading cause 

of global burden and disease (32).  The prevalence of MDD is also growing, with some studies 

reporting increases of ~73% in young adults aged 18-25 years within the United States from the 

years 2005-2017 (48). However, the biological and physiological mechanisms underlying MDD 

are largely unknown, making it difficult to predict the detrimental health effects caused by MDD. 

Older adults with MDD exhibit an increased risk for cerebral vascular disease. Indeed, 

several studies have shown that older adults with depression exhibit decrements in cerebral blood 

flow and cerebral vascular reactivity (11, 14, 27, 30, 33). Although, it is unclear if these changes 

are attributable to conventional cardiovascular risk factors, such as, age-related declines in 

vascular function (47), other comorbidities such as atherosclerosis (40), or, are a direct result of 

MDD-induced pathophysiology. Alternatively, others have demonstrated that young adults with 

MDD, who are free of comorbidities, also exhibit significant decrements in vascular function, as 

defined by a blunted dilatory response to a hyperemic challenge compared to young adults 

without depression (9, 17, 36). Although these data suggest a relationship between vascular 

dysfunction and MDD in young adults, it is important to note that these findings are not 

universal, nor do they represent a lasting potential risk (16, 46). However, whether 

cerebrovascular decrements also exist in healthy young adults with MDD is presently unknown.     
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Cerebral blood flow is highly sensitive to changes in the partial pressure of arterial 

carbon dioxide (PaCO2). Given its potent vasodilatory effect on the cerebral circulation, carbon 

dioxide (CO2) is frequently used to test the reactivity of the cerebral circulation, Ide et al. 

illustrated this concept by showing that inducing hypercapnia (increased PET,CO2) and hypocapnia 

(decreased PET,CO2) elicited increases and decreases in cerebral blood flow respectively (21). 

Indeed, cerebral reactivity to CO2 is a well-established test to assess cerebral vascular and 

neurodegenerative disease risk (4, 11, 19, 20, 27, 30, 49). Multiple studies have demonstrated 

that large increases in cerebral blood flow and/or velocity in response to an increase in CO2 (i.e., 

hypercapnic stimulus) are associated with cerebrovascular health. Whereas a blunted increase is 

an indicator of the inability of the vasculature to respond appropriately to changes in PaCO2 thus 

indicating a potential increased risk for cerebrovascular and neurodegenerative disease (5, 19, 

20, 30, 34, 37). 

Given these considerations, the aim of the present study was to assess cerebrovascular 

function in otherwise healthy, young adults with MDD, in response to a hypercapnic stimulus. 

We hypothesized that cerebral vasodilatory responsiveness to hypercapnia would be blunted in 

young adults with MDD compared to healthy non-depressed young adults. We further 

hypothesized that the severity of depressive symptoms would be negatively related to the 

magnitude of cerebral vasodilation.  

 

METHODS  

The Institutional Review Board at The University of Texas at Arlington approved the 

experimental procedures. The study was conducted in accordance with the guidelines set forth by 

the Declaration of Helsinki. The study benefits, procedures and risks were explained to the 
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subjects, and verbal and written informed consent were obtained voluntarily from all participants 

prior to participation.  

Screening Assessment  

Participants were recruited from the University of Texas at Arlington and surrounding 

Dalla-Fort Worth area. Participants screened for eligibility prior to enrollment. All participants 

underwent the Mini-International Neuropsychiatric Interview (42), a structured clinical 

interview, to detect clinically significant depression. Fifty-five otherwise healthy non-medicated 

adults were screened for MDD. Fourteen individuals (10 women) met the strict criteria for 

inclusion and were enrolled in the MDD cohort. Fourteen healthy adults (HA) (9 women) 

without any history or evidence of major psychiatric illness served as the control group. Subject 

demographics and baseline characteristics are expressed in Table 1. Exclusion criteria included 

any of the following: co-morbid current psychiatric disorders (e.g. schizophrenia, bipolar 

disorder, psychosis, post-traumatic stress disorder, panic disorder, etc.), the recent or current use 

of psychoactive or psychopharmacological drugs, and active suicidal ideation.  

Depressive symptom severity was evaluated by both the National Institutes of Health 

Patient-Reported Outcomes Measurement Information System (PROMIS; emotional distress – 

depression, short-form) (39) and the Patient Health Questionnaire-9 (PHQ-9) (43). The PROMIS 

survey consists of 8 items assessed on a 5-point scale (1= never to 5=always) and is limited to 

the past 7 days; item content focuses on emotional, cognitive, and behavioral manifestations of 

depression (7). Raw scores converted to T-scores allow for standardization of scores with respect 

to the U.S. general population mean and standard deviation (50 ± 10) (7). Thus, a PROMIS 

depression T-score of 60 indicates depressive symptoms one standard deviation higher than the 

national average. The PHQ-9 is a nine-item instrument based directly on the diagnostic criteria 
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for depressive disorders outlined in the Diagnostic and Statistical Manual of Mental Disorders 5th 

edition (DSM-5) (25). Participants rated depressive symptoms referencing the previous 2 weeks 

using a 4-point scale (0=not at all to 3=nearly every day). Scores of 5, 10, 15, and 20 represent 

cut points for mild, moderate, moderately severe, and severe depression, respectively. Both the 

PROMIS and PHQ-9 provide a valid and sensitive index of depressive symptomology (7, 25, 43) 

All participants completed a medical health history questionnaire and assessment of 

anthropometric measurements, resting blood pressure, heart rate measurements (Connex Spot 

Monitor; Welch Allyn, Skaneateles Falls, NY, USA), blood chemistry and lipid profile 

(LabCorp; Arlington, TX). Participants were free of cardiovascular, metabolic, or renal disease, 

were recreationally active, non-obese (body mass index < 30 kg/m2), did not use tobacco 

products, and were not taking prescription medications, with the exception of hormonal 

contraception (n=1 HA). All MDD subjects were tested within ~ 1 week of enrollment in order 

to facilitate expedient follow-up with a mental healthcare provider. Consequently, it was not 

feasible, following these criteria, to control for phase of menstrual cycle. A urine pregnancy test 

confirmed the absence of pregnancy at the experimental visit. Fifteen women were tested in the 

follicular phase (days 1-13: n=8 MDD, n=7 HA) and four women were tested during the luteal 

phase (days 16-28: n=2 MDD, n=2 HA) of the menstrual cycle. All subjects underwent 

familiarization with the study procedures following enrollment at the screening visit. 

Assessment of Emotional Health, Physical Activity and Cognitive Function 

In addition to the aforementioned surveys, participants also completed the National 

Institute of Health Toolbox (NIH-TB) cognition battery. This thorough assessment evaluated 

multiple aspects of cognitive function such as, memory, reaction time, executive function, and 

attention. (50). Additionally, participants also completed the NIH -TB emotion battery. This 
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battery was used as a supplementary assessment of negative affect, psychological well-being, 

and stress, among other measures (38). Participants were also asked to complete the International 

Physical Activity Questionnaire (10) to estimate habitual physical activity. These measures 

allowed for a robust overview of each participants physical, cognitive, emotional and 

psychological well-being on the day of testing.  

Experimental Visit – Assessment of Cerebrovascular Function 

Participants were asked to fast for a minimum of 3 hours preceding their experimental 

visit and abstain from caffeine, alcohol, strenuous exercise, and over the counter medications for 

24 hours prior to testing. Upon arrival to the laboratory, the participants were positioned supine 

on an examination bed and instrumented as follows: heart rate (HR) and cardiac rhythm were 

monitored via four-lead ECG (Cardio Card, Nasiff Associates; Central Square, NY), arterial 

blood pressure was continuously monitored via finger photoplethysmography (Finometer Pro, 

Finapres Medical Systems; Enschede, NL), and pulmonary respiration was measured via a strain 

gauge pneumograph fitted around the abdomen (Pneumotrace II, UFI; Morro Bay, CA).  

Left middle cerebral artery velocity (MCAv) was measured using transcranial Doppler 

ultrasonography (TCD) with a 2MHz Doppler probe (Neurovision TOC, Multigon Industries Inc; 

Yonkers, NY) positioned over the temporal window of the left temple. The TCD probe was fixed 

in position using a headband preventing the probe from shifting throughout the experimental 

procedure. Duplex ultrasound (Logiq P5, GE; Milwaukee, WI) was used to measure the right 

internal carotid artery (ICA) diameter and velocity continuously during the protocol. PETCO2 was 

measured continuously through a cannula connected to a capnograph (Capnocheck Plus, Smiths 

Medical; Dublin, OH).  
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In accordance with a well-validated modified rebreathing technique (4, 19, 34) 

participants were fitted with a nose clip and a mouthpiece attached to a Y-valve (Hans Rudolph; 

Shawnee, KS), with one port of the Y-valve open to ambient air and the other attached to a 5-

Liter bag. Immediately prior to the baseline period, the 5-liter bag was filled with subjects 

expired air. To fill the bag, participants were asked to deeply inhale ambient air, then at end 

inspiration the investigators rotated the stopcock on the Y-valve opening the port to the 5-L bag. 

Subjects were then instructed to exhale into the bag filling it. This process was repeated until the 

5-liter bag was full, after which the stopcock was returned back to the ambient air position. 

Following a 3-minute baseline period of quiet rest (i.e., normocapnia), the stopcock was rotated, 

and participants were asked to breathe their own expired gas mixture from the 5-liter bag for 

approximately 3-minutes.  

During rebreathing oxygen saturation was maintained by bleeding a known concentration 

of oxygen into the bag according to the Harris-Benedict formula (4, 8, 19, 20, 34). Oxygen 

saturation levels were constantly monitored using pulse oximetry (Capnocheck Plus, Smiths 

Medical; Dublin, OH).  Following rebreathing, participants had 3-min period of quiet, resting 

recovery. ICA, MCAv, PETCO2, arterial blood pressure, and HR were measured continuously 

throughout rest, rebreathing, and recovery. 

Data and Statistical Analysis 

During baseline, rebreathing, and recovery, hemodynamic data was sampled at 40-

1,000Hz via a data acquisition system (Powerlab, ADInstruments; NZ) and stored for offline 

analysis (LabChart, ADInstruments; NZ). MCAv, ICA diameter, and PETCO2 were measured and 

mean arterial pressure (MAP), ICA flow, cerebral vascular conductance index (CVCi; 

MCAv/MAP) and cerebral vascular conductance (CVC; ICAflow/MAP) were calculated on a 
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breath by breath basis. Data were averaged during the first 90-seconds of baseline and the last 

90-seconds of recovery. During rebreathing MCAv, ICA diameter, and PET,CO2 were measured 

and MAP, ICA flow, CVCi and CVC were calculated on a breath by breath basis over a 2.5-3-

minute period (6). Percent change from baseline was calculated for CVCi and CVC, while the 

absolute change in MAP, ICA flow, ICA diameter, MCAv, HR and PETCO2 were determined by 

calculating the 3-breath average at each previously determined magnitude of PETCO2 (∆3 mmHg, 

∆6, ∆9, etc.,). All data are reported to the highest common magnitude that all participants 

reached (PETCO2 ∆ 9mmHg). Edge detection software (CardioSuite, Quipu; Pisa, IT) was used 

post-testing for analysis of ICA ultrasound derived images. Diameter and velocity measurements 

were taken across a region of interest where there were clearly defined walls of the ICA. Blood 

velocity measurements were used to calculate blood flow (𝐹𝑙𝑜𝑤 =  𝜋𝑟2 ∙ 𝑉𝑚𝑒𝑎𝑛 ∙ 60). ICA 

images were obtained in 24 participants (HA=12, MDD=12), 4 individuals (n=2 MDD, n=2 HA) 

were excluded from analysis due to inadequate image quality.  

An a priori power analysis (⍺ = 0.05, β = 0.80) indicated a sample size of 10 participants 

per group would be required to detect a meaningful physiological difference based on an effect 

size of 1.51 (19). Student’s unpaired t-tests were used to compare participant characteristics. 

Differences in cardiovascular and cerebrovascular outcome variables were analyzed using two-

way (group x magnitude of hypercapnia) mixed-model ANOVA, with post hoc corrections 

(Tukey) applied for comparisons (SAS v9.4; Cary, NC). Data are presented as mean ± standard 

deviation and significance was set at ⍺ < 0.05. 

 

RESULTS 
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The groups were closely matched for age, anthropometrics, resting hemodynamics, blood 

biochemistry and cognitive functioning (Table 1). Depression and emotional assessment scores 

(PHQ-9, PROMIS, NIH emotion assessment) were significantly different between groups 

demonstrating that depression symptom severity (PHQ-9 and PROMIS) and emotional affect 

were significantly elevated in the MDD group compared to HA group (p< 0.01) indicating worse 

overall psychiatric health.   

There were no differences (p>0.05, all) between groups at baseline (PETCO2 ∆0 mmHg) in 

MAP (HA: 87 ± 7mmHg; MDD: 87 ± 4mmHg), MCAv (HA: 72 ± 16 cm·s-1; MDD: 77 ± 15 

cm·s-1 ), CVCi (HA: 0.83 ± 0.21 cm·s-1·mmHg-1; MDD: 0.88 ± 0.19 cm·s-1·mmHg-1), Diameter 

(HA: 4.7 ± 0.7 mm; MDD: 5.0 ± 0.8 mm), Flow (HA: 401.8 ± 101.8 mL·min-1; MDD: 414.7 ± 

123.2 mL·min-1 ), and CVC (HA: 4.6 ± 1.2 mL·min-1·mmHg-1; MDD: 4.7 ± 1.3 mL·min-

1·mmHg-1).  

Although there were significant hypercapnia dependent changes during rebreathe, there 

were no group differences during hypercapnia (p>0.05, all) between HA and MDD in MAP (HA: 

91 ± 9mmHg; MDD: 90 ± 7mmHg), MCAv (HA: 101 ± 17 cm·s-1 ; MDD: 103 ± 18 cm·s-1), 

CVCi (HA: 1.11 ± 0.21 cm·s-1·mmHg-1; MDD: 1.15 ± 0.21 cm·s-1·mmHg-1) and ∆CVCi% (HA: 

36.5 ± 12.5%; MDD: 31.0 ± 13.9%) despite increasing ETCO2 (0-9mmHg CO2) (Fig. 2.1). 

There were also no significant group differences in ICA during hypercapnia (Fig. 2.2). 

ICA diameter (HA: 4.8 ± 0.8mm; MDD: 5.0 ± 0.7mm), flow (HA: 550.0 ± 144.1 mL·min-1; 

MDD: 563.8 ± 168.61 mL·min-1), and CVC (HA: 6.13 ± 1.72 mL·min-1·mmHg-1; MDD: 6.17 ± 

1.55 mL·min-1·mmHg-1). Moreover, ∆CVCi%baseline (HA: 36.5 ± 12.5%; MDD: 31.0 ± 13.9%) 

and ∆CVC%baseline (HA: 33.9 ± 23.3%; MDD: 33.0 ± 19.0%) are also shown to have no 
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differences between groups (Fig. 2.3). Changes in blood pressure, respiratory rate, and heart rate 

are summarized in Table 2. 

When we looked at depression symptom severity as illustrated by the PHQ-9, we found 

significant group differences (p<0.01) in PHQ-9 responses. This confirmed that there was an 

elevated depressive symptom severity in our MDD participants, and a lack of depressive state of 

HA participants on the day of testing. Further PHQ-9 responses in all subjects showed no  

correlation with either  ∆CVCi%baseline (slope= -0.63 ± 0.39, R2= 0.09, p= 0.12) or ∆CVC%baseline 

(slope= 0.17 ± 0.66, R2= 0.003, p= 0.80) (Fig. 2.4).  

DISSCUSSION 

 The major finding of the present study, contrary to our hypothesis, is that cerebrovascular 

function is similar in young adults with MDD compared to HA. These results conflict with 

previous research in older adults with MDD, suggesting that cerebrovascular decrements are not 

yet apparent in healthy young adults with MDD. Moreover, we found no correlation between 

depressive symptom severity and cerebrovascular function. Together, these data could indicate a 

protective mechanism in the cerebral circulation of young adults with MDD that may be 

attenuated with age.  

 Previous research hypothesized that the development of depression may be due to 

vascular risk and disease, emphasizing that, particularly in the brain, there were indices of 

vascular disease that predated the incidence of depression in these individuals (2). Indeed, 

individuals with markers of cerebrovascular disease were at a higher prevalence for the 

development of depression later on (13, 22). Contrary to these findings, our data suggests no 

cerebrovascular impairment in young adults with MDD indicating that our results do not follow 

this hypothesis. Given our findings, it raises the question of whether depression was previously 
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present but not tested for until cerebrovascular disease manifested in these participants (13, 22), 

making it necessary to consider the alternate hypothesis, that depression is a trigger for 

cerebrovascular disease.  

 Likewise, various prospective studies indicate that depression and depressive symptoms 

are indicative of stroke development later in life (15, 23, 26, 31). Jonas et. al demonstrated a 

significant relationship between depressive symptoms and stroke. They substantiated their claims 

by excluding early stroke cases and other cardiovascular diseases ( in the last 10-years) in their 

cohort. Thus, through case exclusion they determined that vascular risk or injury did not lead to 

the development of depression (23). Similar results have provided further evidence that baseline 

depression evaluations confirming depression are an indicator for cerebrovascular disease 

development (26, 31). Given this prospective evidence, further investigations sought to establish 

whether there were indicative decrements in cerebrovascular function in adults with depression 

that could be an early vascular indicator of cerebrovascular disease. Cerebrovascular function 

was thereby tested in cohorts of midlife and older adults (~42-72 yrs) using both CO2 induced 

hypercapnia and acetazolamide infusions (11, 27, 30, 45). These results demonstrated a blunted 

reactivity and blood velocity (as measured by the TCD) in their depressed participants compared 

to their non-depressed participants. (11, 27, 30, 45).  

 In light of this evidence, we hypothesized on the belief we would observe a similar 

blunted blood velocity and dilation in our participants during the modified rebreathing test. 

However, our results did not support this hypothesis, we speculate that this may be due to the age 

of our cohort and associated age-related protective mechanisms. Consistent with this notion, 

Tomoto and colleagues recently showed that aging is associated with decreases in cerebral blood 
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velocity during a modified rebreathing protocol, lending further evidence that age-dependent 

vascular adaptations played a role in prior findings surrounding cerebrovascular function (47).  

 Indeed, evidence has shown that aging has a profound impact on the brain overall, and 

that these changes are associated with depression. An investigation by Desmidt et. al revealed 

that cerebral blood velocity correlated with brain volumes in individuals with depression and 

remitted depression. Their results showed that those with depression had smaller brain volumes 

and thereby lower blood velocity than those with remitted depression. Moreover, they found that 

those with remitted depression indicated increased brain size and thereby increased blood 

velocity thus, indicating a difference in brain perfusion between individuals with depression and 

in remission (12). These results correspond with the aforementioned studies, when we examine 

the age of their cohort (42 ± 12 years) we again see that the participants are midlife and older 

adults. Furthermore, others have demonstrated that brain volumes begin to decline at a rate of 

~5% around the age of 40-years (35). These findings support the general hypothesis that 

advancing age contributes to decreases in brain volume and thereby decreases in cerebral blood 

flow, velocity as well as altered reactivity due to changes in perfusion.  

 In addition to age, lifestyle factors have been shown to negatively affect brain volumes 

and blood flow, including alcoholism (35). However, none of our participants indicated 

alcoholism with most participants indicating that they drank sparingly or abstained completely 

from alcohol. With these data we would suggest that our cohort of participants were potentially 

both too young and healthy to exhibit any decrements in cerebrovascular function.  

Limitations and Future Directions 

 Despite the best efforts to perform rigorous screening protocols and well-established 

validated methodologies, there were limitations to this study. While TCD is a well validated 
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measurement of the MCAv, it is important to note that this measurement is valid based on the 

prevailing assumption that the diameter of the MCA does not change (24, 41). Therefore, given 

that there is evidence to suggest the diameter of  MCA does change marginally (18), future 

studies should determine the potential impact of MCA dilation on measurements of 

cerebrovascular function in young adults with MDD.  

 Future work is needed to replicate this study design in individuals a decade older than our 

cohort. Given that research has established this decrement in older adults it is important to help 

establish the age at which depression induces a blunted flow and dilatory effect in the cerebral 

circulation. Therefore, an additional cross-sectional study design composed of adults across the 

spectrum of youth and age would yield crucial evidence characterizing the point at which these 

blunted cerebral circulation responses begin to appear. Furthermore, longitudinal research testing 

would allow for a more definitive assessment of a more precise age when cerebrovascular 

decrements occur in individuals with MDD. This would provide both causal and mechanistic 

insight into the potential differences in cerebrovascular function in participants with MDD and 

non-depressed adults as well as the potential role of other lifestyle and environmental factors that 

may influence these cerebrovascular decrements.   

Finally, it would also be beneficial to assess other indices of brain microvascular function 

(aside from the MCA) in this cohort of young adults, as prefrontal cortex perfusion has been 

shown to have diminished flow and velocity in depressed older adults (29). Future research 

should also examine sex differences and the effect of depression on the cerebral circulation. 

Recent research has shown differential responses in cerebral perfusion which necessitates the 

further investigation into the variance of effects depression may have on cerebral perfusion 

between sexes (44).  As we lacked sufficient statistical power to analyze sex differences, we did 
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not assess sex as a variable within this study. Further investigation into potential differences in 

depression incidence and cerebrovascular function between sexes is warranted as not much is 

known regarding sex differences in depression and cerebrovascular function in young adults.  

Conclusion 

 Although no differences in cerebral blood velocity in the MCA or flow in the ICA 

between our young adults with MDD and HA were observed, these data show important 

evidence regarding individuals with MDD. Indeed, these data may indicate there is a protective 

mechanism in the brain not present in older adults. These results are a positive indicator that 

young adults with MDD are currently protected from stroke development and cerebrovascular 

disease as indicated by their preserved cerebrovascular function. Further investigation is critical 

to elucidating both the mechanisms and age-related changes in cerebrovascular function in adults 

with MDD, especially to distinguish the time point for when these individuals begin to increase 

their risk for stroke and cerebrovascular disease. Addressing these gaps in the literature is critical 

to developing treatments for depression that can prevent the devasting effects that accompany 

cerebrovascular disease. 
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Chapter 2: Tables and Figures 

 

Table 2.1. Subject Characteristics. 

Characteristic HA MDD p-value 

N (M/F) 14 (5/9) 14 (4/10)  

  Age (yr) 22 ± 3 22 ± 3 1.00 

  Height (cm) 164 ± 9 162 ± 6 0.57 

  Mass (kg) 67 ± 11 62 ± 11 0.20 

  BMI (kg/m2) 24.8 ± 2.5 23.4 ± 4.4 0.34 

  Heart Rate (bpm) 71 ± 8 74 ± 10 0.35 

  Systolic BP (mmHg) 117 ± 11 115 ± 14 0.56 

  Diastolic BP (mmHg) 73 ± 5 71 ± 8 0.52 

  Habitual Physical Activity (MET-mins/wk) 8228 ± 7202 5041 ± 5935 0.22 

Blood Biochemistry    

  HbA1c (%) 5.2 ± 0.2 5.2 ± 0.3 0.76 

  Total Cholesterol (mg/dl) 164 ± 30 161 ± 23 0.77 

  HDL (mg/dl) 57 ± 13 61 ± 12 0.40 

  LDL (mg/dl) 88 ± 27 84 ± 21 0.62 

  Triglycerides (mg/dl) 96 ± 48 86 ± 35 0.54 

Depression Assessment    

  PROMIS (raw score) 15 ± 5 25 ± 6 * <0.01 

  PROMIS (T-score) 52 ± 7 63 ± 6 * <0.01 

  PHQ-9 (au) 3 ± 3 11 ± 7 * <0.001 

Emotional Assessment    

  Negative Affect (T-score) 48 ± 13 64 ± 9 * <0.01 

  Social Satisfaction (T-score) 52 ± 10 39 ± 9 * <0.01 

  Psychological Well-Being (T-score) 54 ± 9 39 ± 11 * <0.01 

Cognition Assessment    

  Total Composite Score 111 ± 8 109 ± 6 0.36 

  Fluid Composite Score 116 ± 9 113 ± 9 0.35 

  Crystallized Composite Score 104 ± 7 103 ± 4 0.83 

HA, healthy adults; MDD, Major Depressive Disorder; BMI, body mass index; BP, blood 

pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; PROMIS, patient-

reported outcome measurement information system; PHQ-9, Patient Health Questionnaire 

(symptom severity: 0-4, minimal; 5-9, mild; 10-14, moderate; 15-19, moderately severe; 20-27, 

severe) (7). Emotional and Cognition Assessments were derived from the NIH Toolbox 

measures (38, 50). Values are mean ± SD. *P<0.05 v. HA. 
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Table 2.2 Hemodynamic Responses to Hypercapnia. 

Variable HA MDD group hypercapnia interaction 

SBP (mmHg)      

  baseline 123 ± 12 121 ± 9 

p=0.64 p<0.01 p<0.01 
  PETCO2 = ∆3 mmHg 128 ± 18 122 ± 11 

  PETCO2 = ∆6 mmHg 132 ± 15 123 ±10 

  PETCO2 = ∆9 mmHg 133 ± 17 * 123 + 11 

DBP (mmHg)      

  baseline 70 ± 6 71 ± 5  

p=0.45 p<0.01 p=0.05 
  PETCO2 = ∆3 mmHg 67 ± 8 * 71 ± 5 

  PETCO2 = ∆6 mmHg 72 ± 7 * 73 ± 5 * 

  PETCO2 = ∆9 mmHg 73 ± 7 * 74 ± 6 * 

RR (breaths·min-1)      

  baseline 14 ± 4 12 ± 5 

p=0.58 p=0.42 p=0.44 
  PETCO2 = ∆3 mmHg 12 ± 3 12 ± 5 

  PETCO2 = ∆6 mmHg 12 ± 4 12 ± 5 

  PETCO2 = ∆9 mmHg 12 ± 3 12 ± 3 

Heart Rate (beats·min-1)      

  baseline 69 + 6 67 ± 11 

p=0.56 p<0.01 p=0.11 
  PETCO2 = ∆3 mmHg 73 ± 7 * 71 ± 13 * 

  PETCO2 = ∆6 mmHg 72 ± 6 68 ± 12 

  PETCO2 = ∆9 mmHg 71 ± 7 71 ± 13 * 

HA, healthy adults; MDD, major depressive disorder; SBP, systolic blood pressure; DBP, 

diastolic blood pressure; RR, respiratory rate. Values are mean ± SD. *p<0.05 vs. baseline. 
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FIGURE 2.1 

 

 
 

Figure 2.1: Blood Pressure and MCAv Response to Hypercapnia in Young Adults with MDD 

and HA. The increases in mean arterial pressure (MAP; Panel A) middle cerebral artery velocity 

(MCAV; Panel B) and absolute cerebral vascular conductance index (CVCi; Panel C) during 

hypercapnia in adults with major depressive disorder (MDD; closed circles) and healthy adults 

(HA; open circles). Hypercapnia triggered increases in both groups across all variables; however, 

there were no differences between MDD and HA in their response to hypercapnia. *p<0.05 v. 

baseline (∆ 0mmHg PETCO2) 

 

 

FIGURE 2.2 

 

 
 

Figure 2.2: ICA Response to Hypercapnia in Young Adults with MDD and HA. Diameter 

remained the same during hypercapnia (Panel A) while flow (Panel B) and cerebral vascular 

conductance (CVC; Panel C) in the internal carotid artery (ICA) increased during hypercapnia in 

adults with major depressive disorder (MDD; closed circles) and healthy adults (HA; open circles). 

Hypercapnia triggered increases in both groups in their flow and CVC response; however, there 

were no differences between MDD and HA in their response to hypercapnia. *p<0.05 v. baseline 

(∆ 0mmHg PETCO2) 
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FIGURE 2.3 

 

 
 

Figure 2.3: MCA and ICA Response to Hypercapnia in Young Adults with MDD and HA. 

At a ∆9mmHg PETCO2 magnitude of hypercapnia cerebral vascular conductance index % from 

baseline (CVCi%baseline; Panel A) in the middle cerebral artery (MCA) and cerebral vascular 

conductance % from baseline  (CVC%baseline; Panel B) in the internal carotid artery (ICA) 

exhibited no differences between adults with major depressive disorder (MDD; closed circles) 

and healthy adults (HA; open circles). P-values are shown above; p>0.05 between groups. 
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FIGURE 2.4 

 

 

 
 

Figure 2.4: Correlation between PHQ-9 Scores and Conductance in the MCA and ICA. At 

a ∆9mmHg PETCO2 magnitude of hypercapnia cerebral vascular conductance index % from 

baseline (CVCi%baseline; Panel A) in the middle cerebral artery (MCA) and cerebral vascular 

conductance % from baseline  (CVC%baseline; Panel B) in the internal carotid artery (ICA) were 

correlated with patient health questionnaire-9 (PHQ-9) in all young adults. No correlation was 

observed in either the MCA or ICA conductance value and PHQ-9 scores.   
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