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Abstract 

Background: Orthostatic hypotension (OH) refers to a significant decline in blood 

pressure that occurs upon assuming an upright posture and represents an intrinsic risk 

factor for falls in older adults.  

Methods: Beat-to-beat blood pressure and cerebral blood flow velocity responses were 

assessed during a passive seated orthostatic stress test (PSOST). In healthy controls, 

PSOST responses were compared to head up tilt (the ‘gold-standard’). In a cohort of 

long-term care residents, data from PSOST were compared to falling history. 

Results: Hemodynamic and cerebrovascular responses were similar between head up 

tilt and PSOST in healthy controls, except for the delayed systolic blood pressure 

decline. Older adult fallers had greater delayed systolic blood pressure declines and 

maximum cerebral blood flow velocity declines compared to non-fallers. 

Conclusions: PSOST may be a good surrogate for head up tilt in some population 

groups. We identified novel cardiovascular differences for falling risk in long-term care 

residents. 

 

Keywords:  orthostatic hypotension, falls, older adults, orthostatic stress testing 
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1. General background 

1.1. Introduction 

The proportion of older adults (aged 65 years and older) in the Canadian population is 

rising dramatically. By 2026, it is estimated that older adults will comprise 21% of the 

population (Moore et al., 2001). Injuries and morbidity within this group represent a 

significant source of financial burden for the health care sector in the present and future. 

A major health care cost incurred by older adults is the result of fall-related injuries. 

Annually, 1 in 3 individuals over the age of 65 are expected to experience a fall 

(O'Loughlin et al., 1993; World Health Organization, 2007; Hosseini & Hosseini, 2008). 

In the United States, estimates suggest that approximately 1.67 million older adults are 

treated in the emergency department annually for a fall-related injury (Stevens et al., 

2006) and over 3 million report a fall-related medical condition in a given year (Carroll et 

al., 2005). 

The prevalence of falls rises with age and comorbidity (American Geriatrics Society, 

2001). For instance, older adults in long-term care have fall incidence rates nearly 3 

times higher than community dwelling older adults (Graafmans et al., 1996; American 

Geriatrics Society, 2001). In 2008, 85% of injury-related hospitalizations and 7% of all 

hospitalizations in Canada were the result of falling (Scott et al., 2010). In comparison to 

the rest of the population, adults over 65 years of age represent 85% of mortality, 54% of 

morbidity, and 46% of all direct health care costs associated with falls (SMARTRISK, 

2009). In the United States, Rizzo et al. (1998) suggest that one or more annual falls 

increase individual health care costs by an average $19,440 (Rizzo et al., 1998). A 

better understanding of the mechanisms and causes of falls in older adults is warranted. 

The etiology of falls is complex and multifactorial. Even within older adults, great 

disparity exists in falling rates among groups with different characteristics. Risk factors 

for falls can be categorized into two broad groups: intrinsic and extrinsic factors. 
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Extrinsic factors include the external environment as well as activities to which an 

individual is exposed to on a daily basis. Intrinsic factors encompass physiological and 

pathological impairments that may predispose an individual to a fall (Soriano et al., 2007; 

Hosseini & Hosseini, 2008).  

Cardiovascular impairments represent one intrinsic risk factor that can impact an 

individual’s falling risk in various ways (Carey & Potter, 2001). These include side effects 

from medication, polypharmacy, or the presence of cardiovascular disorders such as 

hypertension, cardiac arrhythmias or orthostatic hypotension (Graafmans et al., 1996; 

Darowski et al., 2009; Gangavati et al., 2011; Ungar et al., 2011). These impairments 

may precipitate falls secondary to cerebral hypoperfusion, the final common pathway 

implicated in episodes of fainting (syncope) or near-fainting (presyncope).  

Falls and fainting episodes have conventionally been treated as two separate entities. 

However, they can be very challenging to discern from one another, as both share the 

same end result of an individual coming to rest unintentionally on the ground. Poor recall 

of the event and a lack of witnesses are common factors that further confound 

identification of the etiology of these events (Shaw & Kenny, 1997). The prevalence of 

syncope also mimics that of falls, as it also rises with age and comorbidity, with the 

highest prevalence in older adults in long-term care (Kenny et al., 2002; Wohrle & 

Kochs, 2003). It is suggested that between 2-10% of falls are the result of syncopal 

events (Rubenstein, 2006). Although this may suggest the proportion of falls resulting 

directly from frank syncopal events is small, the possibility that transient blood pressure 

declines could act as a risk factor for falls in a larger proportion of individuals remains. 

Declines in blood pressure could impact cerebral perfusion, which is maintained through 

autoregulatory mechanisms in the cerebral vasculature that maintain constant cerebral 

blood flow through a range of arterial blood pressures (Schondorf et al., 2001). This 

could potentially cause dizziness or loss of balance, thereby increasing falling risk. 

Cerebral autoregulation is normally preserved with healthy aging, but has been found to 

be different between genders and in different disease states (Novak et al., 1998a; Lipsitz 

et al., 2000; Mankovsky et al., 2003; Deegan et al., 2011). Discrimination of the 

underlying cause of a fall is crucial because it impacts the likelihood of recurrence, and 

treatment and management approaches. Therefore, it is important to understand the 
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association between blood pressure impairments, cerebral perfusion, and falling risk. At 

the present time, these relationships are poorly characterised. 

The tools and methods used to assess and define blood pressure impairments in older 

adults vary; this may contribute to the inconsistent findings in previous studies (Rutan et 

al., 1992; Craig, 1994; Tinetti et al., 1994; Graafmans et al., 1996; Luukinen et al., 1996; 

Ooi et al., 2000; Kario et al., 2001; Tromp et al., 2001; Heitterachi et al., 2002; Maurer et 

al., 2004; Poon & Braun, 2005; Sorond et al., 2010; Gangavati et al., 2011). The most 

common tests for assessing cardiovascular risk in relation to falling measure changes in 

blood pressure in response to a change in posture, or orthostatic stress. These tests 

may be effective in relatively healthy, community dwelling adults, but are limited in other 

groups with increasing morbidity (Graafmans et al., 1996). To implement best practice 

interventions, effective tools are needed to properly assess and define risk. 

Sophisticated measurements that can effectively assess blood pressure responses to 

orthostatic stress, but still maintain high patient compliance, are needed. 

This thesis presents the research the candidate has completed as part of the 

requirements for the degree of Master of Science. The remainder of Chapter 1 will 

provide a review of the current literature concerning postural blood pressure 

impairments, their clinical definitions, how they are measured, and will explore their 

tenuous relationship with falls. Chapters 2, 3 and 4 will then present the design and 

results of two research investigations that highlight a new assessment to measure 

orthostatic blood pressure and test its association with falls in a cohort of older adults in 

long-term care. 

1.2. Epidemiology of orthostatic hypotension in older 
adults 

Orthostatic hypotension (OH) refers to a significant fall in blood pressure that occurs 

upon assuming an upright posture. Upon assuming an upright posture 500ml-1000ml of 

blood can pool in the legs and splanchnic circulation depending on the stimulus (Mukai & 

Lipsitz, 2002). This results in decreased venous return to the heart, and subsequently a 

transient reduction in blood pressure. This is normally compensated for by activation of 
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the baroreceptors (aortic arch, carotid sinus, and coronary arteries), with a withdrawal of 

parasympathetic activity and increase in sympathetic activity to increase heart rate and 

vascular resistance (Goldstein et al., 2002; Mukai & Lipsitz, 2002). The consensus 

definition from the 1995 Joint Conference of the American Autonomic Society and the 

American Academy of Neurology defines OH as a decline of at least 20mmHg systolic 

blood pressure or 10mmHg diastolic blood pressure within 3 minutes of standing or 

60°head up tilt, with or without symptoms (Kaufmann, 1996). More recently, an updated 

consensus statement has been published suggesting that this decline be sustained in 

order to meet OH criteria (Freeman et al., 2011). 

The prevalence of OH has been shown to rise with age and is estimated to be between 

approximately 10-30% in ambulatory older adults (Masaki et al., 1998; Shibao et al., 

2007; Low, 2008; Hiitola et al., 2009). In addition, prolonged bed rest and many diseases 

are thought to exacerbate the incidence of OH (Feldstein & Weder, 2012). Elevated 

prevalence rates of OH in the presence of disorders such as hypertension, Parkinson’s 

disease, diabetes, carotid artery stenosis, mild dementia and increased frailty have all 

been reported (Sonnesyn et al., 2009; Benvenuto & Krakoff, 2011; Velseboer et al., 

2011; Rockwood et al., 2012). As such, older adults in long-term care facilities are at 

major risk, where prevalence rates have been reported to range from 18-70% (Ooi et al., 

1997; Freeman et al., 2011; Valbusa et al., 2012).  

OH is a predictor of adverse health outcomes. It has been found to be an independent 

risk factor for mortality (Masaki et al., 1998; Verwoert et al., 2008). Additionally, 

prospective observational studies have found OH to be associated with a number of 

diseases, including stroke, myocardial infarction, and coronary heart disease (Rose et 

al., 2000; Hossain et al., 2001; Luukinen et al., 2004; Verwoert et al., 2008). Cross-

sectional studies have also found relationships with syncope and frailty (Mussi et al., 

2009; Romero-Ortuno et al., 2011). It is evident that the presence of this condition 

carries with it severe health implications; however, the specific pathophysiological 

mechanism by which OH is linked to disease and accidents such as falls is not always 

clear. 
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1.3. Proposed mechanisms linking OH and falls 

There are a number of possible mechanisms by which OH could influence falling in older 

adults (Figure 1.1). The relationship between OH and fainting could serve as a ‘direct’ 

mechanism through which postural blood pressure declines could precipitate a falling 

event. This could potentially precipitate through a large sudden decline in blood pressure 

or as the result of a poor blood pressure recovery response to the orthostatic stress. 

Ultimately, declines in blood pressure could cause cerebral hypoperfusion, leading to a 

sudden loss of consciousness. It has been suggested that 5-10% of falls may occur 

secondary to impaired hemodynamic responses (Heitterachi et al., 2002), and loss of 

consciousness has been estimated to cause as many as 10% of falls (Rubenstein, 2006; 

Robinovitch et al., 2013). Furthermore, the prevalence of syncope mimics that of falls, 

rising with both age and comorbidity (Kenny et al., 2002; Wohrle & Kochs, 2003). 

However, this type of etiology can be challenging to discern given that poor recall of fall 

events and a lack of witnesses are common (Shaw & Kenny, 1997).  

OH could also be linked to falls through ‘indirect’ mechanisms. Previous studies have 

shown that in older adults with Parkinson’s disease or diabetes, individuals with OH 

have poorer balance scores in comparison to those without OH (Cordeiro et al., 2009; 

Matinolli et al., 2009; Hohler et al., 2012). Poor balance is a known risk factor for falls 

(Rubenstein, 2006; Ganz et al., 2007), and has been suggested to increase the odds or 

relative risk of falling 3-fold (range 1.7-7.0) (American Geriatrics Society, 2001). It is 

possible that OH may have a negative impact on balance in older adults with 

comorbidity, thereby increasing falling risk.  

Cognitive impairment is also a risk factor for falls (American Geriatrics Society, 2001). 

Cognitive deficits increase the odds or relative risks of falling by a factor of 2.4 (range 

2.0-4.7) (Rubenstein, 2006). Blood pressure impairments and cerebral hypoperfusion 

have been associated with impaired cognitive performance in older adults (Ruitenberg et 

al., 2005; Kennelly et al., 2009). In this way cognitive functioning could serve as a 

potential intermediary mechanism between blood pressure impairments and falling risk 

in older adults. 
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Finally, there is the possibility of associations between falling and OH that are driven by 

an additional indirect mechanism. For example, certain antidepressant and antipsychotic 

medications are known to increase falling risk and the prevalence of OH, but it is not 

known whether this is an independent effect, or an interaction (Poon & Braun, 2005; 

Ganz et al., 2007; Freeman et al., 2011).   
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Figure 1.1 Theoretical mechanisms by which impaired blood pressure control 
impacts falling risk in older adults.  
Abbreviations: orthostatic hypotension (OH). These do not include other impairments or 
pathologies (cardiovascular or other) that may confound these proposed mechanisms. Grey font 
indicates proposed pathways impacted by advancing age. 
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1.4. Defining responses to orthostatic stress 

The physiological responses to an orthostatic stress can be defined according to 

hemodynamic responses and symptomatic responses. These cardiovascular responses 

can vary depending on the type of orthostatic stress, the measurement tool used, and 

the time at which blood pressure measurements are made (Figure 1.2) (Carlson, 1999). 

The lack of measurement standardization has made it challenging to create an accurate 

unified definition for OH that is reproducible from one study to the next; this impacts the 

clarity of any studies that wish to define OH solely by its presence. This section will 

explore the current definitions for OH. 

1.4.1. The consensus definition 

OH is most commonly defined by the 1996 American Autonomic Society and the 

American Academy of Neurology consensus definition (page 4); however, it is unclear as 

to whether this definition is the best way to identify clinically-relevant OH (Figure 1.2B) 

(Kaufmann, 1996). This definition was created primarily on the basis of clinical 

experience, as sophisticated studies of blood pressure responses were unavailable at 

the time (Wieling & Schatz, 2009). The 2011 revision of the consensus definition now 

specifies that the 20mmHg systolic or 10mmHg diastolic blood pressure declines must 

be sustained to meet OH criteria (Freeman et al., 2011). However, this definition does 

not specify the duration of time for which blood pressure must be in sustained decline in 

order to meet the criterion. It also fails to account for individuals that may have blood 

pressure declines occurring after 3 minutes, and can be impacted by various 

confounding factors including dehydration, time of day, presence of hypertension, and 

medication use (Kaufmann, 1996; Freeman et al., 2011). 

1.4.2. Fredorowski criteria 

Fredorowski et al. (2009) demonstrated in a large cohort (n=924) of middle aged adults 

that when orthostatic blood pressure responses are stratified based upon resting systolic 

blood pressure, a higher proportion of those individuals with severe systolic hypertension 

(≥160mmHg) are likely to meet the criteria for the consensus definition of OH compared 

to normotensive or mildly hypertensive individuals (Fedorowski et al., 2009). This is 
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consistent with the suggestion that hypertensive individuals have impaired baroreflex 

gain (Gribbin et al., 1971; Shibao & Biaggioni, 2010). Fredorowski et al. (2009) suggest 

that the current criteria may cause overestimation or underestimation of orthostatic 

intolerance in individuals with high or low supine blood pressure respectively 

(Fedorowski et al., 2009). They proposed a revision to the current definition in which 

individuals with severe systolic hypertension (>160mmHg) should display a drop in 

systolic blood pressure of 30mmHg to meet the criteria for OH. They also suggest that 

individuals with low resting systolic pressure (<120mmHg) have a smaller criterion 

(15mmHg systolic blood pressure decline). This definition does not include reporting any 

symptoms of orthostatic intolerance. Other reports have supported this recommendation 

(Braam et al., 2009; Wieling & Schatz, 2009).  

Both the consensus definition and Fredorowski criteria are applied to orthostatic 

responses during passive head up tilt testing to at least 60 degrees, or during active 

standing (Freeman et al., 2011). However, it is important to note that these tests can 

produce different blood pressure responses (Rickards & Newman, 2003; Cooke et al., 

2009), and the nature of the orthostatic stress has been found impact the proportion of 

subjects found with OH (Gibbons & Freeman, 2006). 

1.4.3. Initial OH 

Initial OH refers to the immediate drop in blood pressure (usually within 5-10 seconds of 

posture change) that occurs after active standing. It is defined as a decline in systolic or 

diastolic blood pressure greater than 40mmHg or 20mmHg respectively, along with 

symptoms of orthostatic intolerance (Figure 1.2A) (Wieling et al., 2007). Passive tilting 

evokes a similar initial blood pressure drop, but it is generally thought to be insufficient to 

meet the outlined criteria, which are based on an active stand protocol (Wieling et al., 

2007; Stewart & Clarke, 2011). However, one study was able to provoke initial OH in 13 

of 17 young subjects using a manual head up tilt procedure allowing for a rapid transition 

between phases (Lewis et al., 2011). 

Initial OH is distinguished from the consensus definition in that it requires a full recovery 

of blood pressure within 3 minutes. The pathological risk of this condition lies in that the 

severe initial decline in blood pressure occurs so suddenly that baroreflex-mediated 
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responses cannot compensate in a timely manner to recover and maintain adequate 

cerebral perfusion (Thomas et al., 2009). This form of OH may have implications in older 

adults, particularly those on certain medications, such as antidepressant use (Wieling et 

al., 2001). A recent study found that 15.4% (95% confidence interval 9.6-22.2%) of long-

term care residents fell after getting up or rising to standing (Robinovitch et al., 2013). 

This represents a high-risk activity for older adults in which initial OH could potentially 

exacerbate the risk of falling. 

1.4.4. Delayed OH 

Delayed OH was first described by Streeten & Anderson (1992) in a case-series report 

of 7 patients presenting with frequently occurring symptoms of syncope and OH, but who 

upon assessment only showed hemodynamic responses that met OH criteria with a 

prolonged time delay (Streeten & Anderson, 1992). Delayed OH, therefore, follows the 

criteria of the consensus definition, but refers to blood pressure drops that occur beyond 

3 minutes of assuming an upright posture (Figure 1.2C) (Gibbons & Freeman, 2006). 

One study found that of 108 participants with an OH response, 54% of these responses 

were witnessed after 3 minutes head up tilt (Gibbons & Freeman, 2006).  

1.4.5. Steady state recovery from orthostasis 

Steady state recovery refers to the transient recovery of blood pressure after exposure 

to orthostasis. Gehrking et al. (2005) defined 3 forms of recovery from consensus OH 

criteria: 1. OH is sustained with no apparent recovery; 2. Partial recovery of ≥10mmHg 

systolic blood pressure within 2 minutes of assuming an upright posture, but criteria for 

OH remains, and; 3. Partial recovery occurring beyond 2 minutes of the upright phase, 

with at least a 10mmHg systolic blood pressure improvement by 5 minutes (Gehrking et 

al., 2005).  

This may be especially relevant to the aging population. One study examining orthostatic 

responses in older adults found that a slower recovery rate of blood pressure may be a 

more valuable indicator of OH compared to the maximal drop or average change 

(Romero-Ortuno et al., 2010a). Heitterachi et al. (2002) found that individuals with OH 

(according to the consensus definition) that also exhibited an absolute difference in 

systolic blood pressure of more than 10mmHg at 3 minutes upright tilt had a 2-fold 
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increased risk of falling risk (Heitterachi et al., 2002). These data suggest that the 

precise timing of the maximal blood pressure fall may not be as important as how well it 

is recovered after the initial decline. 

In order to properly evaluate both initial and delayed forms of OH, as well as the 

recovery responses, it is pertinent to use beat-to-beat blood pressure measurements in 

order to capture these sudden and transient changes. In this respect, it is also important 

to consider data analysis techniques in terms of defining the nadir (minimum value) and 

recovery pressures, as different time averaged segments will alter the magnitude of 

these blood pressure changes (van der Velde et al., 2007). 
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Figure 1.2 Beat-to-beat tracings illustrating definitions of orthostatic hypotension. 
 A, initial orthostatic hypotension; B, 1996 consensus orthostatic hypotension; C, delayed 
orthostatic hypotension. Top of tracing represents systolic blood pressure and bottom represents 
diastolic blood pressure. Boxes highlight the 5-second nadir pressure during each segment. 
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1.5. Techniques for assessing orthostatic blood pressure 
control  

There are two key factors that influence recordings of blood pressure responses to an 

orthostatic challenge: the measuring device used, and the type of orthostatic 

assessment. Different combinations of these factors influence the accuracy with which 

OH can be observed. 

1.5.1. Methods 

The common ‘gold-standard’ of blood pressure measurement is through the use of an 

intra-arterial cannula, usually inserted in the radial artery (Jones & Pratt, 2009). This 

system is advantageous in that it allows continuous beat-to-beat monitoring of blood 

pressure, but has several limitations including being invasive, time-consuming, 

inappropriate for routine clinical measurements, and somewhat expensive (Gupta, 

2007). It has also been found to reduce orthostatic tolerance during head up tilt testing in 

comparison to manual sphygmomanometer measurements of blood pressure (Stevens, 

1966). As such, invasive blood pressure monitoring is not indicated for the measurement 

of cardiovascular responses to orthostasis.  

The auscultatory method refers to the use of a sphygmanometer to measure pressure 

while manually occluding blood flow through the brachial artery and using a stethoscope 

to listen for the appropriate Korotkoff sounds corresponding to systolic and diastolic 

blood pressure (Boron & Boulpaep, 2005). This method has been validated against the 

intra-arterial method and serves as the ‘gold-standard’ of non-invasive blood pressure 

measurement (Ogedegbe & Pickering, 2010; Dieterle, 2012). These devices only 

provide a few isolated measurements of blood pressure, which is a substantial 

disadvantage compared to the continuous recordings offered by the intra-arterial 

method. This is particularly important in relation to the present studies in which transient 

blood pressure falls compatible with OH may be missed with infrequent measurements.  

Finger-cuff plethysmography offers a non-invasive method to measure beat-to-beat 

blood pressure. This method, first developed by Dr. Jan Peňáz, maintains constant 

blood volume in the finger, allowing the measurement of continuous blood pressure 

(Penaz, 1973). This method employs the use of a photoelectric plethysmograph and an 
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inflatable finger cuff. The finger cuff maintains a pressure that is equal and opposite to 

arterial blood pressure; this keeps the finger arterial walls ‘unloaded’ allowing internal 

pressure to equal the external cuff pressure (Truijen et al., 2012). This is achieved using 

a photoelectric plethysmograph, which detects variations in light that correspond to 

changes in finger artery blood volume that occur normally through the cardiac cycle 

(Dorlas & Nijboer, 1985). The system relays these volume deviations back to the finger 

cuff, which instantaneously adjusts pressure to maintain a constant volume within the 

finger (Penaz, 1973). Thus, the finger cuff pressure is continuously adjusting to equal 

blood pressure, allowing for continuous measurement of blood pressure similar to the 

intra-arterial method. This method is well supported and has been validated against 

intra-arterial recordings in both males and females through a wide range of ages, 

including older adults (Molhoek et al., 1984; Imholz et al., 1991; Rongen et al., 1995; 

Imholz et al., 1998; Langewouters et al., 1998). The use of this technique to provide 

accurate noninvasive beat-to-beat blood pressure data is crucial for the present studies.  

1.5.2. Assessments 

Orthostatic stress testing involves recording blood pressure from two different body 

positions. There is no standard clinical test that is used for the diagnosis of OH (Carlson, 

1999). Different tests can evoke different physiological responses (Figure 1.3). Some 

tests are passive (Figure 1.3A), in that the participant does not actively move during the 

change in posture. In contrast, active tests in which the person contracts large muscles 

to transfer between positions will cause compression of vessels near these muscle 

groups, which can impact the blood pressure change (Figure 1.3B). Although these 

differences are recognized, few studies have systematically compared various tests 

(Rickards & Newman, 2003; Winker et al., 2005). Overall, this has important implications 

for the diagnostic criteria used to classify OH, as well as the association OH has with 

other physiological variables.   

The head-up tilt-test (HUTT) with beat-to-beat plethysmography is recognized as the 

reference standard for orthostatic stress testing (Petersen et al., 1995; Winker et al., 

2005; Cooke et al., 2009). The likelihood of a positive test result can depend on the 

length of tilt, and whether a pharmacological challenge is used (Blanc et al., 1996). 

Ideally, the procedure is best done without the use of vasoactive drugs, and rather in 
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combination with a lower body cover providing negative pressure (El-Bedawi & 

Hainsworth, 1994; Hainsworth & El-Bedawi, 1994; Protheroe et al., 2013). This 

procedure typically begins with 20 minutes of supine rest, followed by 20 minutes of 

head-up tilting at 60°. After this period, graded lower body negative pressure is applied, 

while still tilted, for 10-minute intervals that progressively increase by -20mmHg. The 

termination of the test occurs when a presyncopal state has been reached. Presyncope 

refers to a state of perceived dizziness and/or a sudden blood pressure decline below 

80mmHg systolic (Hainsworth & El-Bedawi, 1994). This is a passive test, where the 

participant does not actively contribute in moving to the upright posture. HUTT is a highly 

sensitive and specific diagnostic test, and when combined with lower-body negative 

pressure is also highly reproducible (El-Bedawi & Hainsworth, 1994; Hainsworth & El-

Bedawi, 1994; Kapoor et al., 1994; Oribe et al., 1997; LeLorier et al., 2003; Protheroe et 

al., 2013). 

The lying-to-standing procedure requires the subject to lie in a supine position for 5-10 

minutes; this is followed by an active movement to a standing position, where the subject 

will remain motionless for an additional 5 minutes (Naschitz & Rosner, 2007). Similar to 

HUTT, the procedure is terminated if signs of presyncope present themselves. However, 

in contrast to HUTT, this test is an active assessment, which has been shown to alter the 

physiological responses it evokes. For instance, this test has been found to elicit a larger 

decline in initial blood pressure, which is thought to result from an immediate withdrawal 

of total peripheral resistance occurring early in the active standing position and is largely 

absent during HUTT (Sprangers et al., 1991). It has been suggested that this may occur 

due to the rise in intra-abdominal pressure accompanying the active movement; this 

expels blood from the splanchnic bed back to the heart, stimulating the arterial 

baroreceptors to reduce blood pressure (Tanaka et al., 1996). In contrast, the rise in 

intra-abdominal pressure is absent during the passive HUTT.   

Although the cardiovascular reflex responses differ with active standing, there are 

aesthetic factors that make the lying-to-standing test appealing This procedure is easier 

to administer in any clinical setting in comparison to HUTT, as in its simplest from it 

requires only a blood pressure cuff to perform. This extends beyond the hospital to the 

family physician clinic, at home or even in a research setting. However, it may be 

challenging for certain patient groups with limited mobility to perform the posture 
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transition in a timely manner and maintain the standing position for the duration of the 

test, even if no symptoms of dizziness are felt.  
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Figure 1.3 Beat-to-beat blood pressure responses from a healthy control 
participant during two orthostatic stress tests. 
 A. head-up tilt test (passive) and B. lying to standing test (active). The active test elicited a larger 
sudden decline in blood pressure, followed by a substantially larger recovery response. 
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The sit-to-stand technique follows a similar protocol to the lying-to-standing procedure. 

Due to the smaller degree of posture change, this test evokes a smaller perturbation in 

blood pressure in comparison to the lying to standing procedure (Carlson, 1999). This 

test is advantageous in that the participant can remain relatively immobile through the 

entire procedure; this has been found to be advantageous in research studies that have 

wished to examine cerebral hemodynamics during orthostatic stress, which has 

previously been challenging during other tests (Lipsitz et al., 2000; Sorond et al., 2009). 

The effectiveness of this active test in detecting OH has been questioned when 

compared to HUTT (Cooke et al., 2009). However, similar to the lying-to-standing test, it 

is easy to administer in a range of settings and does not require much equipment. 

Finally, the passive seated orthostatic stress test (PSOST) moves a subject from the 

supine position to a sitting position (Figure 1.4). The head of the bed is repositioned to 

90°, while the foot end of the bed is lowered by 90°. This test has allowed assessment of 

cardiovascular reflex control to orthostatic stress in individuals with spinal cord injury 

(Claydon & Krassioukov, 2006; Sahota et al., 2012), a population group with whom the 

other outlined assessments would be inappropriate. PSOST is beneficial based on the 

fact that it is passive, and therefore may elicit similar cardiovascular response to HUTT. 

To the best of our knowledge, no studies have compared these two assessments at the 

present time. 

There is a lack of consistency in the tests used in evaluating orthostatic blood pressure 

responses used in research and clinical settings (Carlson, 1999). It is important to 

understand how the physiological responses differ between tests in order to select a test 

that can provide consistency in order to accurately evaluate the incidence and 

prevalence of OH, as well as its relationship with other physiological variables. 
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Figure 1.4 Passive seated orthostatic stress test.  
The subject is passively moved from A. supine to B. the upright-seated position  
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1.6. Assocation between OH and falling in older adults 

There are a number of theoretical mechanisms by which orthostatic blood pressure 

declines and falling in older adults could be connected. Declines in blood pressure can 

reduce cerebral blood flow and subsequent perfusion of the brain; this can impair 

consciousness, leading to dizziness, and increase the likelihood of a fall. A case-series 

by Craig (1994), in which the medical history of 50 patients with OH was assessed, 

found that falls were the most frequent presenting feature, occurring in 64% of patients 

followed (Craig, 1994). To this point in time, this theoretical association has been 

examined primarily by a number of large observational studies (Table 1).  Some studies 

suggest that the presence of OH may be a strong risk factor for falls (Rutan et al., 1992; 

Tinetti et al., 1994; Graafmans et al., 1996; Ooi et al., 2000; Kario et al., 2001; 

Heitterachi et al., 2002; van der Velde et al., 2007; Gangavati et al., 2011). Others have 

been in stark contrast, finding no association between the two variables (Luukinen et al., 

1996; Kario et al., 2001; Tromp et al., 2001; Maurer et al., 2004). A number of 

inconsistencies between these studies may contribute to the varied results. 

Inconsistencies may result from the measurement device used, type of orthostatic stress 

test, definition of orthostatic blood pressure changes, or method of ascertaining fall 

history. In previous studies, the manual sphygmomanometer was the most frequently 

used blood pressure measuring device. Unless repeated measurements are made, this 

device provides only a single blood pressure value upon analysis. Only four of the 

studies used beat-to-beat methods for evaluating blood pressure, which substantially 

increases the likelihood of faithfully capturing transient but devastating blood pressure 

changes and has been suggested to be a useful method to evaluate blood pressure 

changes in older adults (Romero-Ortuno et al., 2010b).  

The consensus definition of OH is most frequently used to categorize samples of 

subjects based on blood pressure declines. The timing of blood pressure measurement 

after assuming an upright posture varies. Some studies define the changes based on 

measurements made at 1 minutes, while others make an evaluation at 3 minutes. Using 

beat-to-beat technology, Maurer et al. (2004) made measurements at multiple specific 
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time points within the first 3 minutes, but did not find any relationship with falling history 

(Maurer et al., 2004). They used the sit-to-stand test, which has been suggested to not 

be an accurate method of diagnosing OH (Cooke et al., 2009). They also based their 

analysis upon blood pressure at specific time points rather than measuring gross 

changes and did not examine any blood pressure declines that occurred after the 3-

minute time point, and so did not evaluate more delayed forms of OH (Streeten & 

Anderson, 1992). From all studies that have used beat-to-beat technology, there is a 

lack of clarity and consistency into how the nadir blood pressure is defined. Should a 

lowest single beat be the most physiologically important value in calculating the gross 

change? Or, is an average of beats over a period of time a better marker of a substantial 

decline in blood pressure that may potentially cause functional impairments? Van der 

Velde et al. (2007) found that 5-second averages of beat-to-beat data using the 

consensus definition of OH was most strongly associated with falling risk in a group of 

older adults (van der Velde et al., 2007). 

The lying-to-stand test is the most frequently used orthostatic stress test in the studies 

examined in Table 1. It has been shown that different assessments yield varying 

physiological responses over time, which may impact the reliability of detecting OH 

(Rickards & Newman, 2003; Cooke et al., 2009). Additionally, most of these studies 

investigated community dwelling older adults, and relied on self-reported measurements 

of falls during follow-up. This can measured quite accurately, however there was a wide 

disparity in the methods used by the studies presented in Table 1. When this is taken in 

conjunction with the timing of the blood pressure measurement, and the type of device 

being used, it clear that there are many potential sources of error that could influence the 

measured associations between OH and falls between studies. 

None of these studies evaluated the potential downstream mechanism of cerebral 

hemodynamics and its implications for falling risk. Recently, one study found that 

individuals with impaired cerebral vasoreactivity to CO2 had an increased risk of falling in 

a cohort of community dwelling older adults (Sorond et al., 2010). However, cerebral 

autoregulation, measured using cerebral blood flow changes in response to a sit-to-

stand test was not associated with falling risk. They did not report any relationship 

between blood pressure changes and falling outcome in this study. Further evaluation of 
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the possible relationships between cerebral hemodynamics and falling risk is needed to 

clarify the results of these studies. 
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Table 1.1 Review of previous literature investigating the association between 
orthostatic hypotension and falls. 
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Abbreviations: orthostatic hypotension (OH); cerebral blood flow velocity (CBFv); 
confidence intervals (CI). 
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1.7. Research questions 

1. How do the hemodynamic responses compare between HUTT and 

the PSOST? 

 

2. Do the transient hemodynamic responses to orthostasis have an 

association with falling risk in a cohort of older adults in long-term 

care? 

 

3. Do the cerebrovascular responses to orthostasis have an association 

with falling risk in a cohort of older adults in long-term care? 
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1.8. Project aims 

AIM I 

Ia. To compare hemodynamic responses between the HUTT and PSOST test in young 

healthy volunteers. 

Ib. To evaluate if the PSOST is an appropriate surrogate for HUTT in evaluating 

orthostatic intolerance. 

We hypothesized that there will be no difference in the mean hemodynamic responses 

between the PSOST and HUTT at different points during the test. PSOST will be 

statistically agreeable with HUTT. 

 

AIM II 

IIa. To compare the transient hemodynamic responses to orthostasis elicited by PSOST 

in a cohort of older adults in long term care with retrospective and prospective falling 

history (over 1 year). 

IIb. To compare cerebrovascular responses to orthostasis elicited by PSOST in a subset 

of older adults in long term care with retrospective and prospective falling history (over 1 

year).  

We hypothesized that individuals with more severe declines in blood pressure at any 

time point will be at a greater falling risk. We also hypothesized that impaired cerebral 

hemodynamics will be associated with greater falling risk. 
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2. General methodology 

Both investigations in this thesis made use of similar equipment to measure blood 

pressure and cerebrovascular responses to orthostatic stress. These investigations also 

followed similar algorithms for data processing and use of common derived variables. 

These equipment and processing procedures are detailed in this section. 

2.1. Beat-to-beat blood pressure monitoring 

While undergoing each tilt procedure, the participants were instrumented with the 

Finometer® Pro (Finapres Medical Systems B.V., Amsterdam, The Netherlands) blood 

pressure monitoring device. This device is ideal in that it is non-invasive and allows beat-

to-beat changes in blood pressure to be measured. This device has been validated in 

various studies and meets acceptable criteria for bias and precision as specified by the 

Association for the Advancement of Medical Instrumentation (White et al., 1993; Jansen 

et al., 2001; Schutte et al., 2004; FMS, 2005). A finger cuff was placed on the 

participant, which uses the volume-clamp method developed by Peňáz to make direct 

recordings of the finger arterial pressure waveform (FMS, 2005). The pressure waveform 

in the finger differs from that of the brachial artery, from which blood pressure 

measurements are typically made in a clinical setting (Bos et al., 1996; Gizdulich et al., 

1997). The Finometer® reconstructs the brachial artery pressure waveform using an 

inverse filter to adjust waveform distortions and a generalized level correction equation 

to correct for pressure differences (Gizdulich et al., 1996; Gizdulich et al., 1997). This 

allows recording of the following cardiovascular parameters: systolic blood pressure; 

diastolic blood pressure; and mean arterial pressure. The Finometer® also has a 3-lead 

electrocardiogram (ECG), which allows heart rate and rhythm to be measured as 

additional parameters. The device uses a modeling method known as Modelflow to 

compute stroke volume and cardiac output (Wesseling et al., 1993). Total peripheral 
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resistance can also be derived based on the ratio of mean arterial pressure to cardiac 

output (FMS, 2005).   

This procedure uses the return-to-flow method to perform level calibration for the 

participant; this has been show to help further reduce the variability between the 

Finometer® and intra-arterial blood pressure recordings (Guelen et al., 2003). 

2.2. Transcranial Doppler ultrasonography 

Transcranial Doppler ultrasonography was used to measure cerebral blood flow velocity 

(CBFv) during all procedures. This technique is based on the principle of the Doppler 

shift, which allows measurement of the change in frequency and wavelength of a 

reflected wave (Bellapart & Fraser, 2009). In this case, the ultrasound probe emits a 

wave at a given frequency and wavelength towards the vessel of interest; the flowing 

blood reflects this wave back towards the probe at a different frequency and wavelength, 

which is recorded (Tang et al., 1988; Folino, 2007). This allows a measure of CBFv to be 

derived (Panerai, 2009). It is generally well accepted that as the cross-sectional area of 

the middle cerebral artery remains unchanged, CBFv is in fact directly proportional to 

cerebral blood flow (Kontos, 1989; Newell et al., 1994; Serrador et al., 2000). However, 

correct user technique is imperative, as the angle of insonation must be maintained at a 

constant small angle; otherwise measurement error can be introduced (Tang et al., 

1988). Provided this angle is maintained between 0-30°, the maximum potential 

measurement error is 15% (Aaslid et al., 1982). 

The middle cerebral artery was insonated using a 2MHz probe attached to the Doppler-

BoxTM (Compumedics Germany GmbH, Singen, Germany). This vessel was insonated 

through the transtemporal window of the skull, where bone thickness is minimized, 

allowing for adequate signal penetration (Aaslid et al., 1982; Lupetin et al., 1995; 

Panerai, 2009). This device makes recordings of CBFv . This technique is advantageous 

in comparison to others because it is noninvasive, requires relatively little equipment, 

allows recording of beat-to-beat changes in CBF, and can be used to measure both 

dynamic and static cerebral autoregulation (Lupetin et al., 1995; Folino, 2007; Panerai, 
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2009). These advantages made it ideal for the present studies where measurements of 

CBF in relation to transient blood pressure changes were desired.  

2.3. End-tidal gas analyzer 

End-tidal partial pressure of carbon dioxide (CO2) was determined via a nasal cannula 

attached to the Oxigraf O2Cap Oxygen and CO2 analyzer (Oxigraf, Mountain View, 

United States of America). CO2 is a potent cerebral vasodilator and reductions in its 

partial pressure during orthostasis have been previously implicated in impairing CBF 

leading to syncopal episodes (Carey et al., 2001). During HUTT, the movement to the 

upright position has been shown to increase ventilation and induce a hyperventilatory 

response, reducing end-tidal CO2 (Serrador et al., 2006). This reduction in end-tidal CO2 

is worse in individuals suffering from orthostatic intolerance and is strongly associated 

with a concurrent reduction in CBFv (Novak et al., 1998b). In fact, if CO2 levels are 

clamped during tilt, the reduction CBFv can be substantially reduced (Immink et al., 

2009). End-tidal partial pressure measurements were ideal for the present studies 

because the device and technique is non-invasive, portable, and easy to administer. 

Intra-arterial measurement of gas concentration is often used in a clinical setting. 

However, this is an invasive method requiring cannulation of the participant and invasive 

procedures are known to directly affect orthostatic blood pressure responses (Stevens, 

1966). End-tidal gas and intra-arterial measurements are strongly correlated when 

physiologic dead space is accounted for (McSwain et al., 2010).  

2.4. Facilities and resources 

All equipment used for the orthostatic stress testing procedures was obtained from the 

Cardiovascular Physiology Laboratory at Simon Fraser University. 

2.5. Data acquisition and processing 

All recordings were acquired and processed using LabChart Pro 7 (AD Instruments, 

Colorado Springs, United States of America) at a sampling rate of 1KHz. Beat-to-beat 
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values for all cardiovascular parameters were obtained across both phases (supine and 

upright) of the orthostatic stress tests using LabChart’s peak detection algorithm. This 

algorithm detects a threshold voltage in the ECG channel, which corresponds to the 

peak (R wave) of the ‘QRS’ complex of the ECG tracing. A marker was then placed at 

every peak (R wave) in the file. Based on each peak marker the maximum (systolic 

blood pressure), minimum (diastolic blood pressure), and mean blood pressure (mean 

arterial pressure) were detected from the corresponding blood pressure waveform. Heart 

rate, RR interval, stroke volume, cardiac output, total peripheral resistance and end-tidal 

oxygen and CO2 levels were also computed. CBF velocity channels were filtered in order 

to improve signal quality using a low-pass filter (50 Hz cut off) and median filter 

(sampling window of 51) (Saeed et al., 2011). Mean, systolic, and diastolic CBFv values 

were determined. 

Data were extracted and averaged over two different time intervals for each test. During 

the 15-minute supine period, 30-sec averages of all parameters were obtained in order 

to record a baseline value for each parameter. When upright, 5-second averages were 

used to compare against baseline values at different time points. Indeed, 5-second 

averaging with the Finometer® was shown to best detect an association between OH 

prevalence and previous falling in a cohort of older adults (van der Velde et al., 2007).  
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3. The effect of orthostatic stress type on 
cardiovascular control 

Orthostatic stress testing is commonly used in a clinical and research setting to evaluate 

the cardiovascular responses to orthostasis. This can aid with the diagnosis, 

understanding and management of different forms of blood pressure impairments, such 

as OH or neurally mediated-syncope (sudden vasodilation and bradycardia during 

orthostatic stress) (Brignole et al., 2004). Many different protocols have been developed 

and used previously in both the research and clinical setting; however, the hemodynamic 

responses that these tests elicit may be different and have not been systematically 

compared (Rickards & Newman, 2003; Winker et al., 2005).   

The advantage of having different orthostatic stress tests is that they allow testing to be 

conducted in numerous settings and with different populations (Naschitz & Rosner, 

2007). HUTT is considered to be the ‘gold-standard’ in terms of its reproducibility and 

effectiveness in evaluating orthostatic intolerance (Winker et al., 2005; Cooke et al., 

2009; Protheroe et al., 2013). However, it requires subjects to stand upright for 

prolonged periods of time and is therefore not an appropriate test for certain populations, 

particularly those with impaired mobility. The PSOST has been previously developed 

and used primarily to evaluate cardiovascular reflex responses to orthostasis in 

individuals with spinal cord injury (Claydon & Krassioukov, 2006; Sahota et al., 2012). In 

comparison to other tests commonly used with older adults, such as the lying-to-

standing or sit-to-stand test, the PSOST would be advantageous to use with older adults 

who suffer from physical disabilities that reduce mobility and limit their ability to stand for 

prolonged periods of time. However, prior to promoting this test for widespread clinical 

use, it is necessary to understand its effectiveness in evaluating hemodynamic 

responses to orthostatic stress. Therefore, the primary objective of this investigation was 

to compare the hemodynamic responses of the PSOST to those of the HUTT in a group 

of young healthy volunteers. 
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We hypothesized that there would be no difference in the mean hemodynamic 

responses between the PSOST and HUTT at different points during the test. PSOST 

would also be a statistically agreeable with HUTT. 

3.1. Methods 

This study was approved in its entirety by the Department Of Research Ethics at Simon 

Fraser University and conformed to the principles outlined in the Declaration of Helsinki. 

A copy of the ethical approval documentation is included in Appendix A.   

3.1.1. Subjects 

Participants consisted of healthy male and female university students. All participants 

provided written informed consent prior to participation in the study. A copy of the 

consent form is provided in Appendix B. Women were excluded if they were pregnant, or 

thought they might be. Subjects who self-identified as having cardiovascular or 

neurological disease, or who are taking any cardiovascular medications were also 

excluded from the study.  

3.1.2. Protocols 

Volunteers were asked to undergo 1) a HUTT and 2) PSOST during one visit to the 

Cardiovascular Physiology Laboratory at Simon Fraser University. The order of testing 

was randomized for each subject. On the day of the test, volunteers were asked to only 

have a light breakfast avoiding caffeine, to abstain from smoking, drinking and strenuous 

exercise for at least 12 hours prior to testing. Upon arrival, volunteers were asked to fill 

out a brief medical history form including questions as to whether they have any known 

cardiovascular or neurological disease, were taking any medications, and questions 

about general cardiovascular risk factors such as smoking, and alcohol consumption.	  

The testing protocol is displayed in Figure 3.1. 
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Figure 3.1 Testing protocol for passive seated orthostatic stress test and head-up 
tilt test. 
Abbreviations: passive seated orthostatic stress test (PSOST); head-up tilt test (HUTT). 
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Both tests consisted of having the subject lie in the supine position for 15 minutes, 

followed by being passively moved to a seated position (PSOST) or standing position 

(HUTT) for an additional 15 minutes of recordings.  During HUTT, the table was 

manually tilted to 60°. The transition from supine to upright took less than 2 seconds on 

average. A strap was placed over the subjects’ knees, helping the participant stand in a 

relaxed position with minimal muscle activity in the legs. In addition, participants were 

also instructed not to contract their leg muscles to avoid any potential impact upon blood 

pressure responses.	   

During PSOST, volunteers were passively moved into an upright position by 

repositioning the head of the bed up to 90°, and lowering the foot end of the bed by 90°.	  	  

The resulting position is similar to when sitting in a chair, but with the legs dangling from 

the knees (no foot rest).	  Again, muscle tensing was discouraged. During both of these 

tests a number of cardiovascular parameters were measured using devices outlined in 

sections 2.1-2.3. The finger cuff for the Finometer® Pro was sized for each subject as 

per manufacturer specifications (FMS, 2005). Participant height, weight, and age were 

entered prior to starting the device to ensure faithful determination of stroke volume and 

cardiac output using the Modelflow algorithm (Wesseling et al., 1993). A hydrostatic 

height correction sensor was placed at the level of the heart in order to compensate for 

hand movement relative to the heart that could alter pressure recordings. Before 

recordings began, individual calibrations were performed after 2 minutes of baseline 

recordings using an upper arm cuff attached on the same side as the recording finger.  If 

the signal appeared to be strong, according to the internal diagnostics of the 

Finometer®, the Physiocal function was turned off in order to maintain fully continuous 

data. CBFv, and end-tidal gas partial pressures were also measured throughout the test. 

The test was terminated after 15 minutes of upright or seated recordings had been 

made. In addition, if at any point the participant requested the test to stop, experienced 

symptoms of dizziness or lightheadedness, or had a substantial heart rate or blood 

pressure decline (prolonged systolic blood pressure of ≤80mmHg or bradycardia of ≤50 

beats per minute), the test was stopped immediately and the subject was returned to the 

supine position. After completion of the first test, recording was stopped and the 

participant was transferred to the other experimental set up. A 10-minute supine rest 

period was given prior to commencing baseline recordings for the second test. Previous 
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experiments have suggested that this is a sufficient period for the cardiovascular system 

to return to a resting state (Tanaka et al., 1996; Rickards & Newman, 2003). Additionally, 

supine measures were analyzed using only the final 2 minutes of the supine phase; this 

provided additional time between tests for full plasma reabsorption, allowing the 

cardiovascular system to return to a resting state. 

3.1.3. Data analysis 

All data were processed using methods described previously in section 2.5. 

1° outcome measures 

The following variables were calculated for all blood pressure and heart rate parameters: 

• Baseline: the mean of the final 2 minutes of supine averages prior to the 
upright phase. 

• Initial nadir: the lowest 5-second average (or highest for heart rate) obtained 
within the first 30 seconds of the upright phase. 

• Consensus nadir: the lowest 5-second average (or highest for heart rate) 
obtained within the first 3 minutes of the upright phase. 

• Delayed nadir: the lowest 5-second average (or highest for heart rate) 
obtained after 3 minutes of the upright phase. 

• 2-minute recovery: the largest 5-second average (or smallest for heart rate) 
obtained between 30 seconds and 2 minutes of the upright phase. 

• 5-minute recovery: the largest 5-second average (or smallest for heart rate) 
obtained between 3 minutes and 5 minutes of the upright phase. 

These hemodynamic intervals reflect points of the test where previously defined forms of 

OH could be expected (Freeman et al., 2011). Changes from baseline measurements 

were calculated for initial, consensus and delayed declines. We were also interested in 

maximal recovery from these nadir values. Changes between Initial nadir and 2-minute 

recovery were calculated; changes between consensus nadir and 5-minute recovery 

were also determined. 
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2° outcome measures 

The following variables were calculated for stroke volume, cardiac output, total 

peripheral resistance and CBFv parameters:  

• Baseline: the mean of the final 2 minutes of supine averages prior to the 
upright phase. 

• Early nadir: the lowest 5-second average (or highest for total peripheral 
resistance) obtained within the first 3 minute of the upright phase. 

• Late nadir: the lowest 5-second average (or highest for total peripheral 
resistance) obtained after the first 3 minutes of the upright phase. 

End-tidal CO2 partial pressure parameters were determined during baseline and upright 

phases as the mean of all 30-second averages during the corresponding phase. 

Changes from Baseline were calculated for all parameters. 

3.1.4. Statistical analysis 

We compared the hemodynamic responses between the two tests using a 2-way 

analysis of variance.  We tested for the effect of the test (HUTT or PSOST), the effect of 

period (which test conducted first according to the randomization procedure), and for the 

interaction between test and period on the 1° and 2° outcome measures. We tested the 

null hypotheses that the effect of test and the effect of period were equal to 0. We also 

tested the hypothesis that there would be no interaction between test and period for their 

effect on the 1° and 2° outcome measures. Unless stated otherwise, all values were 

reported as mean ± standard error of the mean.  

We also tested the statistical agreement between the two tests. We did this for the 

parameters of heart rate and mean arterial pressure across different test intervals. We 

felt that mean arterial pressure offered the most robust measure of overall blood 

pressure change, as it incorporates both systolic and diastolic values in its calculation. 

Using the Bland-Altman method, we plotted the difference between the two tests against 

the mean of the two tests (Bland & Altman, 1986). This method is often used to compare 

two clinical procedures testing the same response and allows visual evaluation of bias 

and variability between the two measures (Bland & Altman, 1999; Dewitte et al., 2002; 

Myles & Cui, 2007). Bias is shown by the average difference between the two tests. We 
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formally tested this using a 1-sample t-test testing the null hypothesis that the mean 

differences (or bias) is equal to 0.  

Variability is assessed in relation to predetermined 95% limits of agreement. We 

calculated these based on ±2 standard deviations of the differences (SDd) between the 

two assessments for different parameters including systolic blood pressure and heart 

rate measurements. We also planned a priori to compare the limits of agreement found 

in the present study with those of a reference group (Dewitte et al., 2002). A previous 

study with 15 healthy control subjects who underwent two tilt tests identified an overall 

mean arterial pressure difference of 1.8 mmHg (SDd = 9.6mm Hg), and an overall heart 

rate difference of 1.5 (SDd = 9.0) within the first 15 minutes of upright (Protheroe et al., 

2011). Therefore these a priori 95% limits of agreement were set at 19.2 mmHg, and 

18.0 beats per minute respectively.  

We also conducted a regression analysis, in which several 1° and 2° outcome measure 

responses were regressed against the same outcome from the other test. Based on our 

hypotheses, we anticipated to find that slope = 1, and intercept = 0 from this analysis. 

Level of significance was set at α=0.05. All analyses were performed using JMP 9.0.2 

Statistical Software (SAS, Cary, United States of America). 

3.2. Results 

3.2.1. Subjects 

We tested 15 subjects; 1 subject was excluded prior to analysis due to malfunctioning of 

the Finometer® height correction sensor during testing. The characteristics of the 14 

remaining subjects are displayed in Table 3.1. Although all subjects were healthy and 

did not have a history of fainting, 2 were not able to complete the entire upright period of 

the HUTT due to significant blood pressure declines accompanied by symptoms of 

orthostatic intolerance. 
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Table 3.1 Subject characteristics. 

Characteristic 
All 

(n=14) 

Age (years) 26.3 (2.5) 

Number of males (%) 4 (28.6) 

Height (cm) 171.6 (7.1) 

Weight (kg) 65.8 (6.6) 

Supine SBP (mmHg) 120.7 (9.2) 

Supine DBP (mmHg) 69.1 (8.4) 

Abbreviations: systolic blood pressure (SBP); diastolic blood pressure (DBP). All 
characteristics were reported as mean (standard deviation) for continuous variables, or 
number (%) for categorical variables. 
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3.2.2. Cardiovascular responses between tests 

Acute blood pressure responses for two subjects during each test are shown in Figure 

3.2. Although, there was some variability in individual responses from one test to the 

next, generally both tests performed similarly in time taken to reach the initial nadir and 

2-minute recovery, and there was no significant difference between PSOST and HUTT 

for either set of times. The initial nadir was reached in an average of 11.8±1.0 seconds 

for HUTT and 12.3±1.0 seconds for PSOST (p=0.74). The 2-minute recovery occurred 

within 65.0±7.2 seconds for HUTT and 69.6±7.7 for PSOST (p=0.66).  

Figure 3.3 illustrates the nadir blood pressure and heart rate values during each test at 

various hemodynamic intervals. The delayed nadir for systolic blood pressure was 

significantly (p=.04) lower during HUTT (97.5±3.1 mmHg) compared to PSOST 

(106.1±3.1 mmHg). Systolic blood pressure was not different at any other intervals. 

Additionally, no differences in diastolic or mean arterial pressure were found at any of 

the hemodynamic intervals.  

Table 3.2 illustrates changes in blood pressure and heart rate between certain intervals. 

There was no effect of test type on systolic blood pressure during the initial decline, 

consensus decline, 2-minute recovery, and 5-minute recovery periods. However, there 

was evidence (p=0.026) that the delayed decline during HUTT was larger than that 

occurring during PSOST. No differences for the changes in diastolic or mean arterial 

pressure were found at any of the hemodynamic intervals. There was no significant 

effect of period (the order of testing procedures), and no significant interaction between 

the test type and period for any blood pressure responses. We also examined the 

proportion of individuals who met systolic or diastolic criteria for different hemodynamic 

definitions of OH during each test (Table 3.3). There was no significant difference in the 

proportion of individuals who met criteria for initial or consensus OH (1996 or 2011 

definitions). A significantly larger proportion of subjects met delayed OH criteria during 

HUTT. 

Heart rate was significantly higher during all intervals of HUTT compared to PSOST, 

except for the supine period (Figure 3.3D). There was also strong evidence that the 

change in heart rate was substantially larger for HUTT compared to PSOST during the 

initial, consensus as well as delayed changes (p<0.01 for each) (Table 3.2). There was 
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no evidence of a difference in the heart rate recoveries at 2 and 5 minutes respectively 

for each test. 
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Figure 3.2 Example blood pressure tracing during the final 20 seconds of supine 
and first 3 minutes of upright for two participants.  
Participant one during A. head up tilt and B. passive seated orthostatic stress tests. Participant 
two during C. head up tilt and D. passive seated orthostatic stress tests.  
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Figure 3.3 Blood pressure and heart rate responses during different intervals of 
head up tilt and passive seated orthostatic stress tests 
Abbreviations: passive seated orthostatic stress test (PSOST); head up tilt test (HUTT). Figure 
illustrates mean (± standard error of the mean) for A. systolic blood pressure, B. diastolic blood 
pressure, C. mean arterial pressure, and D. heart rate at various intervals. * denotes a statistically 
significant (p<0.05) different between tests at a given interval. 
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Table 3.2 Blood pressure and heart rate changes during head up tilt and passive 
seated orthostatic stress tests. 

Parameter Change 
PSOST HUTT 

Mean (SEM) 

SBP  
(mmHg) 

Initial -11.3 (2.7) -15.3 (2.7) 

Consensus -14.1 (2.3) -17.7 (2.3) 

Delayed -14.7 (2.5) -23.1 (2.5)* 

2-minute recovery 23.3 (2.9) 24.9 (2.9) 

5-minute recovery 21.4 (2.4) 25.8 (2.4) 

DBP 
(mmHg) 

Initial -12.2 (2.4) -14.0 (2.4) 

Consensus -14.5 (2.0) -14.1 (2.0) 

Delayed -9.0 (1.7) -11.7 (1.7) 

2-minute recovery 23.2 (2.2) 23.7 (2.2) 

5-minute recovery 21.3 (1.4) 23.9 (1.4) 

MAP 
(mmHg) 

Initial -11.6 (2.4) -13.8 (2.4) 

Consensus -14.1 (1.9) -14.3 (1.9) 

Delayed -10.9 (1.9) -13.9 (1.9) 

2-minute recovery 22.2 (2.1) 23.6 (2.1) 

5-minute recovery 20.7 (1.7) 23.2 (1.7) 

HR  
(bpm) 

Initial 12.0 (2.8) 20.5 (2.8)* 

Consensus 18.3 (2.3) 27.4 (2.3)* 

Delayed 24.1 (1.5) 38.9 (1.5)* 

2-minute recovery -14.7 (2.5) -13.1 (2.5) 

5-minute recovery -17.1 (2.1) -16.5 (2.1) 

Abbreviations: passive seated orthostatic stress test (PSOST); head up tilt test (HUTT); 
standard error of the mean (SEM); systolic blood pressure (SBP); diastolic blood 
pressure (DBP); mean arterial pressure (MAP); heart rate (HR). * denotes a significant 
difference between PSOST and HUTT for a given parameter change. 
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Table 3.3 Proportion of subjects meeting hemodynamic criteria for orthostatic 
hypotension during head up tilt or passive seated orthostatic stress. 

  

Parameter Criteria 
PSOST HUTT 

n (%) 

Initial OH 
Systolic 0 (0) 0 (0) 

Diastolic 3 (21.4) 3 (21.4) 

Consensus OH 
(1996) 

Systolic 5 (35.7) 6 (42.9) 

Diastolic 11 (78.6) 11 (78.6) 

Consensus OH 
(2011) 

Systolic 0 (0) 0 (0) 

Diastolic 0 (0) 0 (0) 

Delayed OH 
Systolic 3 (21.4) 9 (64.3)* 

Diastolic 4 (28.6) 10 (71.4)* 

Abbreviations: passive seated orthostatic stress test (PSOST); head up tilt test (HUTT); 
orthostatic hypotension (OH). Initial OH was defined as a decline of 40 mmHg systolic or 
20 mmHg diastolic. The 1996 consensus refers to a non-sustained decline of 20 mmHg 
systolic or 10 mmHg diastolic; the 2011 consensus refers to a sustained (3 minutes in 
duration) decline of the same magnitude. Delayed criteria were defined as declines of 20 
mmHg systolic or 10 mmHg diastolic. Pearson Chi-square test was used to test for a 
difference in proportions between PSOST and HUTT. * denotes a significant difference. 

 



 

45 

Figure 3.4 shows the response values for CBFv (mean, systolic, and diastolic), as well as 

stroke volume, cardiac output, and total peripheral resistance. Stroke volume was 

significantly lower (p<0.001 for early and late) during HUTT (early: 54.4±4.1 ml; late 

47.3±4.2 ml) compared to PSOST (early: 67.2±4.1 ml; later: 62.1±4.2 ml) (Figure 3.4A). 

There was no significant difference for total peripheral resistance or cardiac output at 

any interval. Table 3.4 illustrates changes in CBFv (mean, systolic, and diastolic), as well 

as stroke volume, cardiac output, and total peripheral resistance from baseline. There 

was strong evidence that both the early and late declines in stroke volume (p<0.01 for 

both) were greater during HUTT compared to PSOST. There was weak evidence 

(p=0.068) that the late decline in cardiac output was greater for HUTT compared to 

PSOST. There was no evidence for this relationship during the early period (p=0.11). 

The increase in total peripheral resistance was not significantly different between the two 

tests during either the early or late periods. Additionally, we examined if an immediate 

withdrawal of total peripheral resistance occurred upon position change. There was an 

approximate 3-4-fold immediate decrease in total peripheral resistance, however this 

response was not different between tests (p=0.88).  

There were no differences between tests for any of the CBFv nadir values at any interval 

(Figure 3.4D-F). Mean, systolic, and diastolic CBFv declined for each test during both the 

early and late periods  (Table 3.4). However, there was no significant difference between 

HUTT and PSOST for these CBFv declines. There was no significant difference in 

changes (supine-upright) in end tidal CO2 partial pressure between tests. 
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Figure 3.4 Cardiovascular and cerebrovascular responses during supine, early, 
and late phases of head up tilt and passive seated orthostatic stress tests. 
Abbreviations: cerebral blood flow velocity (CBFv). Figure illustrates supine, early nadir, and late 
nadir means (± standard error of the mean) for A. stroke volume, B. total peripheral resistance, C. 
cardiac output, D. mean CBFv, E. systolic CBFv, F. diastolic CBFv. * denotes a statistically 
significant (p<0.05) different between tests at a given interval. 
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Table 3.4 Cardiovascular and cerebrovascular changes from baseline during 
passive seated orthostatic stress and head up tilt tests. 

Parameter Change 
PSOST HUTT 

Mean (SEM) 

SV (ml) 
Early -19.7 (3.7) -35.9 (3.7)* 

Late -24.9 (5.3) -43.1 (5.3)* 

TPR (MU) 
Early 9.6×10-3 (3.6×10-3) 4.0×10-3 (3.6×10-3) 

Late 4.9×10-3 (3.2×10-3) 5.5×10-3 (3.2×10-3) 

CO (L/min) 
Early -1.0 (0.2) -1.36 (0.2) 

Late -1.0 (0.3) -1.6 (0.3) 

Mean CBFv 
(cm/sec) 

Early -16.0 (2.0) -17.0 (2.0) 

Late -21.2 (2.1) -18.7 (2.1) 

Systolic CBFv 
(cm/sec) 

Early -21.0 (3.1) -22.9 (3.1) 

Late -27.5 (2.8) -25.4 (2.8) 

Diastolic CBFv 
(cm/sec) 

Early -16.4 (1.7) -15.5 (1.7) 

Late -20.5 (2.6) -19.5 (2.6 

Abbreviations: passive seated orthostatic stress test (PSOST); head up tilt test (HUTT); 
standard error of the mean (SEM); stroke volume (SV); total peripheral resistance (TPR); 
cardiac output (CO); cerebral blood flow velocity (CBFv). * denotes a significant 
difference between PSOST and HUTT for a given parameter change from baseline. 
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3.2.3. Statistical agreement between tests 

Figure 3.5 illustrates the Bland-Altman plots for the initial, consensus and delayed 

declines in mean arterial pressure and heart rate for both tests. The mean differences 

between tests (HUTT-PSOST) were found to be -2.6±2.9 mmHg (initial), -0.6±2.6 mmHg 

(consensus), and -3.3±2.4 mmHg (delayed). None of these mean differences were found 

to be significantly different than 0. For each of the tests, the limits of agreement for mean 

arterial pressure were determined to be ±21.4 mmHg (initial), ±19.1 mmHg (consensus), 

and ±17.8 mmHg (delayed). Although there was substantial variability amongst the 

group, no clear outliers were present. 

The mean differences in heart rate between tests (HUTT-PSOST) were found to be 

8.3±2.5 beats per minutes (initial), 9.3±2.3 beats per minute (consensus), and 14.8±2.4 

beats per minute (delayed). HUTT caused a significantly larger heart rate increase in 

comparison to PSOST at all time points (p<0.01 for each interval). For each of the tests, 

the limits of agreement for heart rate were determined to be ±18.6 beats per minute 

(initial), ±17.0 beats per minute (consensus), and ±11.2 beats per minute (delayed). 

There were no clear outliers present in any of the plots of heart rate. 

A line of best fit was measured comparing MAP and HR during HUTT, against the same 

parameter during PSOST. Table 3.5 illustrates the resulting regression line and 

association between the two tests for a given parameter. As would be expected, there 

was strong evidence (p<0.001) of an association between PSOST and HUTT during the 

supine period of the test for both heart rate and mean arterial pressure. For heart rate, 

there was evidence of an association between tests for their effect on heart rate during 

the initial period (p=0.021) and delayed period (p=0.037); however this relationship did 

not hold during the consensus interval (p=0.093). There was no association between 

tests during any of the upright periods for their effect on mean arterial pressure. 
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Figure 3.5 Bland-Altman plots for mean arterial pressure and heart rate responses 
during initial, consensus, and delayed periods of the head up tilt and passive 
seated orthostatic stress tests. 
All plots show the difference (head up tilt - passive seated orthostatic stress) against the mean. A 
line for the average difference is displayed, as well as the 95% limits of agreement (±2 standard 
deviations of the mean differences). * denotes a mean bias significantly different than 0 (p<0.05). 
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Table 3.5 Linear regression comparisons of mean arterial pressure and heart rate 
responses between head up tilt and passive seated orthostatic stress test 

Parameter  Regression equation* P-value 

Mean arterial pressure   
Supine 27.92 + 0.66 × MAPsupine <0.001 

Initial decline -12.11 + 0.19 × MAPinitial 0.27 

Consensus decline -12.81 + 0.14 × MAPconsensus 0.54 

Delayed decline -12.68 + 0.11 × MAPdelayed 0.46 

Heart rate   
Supine 2.96 + 0.96 × HRsupine <0.001 

Initial decline 10.32 + 0.83 × HRinitial 0.021 

Consensus decline 18.99 + 0.46 × HRconsensus 0.093 

Delayed decline 25.44 + 0.55 × HRdelayed 0.037 

Abbreviations: mean arterial pressure (MAP); heart rate (HR). * All regression equations 
were calculated as head up tilt test (Y) versus passive seated orthostatic stress test (X). 
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3.3. Discussion 

There are a number of orthostatic stress tests that are used in clinical or research 

settings; however, these tests may elicit different physiological responses, which may in 

turn impact their diagnostic accuracy. In this study, we compared the effects of HUTT, 

considered to be the ‘gold-standard’ for orthostatic stress testing (Winker et al., 2005; 

Cooke et al., 2009), against the PSOST, another passive orthostatic stress test 

previously used to evaluate orthostatic blood pressure responses in individuals with 

spinal cord injury (Claydon & Krassioukov, 2006; Sahota et al., 2012). We found five key 

findings: 1) PSOST and HUTT show similar blood pressure responses in all phases of 

the test, except for the delayed response, where HUTT induced larger decreases in 

systolic blood pressure (although not in diastolic or mean arterial pressures). 2) HUTT 

caused a greater rise in heart rate in the initial, consensus, and delayed periods of the 

test. 3) HUTT elicited a larger decline in SV in both the early and late phases of the test. 

4) Although both tests elicited decreases in in CBFv, there were no differences in 

magnitude at any interval between tests. 5) We found evidence for statistical agreement 

between the two tests. Taken together, we believe these results suggest that PSOST not 

only acts as an orthostatic stressor, but that it may be an acceptable surrogate for 

HUTT. 

We found that the PSOST showed similar blood pressure responses to HUTT in the 

early hemodynamic intervals of the test. This is as we had hypothesized given that both 

tests are passive orthostatic stress tests, where the subjects do not actively move 

themselves from one position to the next. Previous studies have shown that active tests 

generally produce more precipitous decreases in blood pressure in the acute stages 

after posture change (Tanaka et al., 1996; Rickards & Newman, 2003). This may be due 

to the sudden withdrawal of total peripheral resistance secondary to rapid vasodilation 

resulting from the muscular contraction during active manoeuvres (Tschakovsky et al., 

2011). Passive tests, such as HUTT, do not elicit as severe of a response (Sprangers et 

al., 1991; Tanaka et al., 1996). We did not find any evidence that this immediate 

response was different between tests. 
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We found that HUTT caused a larger systolic blood pressure decline in the delayed 

period. Tilt testing, especially when combined with lower body negative pressure, is quite 

a strong orthostatic stress, ultimately provoking pre-syncope in most subjects (LeLorier 

et al., 2003; Protheroe et al., 2013). Thus, it was not unexpected that HUTT would cause 

greater declines in blood pressure after the early period. Furthermore, 2 of the healthy 

volunteers in this study did not tolerate the full 15 minutes of upright tilt before the onset 

of symptoms of presyncope. Although HUTT elicited a stronger orthostatic response, we 

also observed a delayed decline in systolic blood pressure with PSOST (-14.7±2.5 

mmHg), albeit smaller in magnitude than that elicited with HUTT (-23.1±2.5 mmHg). It is 

possible that if testing was performed with a clinical population group, the delayed 

PSOST response could be sufficiently large to identify those with delayed OH 

responses. 

The early and late decline in stroke volume was significantly larger during HUTT. This 

may occur as a result of the magnitude of the hydrostatic effect of gravity caused by 

each transition. It is estimated that between 500ml and 1000ml of blood moves to the 

lower body after assuming an upright posture; this magnitude depends on the stimulus 

(Mukai & Lipsitz, 2002; Robertson, 2008). This results in decreased venous return to the 

heart, subsequently decreasing stroke volume. As both HUTT and PSOST are passive 

tests, it is likely that HUTT provides a greater hydrostatic stress, causing a greater 

magnitude reduction in early stroke volume. Stroke volume typically continues to decline 

further through the duration of HUTT (LaManca et al., 1999; Protheroe et al., 2011). The 

acute change in position results in a transient reduction in blood pressure, which 

stimulates the baroreceptors (aortic arch, carotid sinus, and coronary arteries), causing a 

withdrawal of parasympathetic activity and increase in sympathetic activity to maintain 

cardiac output and blood pressure (Goldstein et al., 2002; Mukai & Lipsitz, 2002; 

Robertson, 2008). This is primarily achieved through increases in peripheral resistance 

and heart rate (Rossberg & Penaz, 1988). Assuming HUTT is a more severe hydrostatic 

stimulus, this is compatible with our findings of a larger rise in heart rate present during 

initial, consensus, and delayed test periods for HUTT. 

CBFv declines were similar between tests in both the early and late phases. The 

magnitude of these declines was quite large, which may be the result of selecting the 5-

second average CBFv nadir, rather than the gross change between positions. In fact, 
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when the overall change between positions was calculated, these CBFv declines were: 

mean -7.9±1.8 cm/sec (PSOST), -6.9±1.8 cm/sec (HUTT); systolic -9.8±2.6 cm/sec 

(PSOST), -8.7±2.6 cm/sec (HUTT); and diastolic -5.7±1.4 cm/sec (PSOST), -2.64±1.4 

cm/sec (HUTT). These reductions are similar to other studies that measured CBFv 

changes to various orthostatic stressors (Levine et al., 1994; Carey et al., 2003; Guo et 

al., 2006; Protheroe et al., 2011). During HUTT, the movement to the upright position 

often induces a hyperventilatory response, which reduces end-tidal CO2 (Serrador et al., 

2006). Given that CO2 is a potent cerebral vasodilator, decreases in the partial pressure 

of end-tidal CO2 are thought to contribute to reductions in CBFv during orthostatic stress 

due to vasoconstriction causing a concomitant rise in cerebrovascular resistance (Novak 

et al., 1998b; Serrador et al., 2006). Changes in end tidal CO2 may also impair cerebral 

autoregulation (Taccone et al., 2010), resulting in increased coupling of arterial pressure 

and CBFv declines. In our group, we observed an overall reduction of end tidal CO2 of -

2.48±0.70 mmHg during HUTT and -1.50±0.70 mmHg during PSOST.  

The results of the Bland-Altman plots illustrated bias towards HUTT in precipitating a 

much larger increase in heart rate. There was no significant bias for mean arterial 

pressure at any test interval. Although there was substantial variability in individual 

subject responses from one test to the next, these calculated limits of agreement were 

not substantially larger or smaller than the ±19.2 mmHg limits of agreement that were 

calculated a priori for mean arterial pressure. This suggests the variability of the 

differences between the two tests seems to be quite similar to inherent variability that is 

present with repeated testing using HUTT (Protheroe et al., 2011). We did not find a 

significant relationship for linear regression comparisons of PSOST and HUTT during 

initial, consensus, and delayed mean arterial pressure declines. These findings are 

similar to Rickards et al. (2003) who reported a very weak correlation between initial 

mean arterial pressure declines between HUTT and squat to stand tests (Rickards & 

Newman, 2003). 

The calculated limits of agreement we used were smaller than those established a priori 

for heart rate. The regression analysis did show a relationship between the two tests for 

heart rate changes during the initial and delayed periods. The consensus changes did 

not reach statistical significance (p=0.093). With this information, it is possible to use 

these equations to correct for the net bias in heart rate rise that is witnessed during 



 

54 

HUTT. In that way, heart rate responses during PSOST could be used to predict 

hypothetical responses during a HUTT. This would be valuable when testing population 

groups such as older adults with physical impairments or individuals with spinal cord 

injury, who could not undergo a HUTT. 

3.3.1. Limitations 

There were several limitations with this study. Firstly, although there were no meaningful 

or systematic differences in blood pressures, it is possible that subtle differences do 

exist in early periods of the test, given that HUTT does seem to exert a stronger stimulus 

for changes in heart rate, stroke volume, and delayed systolic blood pressure. However, 

prior to the conducting the study, we estimated a sample size of 14 subjects for an 

alpha=0.05, power=0.8, and to detect a difference greater than 8 mmHg. We believe that 

8 mmHg represents a meaningful difference between tests given that orthostatic stress 

tests seem to have inherent variability even upon repeated testing with the same 

protocol (Protheroe et al., 2011).  

As a first step, we conducted our comparative analyses in healthy control volunteers. 

Accordingly, we do not know how these similarities would extend to a different 

population group. However, several of our controls actually had very poor orthostatic 

tolerance, similar to many patient groups, and as such it is likely that our findings would 

extend to other populations. Nevertheless, although we believe our data are applicable 

and relevant in the wider context, future studies should compare these two tests in 

different population groups, such as individuals with symptomatic OH, or healthy older 

adults. 

3.3.2. Conclusions 

We found that HUTT and PSOST produced similar magnitude blood pressure responses 

at all stages of testing, with the exception of the delayed decline in systolic blood 

pressure. Additionally, we found that there was no difference in CBFv, total peripheral 

resistance, and cardiac output changes in either the early or late phases of the test. 

However, heart rate responses were larger and reductions in stroke volume greater 

during HUTT compared to PSOST. Statistically the two tests were largely agreeable for 

blood pressure and heart rate responses, although there is large inherent variability for 
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any subject undergoing repeated orthostatic stress testing. The clinical value of such 

large limits of agreement represents potentially major differences in accurately detecting 

OH during each of these tests. This carries important implications towards selecting 

stringent experimental standards when using these protocols. There was also a net bias 

towards larger heart rates during HUTT. Overall, this study provides normative data, in a 

small sample, for these two tests that we hope can be used for comparison with other 

populations.  

This study has important implications for understanding the physiological differences 

between the HUTT and PSOST. This provides some insight into the effectiveness of the 

PSOST as a surrogate for HUTT in evaluating responses to orthostasis. Although the 

PSOST has been used previously in a research setting, it has the potential to be an 

effective passive orthostatic stress test that could be used in clinical setting. In particular, 

this test may be useful in assessing the presence of abnormal blood pressure responses 

to postural change in vulnerable population groups, such as older adults in long-term 

care, who may not be able to tolerate HUTT. 



 

56 

4. Cardiovascular responses to orthostasis and 
their association with falls in older adults 

One third of individuals over the age of 65 years are expected to fall at least once each 

year (O'Loughlin et al., 1993; World Health Organization, 2007; Hosseini & Hosseini, 

2008). In Canada, falls account for an 85% of all injury-related hospitalizations (Scott et 

al., 2010). It is estimated that 5-10% of older adults experience falls that principally occur 

as a result of impaired blood pressure responses (Heitterachi et al., 2002). However, the 

relationship between OH and falling remains unclear. Most studies used a manual 

sphygmamanometer, which provides only a single instantaneous measurement of blood 

pressure (Rutan et al., 1992; Tinetti et al., 1994; Graafmans et al., 1996; Luukinen et al., 

1996; Ooi et al., 2000; Kario et al., 2001; Tromp et al., 2001; Gangavati et al., 2011) and 

consequently did not consider the important sudden blood pressure decreases that 

contribute to OH and are only detectable using beat-to-beat recordings. With the advent 

and increasing availability of non-invasive beat-to-beat blood pressure monitoring, it is 

now possible to examine transient fluctuations in blood pressure that occur after postural 

change. One study has suggested that such a device is more effective in detecting OH, 

and in discriminating blood pressure responses in fallers and non-fallers compared to 

manual sphygmomanometer measurements of blood pressure (van der Velde et al., 

2007). Despite this, beat-to-beat monitoring has not been used in many previous studies 

examining this relationship (Rutan et al., 1992; Tinetti et al., 1994; Graafmans et al., 

1996; Luukinen et al., 1996; Ooi et al., 2000; Kario et al., 2001; Tromp et al., 2001; 

Gangavati et al., 2011).  

Furthermore, most previous studies have also utilized the 1996 consensus definition for 

OH (Rutan et al., 1992; Tinetti et al., 1994; Tromp et al., 2001; Gangavati et al., 2011). 

This definition has recently been expanded to include more sudden declines in blood 

pressure, as well as delayed responses (Freeman et al., 2011). The timing of a sudden 

blood pressure drop may be important in managing falling risk in older adults, as it may 

reflect different activity states. For instance, a severe initial blood pressure decline may 
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be concerning for an individual in the process of transferring. In contrast, a delayed 

decline could increase risk as a person is standing or walking for a prolonged period of 

time. Therefore, it is important that these alternative criteria for defining blood pressure 

responses be incorporated in future studies. 

There is also very little evidence examining how changes in CBFv and cerebral 

autoregulation impact falling risk. Only one study has tested this relationship, finding 

some evidence that impaired cerebrovascular reactivity to CO2 may increase the risk of 

falling in a group of community dwelling older adults (Sorond et al., 2010). No studies 

have reported if gross changes in CBFv are associated with falling risk. 

This study had two objectives: 1. To test the association between blood pressure 

responses to orthostatic stress and falling history using different definitions for these 

transient changes in blood pressure and; 2. To test the association between 

cerebrovascular hemodynamic responses to orthostatic stress and falling history.  

We hypothesized that individuals with more severe decreases in blood pressure at any 

time point during orthostatic stress would be at a greater risk of falling. We also 

hypothesized that impaired cerebral hemodynamics would be associated with risk of 

falling. 

4.1. Methods 

This study has been approved in its entirety by the Department Of Research Ethics at 

Simon Fraser University and conforms to the principles outlined in the Declaration of 

Helsinki. A copy of the ethical approval documentation is included in Appendix A.   

4.1.1. Subjects 

Participants were recruited from two long-term care facilities in the Greater Vancouver 

area. In order to participate in this study, subjects were required to understand English, 

and be able to follow basic instructions. All subjects were asked to sign informed 

consent prior to participation in the study. A copy of the consent forms are provided in 

Appendix B. If upon consultation from nursing home staff, the participant was deemed to 
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have insufficient cognitive function to provide informed consent, but was still capable of 

participation, informed consent was obtained on their behalf from the primary decision 

maker for that individual. Subjects were excluded prior to analysis if they were under 65 

years of age at the start of testing.  

4.1.2. Protocols 

All subjects underwent a cardiovascular risk assessment, which included a detailed 

review of medical history through use of the Minimum Data Set document, a 12-lead 

ECG recording, and a PSOST to evaluate cardiovascular responses to orthostatic 

stress. Testing was done at one of four time intervals during the day: 9:30am, 11:00am, 

1:00pm, or 2:30pm. 

12-lead ECG 

A 12-lead ECG was recorded in the supine position using the Burdick Atria 6100 12-lead 

ECG (Cardiac Science, Vaerloese, Denmark). This non-invasive technique allowed for 

the assessment and diagnosis of different cardiac abnormalities. The European Society 

of Cardiology recommends this as an initial investigation for any patients presenting with 

a history of transient loss of consciousness (Sutton et al., 2010). Although an abnormal 

ECG can often be indicative of a benign electrical disruption, it can provide good 

evidence for more detailed investigations, such as 24-hour Holter monitoring 

(Manchanda & Ehsanullah, 2001). In the context of this study, the 12-lead ECG provided 

a qualitative screen for cardiac arrhythmias that could potentially precipitate sudden 

reductions in blood pressure, leading to a fall. 

PSOST 

This test followed standard protocols as outlined previously (Section 3.1.2). Subjects 

remained in a supine position for 15 minutes prior to being passively moved to an 

upright-seated position for an additional 15 minutes of recordings. 

Minimum Data Set 

The Minimum Data Set (MDS) 2.0 is a standardized assessment used in all long-term 

care facilities across Canada (Hutchinson et al., 2010). This document provides 
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information about various aspects of health for each participant. This includes, but is not 

limited to, cognitive function, physical function, disease diagnoses, and medication use 

(Wodchis et al., 2003). The majority of participants received this assessment on a 

quarterly basis. Although not a perfect instrument, it has been found to have good 

internal consistency, good inter-rater reliability, and a high validity with certain elements 

of the document (Hartmaier et al., 1995; Hirdes et al., 2008; Mor et al., 2011). 

We used this assessment to gather demographic data about participants, as well as 

collect data about other known risk factors for falls (American Geriatrics Society, 2001; 

Ganz et al., 2007). This included cognitive function, mobility, impairments in activities of 

daily living, and medication use. A copy of the assessment package is included in 

Appendix C.  

Falling history 

Participants’ falling history was ascertained through review of fall incident report forms 

from both facilities. These forms are completed for every fall event that was reported or 

witnessed within each facility. 

4.1.3. Data analysis 

All data were processed using methods described previously in Section 2.5. 

1° explanatory variables 

The following variables were calculated for all blood pressure and heart rate parameters: 

• Baseline: the mean of all 30-second supine averages prior to the upright 
phase. 

• Initial nadir: the lowest 5-second average (or highest for heart rate) obtained 
within the first 30 seconds of the upright phase. 

• Consensus nadir: the lowest 5-second average (or highest for heart rate) 
obtained within the first 3 minutes of the upright phase. 

• Delayed nadir: the lowest 5-second average (or highest for heart rate) 
obtained after 3 minutes of the upright phase. 

• 2-minute recovery: the largest 5-second average (or smallest for heart rate) 
obtained between 30 seconds and 2 minutes of the upright phase. 
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• 5-minute recovery: the largest 5-second average (or smallest for heart rate) 
obtained between 3 minutes and 5 minutes of the upright phase. 

These hemodynamic intervals reflect points of the test where previously defined forms of 

OH could be expected (Freeman et al., 2011). Changes from baseline measurements 

were calculated. We were also interested in maximal recovery from these nadir values. 

For recovery intervals, magnitude change and % recovery was calculated between Initial 

nadir and 2-minute recovery; consensus nadir and 5-minute recovery were also 

determined. 

CBFv measures were averaged over 30-second segments in the 15-minute upright 

period. CBFv parameters were reported as the change when upright from baseline.  

2° explanatory variables 

The following variables were calculated for stroke volume, cardiac output, total 

peripheral resistance:  

• Baseline: the mean of all 30-second supine averages prior to the upright 
phase. 

• Early nadir: the lowest 5-second average (or highest for total peripheral 
resistance) obtained within the first 3 minute of the upright phase. 

• Late nadir: the lowest 5-second average (or highest for total peripheral 
resistance) obtained after the first 3 minutes of the upright phase. 

End-tidal CO2 and O2 partial pressure parameters were determined during baseline and 

upright phases as the mean of all 30-second averages during the corresponding phase. 

Changes from Baseline measurements were calculated. 

MDS 

Cognitive function: Cognitive function was quantified by calculating a Cognitive 

Performance Score. This system provides a range of scores from 1 (highest level of 

cognitive function) to 7 (lowest cognitive function). The formula for this score is provided 

in Appendix D. The method has been found to have good agreement with the Folstein 

Mini-Mental Status Examination, considered to be the ‘gold-standard’ for detecting 

cognitive impairment (Hartmaier et al., 1995). 
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Balance: Participant’s balance was assessed using Question G3. 

Mobility: Mobility was assessed using Question G5. 

Activities of daily living: These were quantified using Questions G1 and G2. A summary 

score was presented using the Activities of Daily Living Long (Morris et al., 1999). The 

formula for this score is provided in Appendix D. 

Comorbidities: The presence of disease was determined from Section I1. 

Medication use: This was assessed from Section O.  The number of medications, as well 

as types of medication types were assessed. 

Response variables 

Retrospective falling: the number of falls to occur one-year prior to the date of the 

cardiovascular risk assessment. Participants were categorized as being either a faller (1 

or more retrospective falls) or a non-faller (0 falls in the past year). This type of 

stratification has been used in previous studies (Heitterachi et al., 2002; Maurer et al., 

2004)  

Prospective falling rate: the number of falls to occur after the date of the cardiovascular 

risk assessment divided by the number of months of follow-up. Follow-up was 

terminated at the time of prospective fall data collection or at the previous date the 

resident was discharged. The use of falling rate as a response variable has been in 

previous studies (Robertson et al., 2005; Sorond et al., 2010).  

4.1.4. Statistical analysis 

Unless stated otherwise, all values were reported as mean ± standard error of the mean. 

Level of significance was set at α=0.05. This analysis was performed using JMP 9.0.2 

Statistical Software (SAS. Cary, United States of America). Three analyses were 

conducted to test the separate associations of blood pressure 

hemodynamics/cerebrovascular hemodynamics and falling risk. First, we compared 

retrospective fallers and non-fallers using a Students t-test or Pearson’s Chi-squared 

test for continuous or categorical variables respectively. We tested the null hypothesis 
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that the difference in population means between fallers and non-fallers for each change 

in explanatory variables during PSOST was equal to 0.  

Secondly, we sought to identify cardiovascular risk factors to include in future 

multivariable models identifying risk factors for falls. We did this for prospective falling 

history as measured by rate of falls per month for each resident who underwent a 

baseline cardiovascular risk assessment. We identified variables for negative binomial 

regression models, a well-supported technique for analyzing count data, such as falls 

(Robertson et al., 2005; Eriksson et al., 2009; Ullah et al., 2010). This technique 

accounts for overdispersion, a relatively common phenomenon when analyzing falling 

data given that the population groups can often be quite heterogeneous, especially in 

groups such as long-term care residents (Eriksson et al., 2009; Khan et al., 2011).   

In order to identify the best variables to include in potential models, we used a Bayesian 

Model Averaging (BMA) approach. This approach is of increasing use (Viallefont et al., 

2001), as it may rectify some of the shortcomings with classic forward and backward 

selection approaches (Raftery, 1995; Volinsky et al., 1997; Burnham & Anderson, 2002). 

These approaches select a single ‘best’ model, but ignore model uncertainty, when 

multiple models fit the date equally well (Raftery, 1995); this results in poorer predictive 

ability (Volinsky et al., 1997). BMA rectifies this problem by averaging over a number of 

all possible models for all inference and prediction (Volinsky et al., 1997). Rather than 

providing p-values for significance of a given variable, BMA examines the probability that 

a given parameter is a risk factor; this value is reported as the posterior probability, as it 

is derived from the sum of the posterior probabilities for all models that included the risk 

factor of interest (Viallefont et al., 2001; Hastie et al., 2008).  

We sought to use the posterior probabilities to assess the level of evidence for the 

association of certain cardiovascular variables with prospective falling rate. We included 

all cardiovascular risk factors that appeared to be important based on our retrospective 

analyses. We performed two sets of BMA analyses: 1. For all individuals who underwent 

a cardiovascular risk assessment and 2. For all individuals on whom we obtained CBFv 

measurements.  
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We also used data from the MDS document to account for other variables that may be 

related to falling risk in this population group and assessed their importance in relation to 

the cardiovascular parameters we included. We included age and gender given that age 

is a known risk factor for falls, and orthostatic dizziness is more prevalent in women of all 

ages (American Geriatrics Society, 2001; Radtke et al., 2011). We also selected risk 

factor variables specific to our cohort. This was done using a correlation analysis 

selecting MDS risk factors associated with falling rate. Selection criteria were to include 

any factors with a p-value less than 0.2. We used this lenient cut-off in order to select all 

variables that may be remotely related to falling rate in this cohort. For all subjects, these 

included: stroke, cognitive performance score, activities of daily living score, gait 

impairments, and use of a mobility aid. For the CBFv subset, these included: mobility, 

gait impairment, and previous stroke. 

We assessed the value of the posterior probabilities for each variable based on criteria 

used in previous studies (Raftery, 1995; Volinsky et al., 1997; Viallefont et al., 2001). 

These criteria are as follows: probability less than 50%, no evidence of an effect; 50-

75%, weak evidence for an effect; 75-95%, evidence for an effect; 95-99%, strong 

evidence for an effect; >99% very strong evidence for an effect.  These analyses were 

performed using R 2.15.3 (R foundation, Vienna, Austria). 

4.1.5. Facilities and resources 

Access to falling history, and medical records was provided using secure databases in 

the Injury Prevention and Mobility Laboratory at Simon Fraser University.   

4.2. Results 

4.2.1. Subjects 

Cardiovascular risk assessments were conducted on 59 long-term care residents from 

the two facilities (New Vista Society: n=40; Delta View Life Enrichment Centre: n=19). 

We excluded 5 residents from analysis (4 residents were excluded due to being under 

65 years of age and 1 other resident was excluded due to having no MDS data). 

Participant characteristics for the entire group, as well as between previous fallers and 
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non-fallers are displayed in Table 4.1. Higher scores for cognitive performance and 

activities of daily living are indicative of greater impairment. Given that these older adults 

are frail long-term care residents, it was not surprising to see elevated levels of morbidity 

within the group as a whole. However, differences between retrospective fallers and no-

fallers did exist. On average, fallers tended to display greater impairments with activities 

of daily living and were more likely to have atherosclerotic heart disease. Additionally, 

the probability of using a mobility aid (cane, walker, or wheelchair) was higher in fallers 

compared to non-fallers.  

Table 4.2 shows the results of the resting 12-lead ECG. Although a large proportion of 

participants were in sinus rhythm (68.5%), there were a number of individuals in atrial 

fibrillation (16.7%) at the time of measurement. Additionally, a large proportion of 

individuals (33.3%) had various forms of minor conduction abnormalities. There were no 

significant differences in the proportion of abnormal ECG characteristics between 

retrospective fallers and non-fallers.  
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Table 4.1 Characteristics of all participants, and retrospective fallers versus non-
fallers. 

Characteristic 

All 
subjects 

Retrospective fall history 

P-value Fallers Non-fallers  

n = 54 n = 27 n = 20 

Mean (SD) or n (%)  

Demographics     

Age (years) 82.7 (7.9) 82.7 (6.8) 83.4 (9.1) 0.79 

Male gender 26 (48.1%) 10 (37.0%) 12 (60.0%) 0.12 

Physical function     

Activities of daily living score 5.5 (7.2) 7.9 (8.2) 3.1 (5.3) 0.019 

Balance     

Maintains balance unassisted 29 (61.7%) 15 (55.6%) 14 (70.0%) 0.31 

Mobility aid use     

Unassisted 17 (31.4%) 3 (11.1%) 11 (55.0%) <0.005 

Cane, walker or crutch 24 (44.4%) 15 (51.9%) 7 (35.0%)  

Wheelchair 13 (24.0%) 10 (37.0%) 2 (10.0%)  

Cognition     

Cognitive performance score 1.8 (1.3) 2.1 (1.5) 1.5 (1.1) 0.093 

Medical history     

Diabetes 16 (29.6%) 9 (33.3%) 5 (25.0%) 0.53 

Atherosclerotic heart disease 6 (11.1%) 5 (18.5%) 0 (0%) 0.042 

Congestive heart failure 9 (16.7%) 5 (18.5%) 2 (10.0%) 0.42 

Arthritis 7 (13.0%) 3 (11.1%) 2 (10.0%) 0.90 

Stroke 12 (22.2%) 8 (29.6%) 2 (10.0%) 0.092 

Parkinson’s disease 3 (5.6%) 2 (7.4%) 1 (5.0%) 0.74 

Alzheimer’s disease 7 (13.0%) 5 (18.5%) 1 (5.0%) 0.15 

Other dementia 20 (37.0%) 7 (25.9%) 9 (45.0%) 0.17 

Gait impairment 11 (20.3%) 8 (23.4%) 3 (15.0%) 0.24 

Medication use     

Number of medications 9.6 (4.4) 10.1 (4.3) 8.5 (4.2) 0.19 

Antipsychotic 12 (22.2%) 3 (11.1%) 1 (5.0%) 0.23 

Antianxiety 6 (11.1%) 2 (7.4%) 4 (20.0%) 0.20 
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Antidepressant 25 (46.3%) 15 (55.6%) 6 (30.0%) 0.079 

Hypnotic 9 (16.7%) 7 (25.9) % 2 (10.0%) 0.17 

Diuretic 19 (35.2%) 9 (45.0%) 8 (29.6%) 0.28 

Analgesic 29 (53.7%) 17 (63.0%) 11 (55.0%) 0.58 

All characteristics were reported as mean ± standard deviation (SD) for continuous 
variables, and number (%) for categorical variables. Student’s t-test and Pearson chi-
square test were used to test for differences between fallers and non-fallers for 
continuous and categorical variables respectively. 
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Table 4.2 ECG characteristics of all participants, and fallers versus non-fallers. 

Characteristic 

All 
subjects 

Retrospective fall history 

P-value Fallers Non-fallers 

n = 54 n = 27 n = 20 

n (%)  

Rhythm     
Sinus rhythm 37 (68.5) 19 (70.4) 12 (60.0) 0.46 

Pacemaker rhythm 2 (3.70) 0 (0) 2 (10.0) 0.093 

Atrial fibrillation 9 (16.7) 5 (18.5) 3 (15.0) 0.75 

Junctional rhythm 1 (1.8) 0 (0) 1 (5.0) 0.24 

 Frequent PVC’s 2 (3.7) 0 (0) 2 (10.0) 0.093 

Conduction blocks     
1st degree AV block 7 (13.0) 4 (14.8) 2 (10.0) 0.62 

2nd degree AV block 1 (1.85) 0 (0) 1 (5.0) 0.24 

Hemiblock 3 (5.6) 1 (5.0) 1 (3.7) 0.83 

Bundle branch block 7 (13.0) 4 (14.8) 1 (5.0) 0.28 

ST-segment changes     
Ischemia 2 (3.7) 1 (5.0) 1 (3.7) 0.83 

Abbreviations: Premature ventricular contraction (PVC); atrio-ventricular (AV). All 
characteristics were reported as number (%). Pearson chi-square test was used to test 
for differences between fallers and non-fallers. No significant differences were found 
between fallers and non-fallers. 
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4.2.2. Retrospective fallers vs. non-fallers 

Retrospective analyses of fallers compared to non-fallers were completed in 47 

residents. The previous 1-year falling status of the remaining 7 residents could not be 

ascertained, as these residents had not lived in the facility for a year prior to recruitment 

in the study. Figure 4.1 shows the mean blood pressures and heart rates for fallers and 

non-fallers at the different test intervals. There was no evidence of a difference for blood 

pressure or heart rate between fallers and non-fallers at any of these nadir or peak test 

intervals.  

The changes in blood pressure and heart rate are displayed in Table 4.3. There were no 

significant differences in initial and consensus systolic blood pressure changes. 

However, fallers had a significantly larger delayed decline in systolic blood pressure 

compared to non-fallers. There was also evidence that the % recovery in systolic blood 

pressure at 5 minutes was worse in fallers. The % recovery at 2 minutes also tended to 

be worse in fallers, but this did not quite reach significance. There was no evidence of a 

difference between fallers and non-fallers for any changes in diastolic blood pressure, 

mean arterial pressure, and heart rate.  

Table 4.4 illustrates the proportion of individuals who met hemodynamic criteria for 

different definitions of OH. Although a number of individuals met these criteria, there 

were no significant difference in proportions between fallers and non-fallers. 
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Figure 4.1 Blood pressure and heart rate responses of fallers and non-fallers at 
different intervals of the passive seated orthostatic stress test. 
All values are displayed as mean (± standard error of the mean). No statistically significant 
differences were present between fallers and non-fallers at any interval.  
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Table 4.3 Blood pressure and heart rate changes during different test intervals for 
fallers and non-fallers. 

Parameter Change 
Fallers Non-fallers 

P-value 
Mean (SEM) 

SBP 
(mmHg) 

Initial -17.9 (3.5) -13.3 (5.2) 0.46 

Consensus -20.2 (3.6) -15.2 (5.2) 0.43 

Delayed -20.6 (3.8)* -9.5 (3.3) 0.031 

2-minute 
recovery (%) 106.7 (1.9) 113.4 (2.9) 0.064 

5-minute 
recovery (%) 109.3 (2.5)* 116.9 (2.7) 0.048 

DBP 
(mmHg) 

Initial -8.5 (1.6) -9.0 (2.8) 0.88 

Consensus -9.6 (1.6) -9.4 (2.9) 0.95 

Delayed -10.3 (2.4) -9.9 (4.2) 0.93 

2-minute 
recovery (%) 118.4 (2.9) 116.1 (3.1) 0.61 

5-minute 
recovery (%) 118.9 (3.2) 120.4 (3.6) 0.76 

MAP 
(mmHg) 

Initial -10.6 (2.2) -9.3 (3.3) 0.74 

Consensus -12.1 (2.2) -10.0 (3.4) 0.60 

Delayed -12.0 (2.6) -7.8 (3.4) 0.33 

2-minute 
recovery (%) 111.4 (2.2) 113.6 (2.5) 0.53 

5-minute 
recovery (%) 112.2 (2.5) 117.3 (2.7) 0.17 

HR (bpm) 

Initial 8.3 (2.0) 8.0 (1.6) 0.90 

Consensus 8.8 (2.0) 11.0 (2.1) 0.45 

Delayed 10.4 (1.6) 11.5 (2.4) 0.72 

2-minute 
recovery (%) -15.3 (2.8) -9.4 (4.8) 0.45 

5-minute 
recovery (%) -15.9 (2.6) -18.1 (3.5) 0.78 

Abbreviations: standard error of the mean (SEM); systolic blood pressure (SBP); 
diastolic blood pressure (DBP); mean arterial pressure (MAP); heart rate (HR). * denotes 
a significant difference between fallers and non-fallers for a given parameter change. 
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Table 4.4 Proportion of subjects meeting hemodynamic criteria for orthostatic 
hypotension for retrospective fallers and non-fallers. 

Parameter Criteria 
Fallers Non-fallers 

P-value 
n (%) 

Initial OH 
Systolic 2 (7.4) 4 (20.0) 0.20 

Diastolic 3 (11.1) 3 (15.0) 0.69 

Consensus OH 
(1996) 

Systolic 10 (37.0) 6 (31.6) 0.70 

Diastolic 9 (33.3) 7 (36.8) 0.81 

Consensus OH 
(2011) 

Systolic 1 (2.2) 0 (0) 0.30 

Diastolic 1 (2.2) 0 (0) 0.30 

Delayed OH 
Systolic 11 (40.7) 5 (26.3) 0.31 

Diastolic 13 (48.2) 6 (31.6) 0.26 

Abbreviations: passive seated orthostatic stress test (PSOST); head up tilt test (HUTT); 
orthostatic hypotension (OH). Initial OH was defined as a decline of 40 mmHg systolic or 
20 mmHg diastolic. The 1996 consensus refers to a non-sustained decline of 20 mmHg 
systolic or 10 mmHg diastolic; the 2011 consensus refers to a sustained (3 minutes in 
duration) decline of the same magnitude. Delayed criteria were defined as declines of 20 
mmHg systolic or 10 mmHg diastolic. Pearson Chi-square test was used to test for a 
difference in proportions between PSOST and HUTT. 
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Figure 4.2 illustrates responses for stroke volume, cardiac output, and total peripheral 

resistance between fallers and non-fallers during the supine, early and late phases of the 

test. There was no evidence of a difference between groups in any of these variables at 

any of the phases. Table 4.5 illustrates the changes in cardiovascular and 

cerebrovascular variables from baseline. Fallers tended to have a greater reduction in 

stroke volume and cardiac output during both the early and late phases compared to 

non-fallers; however these changes were not significant. There was no evidence of a 

difference in the mean increase in total peripheral resistance between fallers and non-

fallers. End tidal CO2 did not change during testing in either fallers or non-fallers (fallers: 

-0.027±3.8 mmHg; non-fallers: -0.052±3.8 mmHg); these marginal differences were not 

significantly different between groups. 

The CBFv responses to PSOST are displayed in Figure 4.3. This measure was obtained 

in 26 (54%) individuals in the retrospective analysis. There was evidence that the fall in 

systolic CBFv was greater in fallers compared to non-fallers (Table 4.5). The change in 

mean and diastolic CBFv was larger in fallers compared to non-fallers; however these 

changes were not significant. 
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Figure 4.2 Cardiovascular responses for fallers and non-fallers during supine, 
early, and late phases of the passive seated orthostatic stress tests. 
All values are displayed as mean (± standard error of the mean). No statistically significant 
differences were present between fallers and non-fallers at any interval.  
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Table 4.5 Changes in cardiovascular and cerebrovascular variables from baseline 
for fallers and non-fallers. 

Parameter Change 
Fallers Non-fallers 

P-value 
Mean (SEM) 

SV (ml) 
Early -29.6 (4.7) -24.4 (3.7) 0.39 

Late -32.9 (5.9) -22.4 (5.3) 0.19 

TPR (MU) 

Early 7.5×10-2 

(5.4×10-2) 
9.7×10-2 

(5.6×10-2) 0.78 

Late 3.7×10-2 

(2.2×10-2) 
4.2×10-2 

(3.0×10-2) 0.90 

CO (L/min) 
Early -2.6 (0.4) -1.9 (0.3) 0.21 

Late -2.6 (0.4) -1.9 (0.4) 0.19 

Mean CBFv 
(cm/sec) 

Average upright -6.9 (3.5) -0.9 (1.8)  0.15 

Minimum upright -12.9 (3.9) -8.3 (1.9) 0.31 

Systolic CBFv 
(cm/sec) 

Average upright -10.4 (4.3)* 2.0 (3.0) 0.028 

Minimum upright -18.3 (4.4) -10.3 (3.4) 0.17 

Diastolic CBFv 
(cm/sec) 

Average upright -6.0 (3.3) -1.2 (1.3) 0.20 

Minimum upright -11.3 (4.3) -7.1 (1.5) 0.37 

Abbreviations: standard error of the mean (SEM); stroke volume (SV); total peripheral 
resistance (TPR); cardiac output (CO); cerebral blood flow velocity (CBFv). * denotes a 
significant difference between fallers and non-fallers for a given parameter change from 
baseline. 
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Figure 4.3 Cerebrovascular responses for fallers and non-fallers during supine, 
early, and late phases of the passive seated orthostatic stress tests. 
All values are displayed as mean (± standard error of the mean). No statistically significant 
differences were present between fallers and non-fallers at any interval.  
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4.2.3. Prospective falling risk 

A total of 54 residents were followed prospectively for a mean±standard deviation follow-

up time of 12.0±5.8 months. The average fall rate over this period was 0.3 falls/per 

month (range 0 – 1.5 falls/month). A number of these residents met at least one of the 

hemodynamic criteria for OH: 7 (13.0%) initial; 24 (44.4%) for 1996 consensus; 1 (0.2%) 

for 2011 consensus; and 25 (46.3%) for delayed (Table 4.4).  

A correlation matrix comparing MDS factors with falling rate revealed that previous 

stroke, cognitive performance score, activities of daily living score, gait impairments, and 

mobility aid use all had a p-value<0.2. Age and gender were also selected based on 

previously reported findings from the literature. We included these variables, systolic 

blood pressure, stroke volume, and cardiac output changes in a BMA analysis. The 

variables in the top 5 models are shown in Table 4.6. Gait impairment, mobility aid use, 

and % 5-minute SBP recovery were the most common variables included in these 5 

models.  

Table 4.7 illustrates the posterior probabilities for all variables included in the full group 

analysis, as well as for the subset with CBFv data. Mobility aid use was the only variable 

to show strong evidence for an effect on fall-rate in our sample. Gait impairment and the 

% 5-minute systolic blood pressure recovery were the only other two variables to show 

evidence for an effect. 

In the CBFv subset, we found mobility aid, gait impairment, and previous stroke to all 

have a p-value <0.2 for an association with falling rate. Therefore, we included these 

variables, age, gender, and the CBFv parameters. In this group, we found that mobility 

aid use, gait impairments and other dementia showed very strong evidence for an effect 

on fall-rate. Mean CBFv change to minimum upright had strong evidence for an effect on 

fall-rate, whereas systolic and diastolic CBFv change to upright minimum showed 

evidence for an effect.  Finally, mean, systolic, and diastolic supine CBFv showed weak 

evidence for an effect. 
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Table 4.6 Summary of explanatory variables included in the top 5 models. 

Parameter 
Top models 

1 2 3 4 5 

Mobility aid use ✔ ✔ ✔ ✔ ✔ 

Gait impairment ✔ ✔ ✔ ✔  

% 5-minute SBP 
recovery ✔ ✔  ✔  

Cognitive 
performance score    ✔ ✔ 

Stroke  ✔    

Activities of daily 
living score     ✔ 

Model weight (%) 14.4 11.1 7.5 6.7 3.7 

Abbreviations: systolic blood pressure (SBP).  
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Table 4.7 Posterior probabilities for all variables included in Bayesian model 
averaging of all subjects and cerebral blood flow velocity subset. 

All subjects (n=54) CBFv subset (n=32) 

Parameter PP (%) Parameter PP (%) 

Mobility aid use 98.8 Gait impairments 100 

Gait impairments 88.2 Other dementia 100 

% 5-minute SBP recovery 79.9 Mobility aid use 99.9 

Cognitive performance score 19.7 Mean CBFv change to 
upright minimum 96.5 

Previous stroke 16.8 Diastolic CBFv change to 
upright minimum 89.7 

Activities of daily living score 11.9 Systolic CBFv change to 
upright minimum 80.5 

% 2-minute SBP recovery 8.5 Supine diastolic CBFv 73.8 

Consensus SBP change 7.1 Supine systolic CBFv 58.1 

Supine SBP 7.1 Supine mean CBFv 55.7 

Early CO change 6.6 Age 19.2 

Age 5.1 Gender 12.4 

Delayed SBP change 5.1 Previous stroke 9.6 

Initial SBP change 4.6   

Late CO change 4.5   

Late SV change 4.0   

Early SV change 3.9   

Gender 3.7   

Abbreviations: systolic blood pressure (SBP; cardiac output (CO); stroke volume (SV); 
cerebral blood flow velocity (CBFv); posterior probability (PP). All variables are ranked 
from highest to lowest probability. 
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4.3. Discussion 

This study tested a small cohort of older adults living in long-term care to examine the 

relationship between cardiovascular responses to orthostatic stress and falling history. 

Through the use of beat-to-beat blood pressure technology and CBFv measurements, 

we have found 4 key findings. We showed that retrospective fallers had larger delayed 

declines in systolic blood pressure in comparison to non-fallers (p=0.031). Fallers also 

showed poorer recovery of blood pressure from the early test intervals (p=0.048). 

Additionally, fallers had a greater decline in systolic CBFv during PSOST (p=0.028). 

Finally, a BMA approach supported our retrospective results in showing evidence that 

blood pressure recovery, as well as several parameters of CBFv measurements may be 

important variables for inclusion in multivariable analyses of risk factors for falls.  

4.3.1. Retrospective analysis 

We found that the decrease in systolic blood pressure during the delayed period of a 

passive seated orthostatic stress (between 3 and 15 minutes upright) was significantly 

larger in the falling group compared to the non-falling group. To the best of our 

knowledge, this is the first such study to include delayed blood pressure declines as one 

of the explanatory variables of interest. Most other studies have used the 1996 

consensus definition along with a manual sphygmomanometer (Rutan et al., 1992; 

Tinetti et al., 1994; Graafmans et al., 1996; Luukinen et al., 1996; Ooi et al., 2000; Kario 

et al., 2001; Tromp et al., 2001; Gangavati et al., 2011); this has prevented 

measurement of acute (initial) blood pressure declines and delayed declines, as well as 

potentially missing sudden perturbations that could only be detected using beat-to-beat 

technology. Interestingly, of the 31 participants (57.4%) of our total sample who met the 

hemodynamic criteria for OH (-20 mmHg systolic or -10 mmHg diastolic) at any point 

during the test, 16 (51.5%) showed an OH response after 3 minutes time, 8 (25.8%) of 

whom exclusively had a delayed blood pressure decline. This is similar to a study by 

Fotherby et al. (1997), who conducted manual sphygmomanometer readings on 85 

elderly hospital patients after active standing and found that hemodynamic OH 

presented in 13 of the 19 (68%) subjects with systolic OH after 3 minutes of standing 

(Fotherby et al., 1997). 
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We also demonstrated that retrospective fallers tended to have a poorer recovery of 

systolic blood pressure between 3 and 5 minutes of their being upright. Heitterachi et al. 

(2002) demonstrated in a similar study in community dwelling older adults that fallers 

showed poorer recovery of blood pressure both immediately after tilt and at 3 minutes 

(Heitterachi et al., 2002). The % recovery during the initial period (between 1-2 minutes) 

was lower in our falling group (106.67±1.89%) compared to the non-falling group 

(113.36±2.94%), but did not quite reach statistical significance (p=0.064). Another study 

that examined differences in orthostatic blood pressure responses in relation to frailty 

found that the acute recovery of systolic blood pressure was smaller with increasing 

severity of frailty (Romero-Ortuno et al., 2011), which is an independent predictor for 

falls (Fried et al., 2001). 

Finally, we found that the overall decline in systolic CBFv was larger in fallers compared 

to non-fallers. Declines in CBFv in response to an orthostatic stress have previously 

been shown to be associated with symptoms of orthostatic intolerance (Rickards et al., 

2007). To the best of our knowledge, this is the first study to demonstrate that 

differences exist between fallers and non-fallers in responses to an orthostatic stress. 

Sorond et al. (2010) found a marginal association between cerebral vasoreactivity to 

CO2 and prospective falling rate in a large cohort of community dwelling older adults 

(Sorond et al., 2010). Although participants participated in a sit-to-stand test with 1 

minute of CBFv recording after standing, they did not report any results relating to an 

association between orthostatic CBFv declines and falling risk.  

4.3.2. Prospective analysis 

We used a BMA approach to identify variables that would best fit in a multivariable 

model predicting falling rate in this group.  The goal of this approach was to see how well 

parameters derived from the cardiovascular risk assessment would contribute in a model 

containing other prominent falling risk factors. Analysis of our full data set revealed 3 

parameters for which there were varying degrees of evidence for an effect on 

prospective falling rate in this population group: mobility (strong evidence); gait 

impairment (evidence); and % 5-minute systolic blood pressure recovery (evidence). 

Given that the number of potential risk factors for falls can reportedly range from 25 to as 

high as 400 (Oakley et al., 1996; Soriano et al., 2007), it was not surprising to find that 
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several common risk factors for falls were associated with falling rate. Mobility and gait 

impairment have been previously identified as strong intrinsic risk factors for falls (Masud 

& Morris, 2001; Ganz et al., 2007). However, the finding that there was evidence that 

blood pressure recovery was an important parameter was both in line with the findings 

from the retrospective analysis, but also identified a novel hemodynamic risk factor that 

was more strongly related to falling rate than many other more commonly reported 

intrinsic risk factors included in this analysis (age, gender, impaired activities of daily 

living score, previous stroke, and cognitive performance score). 

The BMA of the CBFv subset identified 3 common intrinsic risk factors for falls: gait 

impairments (very strong evidence); dementia other than Alzheimer’s disease (very 

strong evidence); and mobility (very strong evidence). This analysis also found several 

cerebrovascular variables that had varying degrees of evidence for an effect on falling 

rate in this population group. We found that mean CBFv change to upright minimum had 

strong evidence for an effect and diastolic CBFv change to upright minimum showed 

evidence for an effect. Additionally, in corroboration with our retrospective findings, there 

was evidence that systolic CBFv changes to upright minimum were associated with 

falling rate. Finally, mean, systolic, and diastolic supine CBFv showed weak evidence for 

an effect. These data illustrate the potential importance of cerebrovascular functioning in 

falling risk compared to other traditional risk factors for falls. There are remaining 

questions as to the specific mechanisms by which these parameters are linked with 

falling. For instance, does a relationship exist between severe blood pressure declines, 

cerebrovascular declines, and falling risk? Or, do these cardiovascular parameters 

interact with other risk factors that may are related to falls?  

Given that this analysis was performed in a small data set, these findings are highly 

specific to this population group. A larger comprehensive study of falling risk may 

provide more clear identification of which specific cardiovascular parameters may be the 

best identifiers for cardiovascular risk for falls. Overall, we have demonstrated through 

the use of a comprehensive assessment of hemodynamic and cerebrovascular 

responses to orthostasis, the existence of novel relationships between cardiovascular 

risk and falling history. This findings outline potential methodology and variables that 

should be included in future studies wishing to identify cardiovascular risk factors for 

falls. 
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4.3.3. Limitations 

This study has several limitations. First, we have attempted to evaluate the theoretical 

relationship between hemodynamic and cerebrovascular responses to orthostatic stress 

and falling risk; however, it is clear that in older adults in long-term care, there are many 

potential risk factors for falls. From the present study, we cannot determine the relative 

contribution of these hemodynamic and cerebrovascular data towards the overall falling 

risk in these individuals. For instance, in contrast to our retrospective findings there was 

little evidence that delayed systolic blood pressure declines or the % 2-minute systolic 

blood pressure recovery were important variables in the BMA analysis of prospective 

falling history. Additionally, the average change in systolic CBFv to upright, which was 

the only significant cerebrovascular difference between retrospective fallers was not the 

strongest cerebrovascular maker selected in the BMA analysis. We feel that these 

inconsistencies do not take away from our overall findings, given that we examined two 

separate time periods using two different outcome measures for falls. Furthermore, it is 

unclear whether these results would apply equally well to community dwelling older 

adults. 

The mean systolic blood pressure changes during the initial and consensus period were 

lower in retrospective fallers compared to non-fallers. As other studies have shown a 

relationship between the consensus decline and falling risk (Rutan et al., 1992; 

Graafmans et al., 1996; Heitterachi et al., 2002; van der Velde et al., 2007), it is possible 

that these differences are clinically relevant. Given our relatively small sample size, it is 

still important to incorporate these other definitions of OH in future studies in this area.  

We also found great disparity in the proportion of individuals meeting different OH 

criteria. In fact, when we used the most recent 2011 consensus definition, which has a 

requirement for a sustained blood pressure decline in order to qualify as OH, a very low 

proportion of our cohort met this criterion. Most previous studies have used the 1996 

consensus criteria, which will greatly overestimate OH prevalence in comparison to the 

2011 criteria. Future studies must be highly explicit in defining how blood pressure 

declines are calculated, especially if beat-to-beat recordings are made. Studies wishing 

to make manual sphygmomanometer measurements may not be able to accurately 
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assess OH prevalence according to the 2011 consensus statement, as there is no way 

of accurately assessing if a blood pressure decline is sustained. 

Additionally, we cannot fully identify other cardiovascular events such as cardiac 

arrhythmias or other forms of syncope that could potentially be presenting as falls in 

these individuals (Kenny, 2003; Damian et al., 2013). However, we do know from the 

MDS document that none of these participants were listed as having any previous 

“problems with syncope”. We also know that although a number of residents had 

underlying cardiac arrhythmias, there was no evidence of a difference in the prevalence 

between retrospective fallers and non-fallers based on the 12-lead ECG data collected. 

Atrial fibrillation was present in 16.7% of all individuals (5 retrospective fallers; 3 non-

fallers). Sanders et al. (2012) showed in a sample of 442 older adult patients presenting 

with falls, that the prevalence of atrial fibrillation was significantly higher in those 

presenting with an non-accidental fall (a fall that occurred in the absence of slipping or 

tripping) in comparison to those reporting a accidental fall (Sanders et al., 2012). Future 

studies may wish to explore whether the presence of cardiac arrhythmias impacts falling 

risk in the long-term care population using more sophisticated techniques for detecting 

arrhythmias in cases of unexplained syncope, such as Holter monitoring (Gauer, 2011).  

It was not possible to obtain measures of CBFv in every subject we tested. The 

transcranial Doppler ultrasound device cannot insonate the cerebral vasculature if the 

signal cannot penetrate through the skull; this can occur due to hyperostosis (Sorond et 

al., 2010). Two large population based studies in older adults have found failure rates of 

33% and 35% respectively (Ruitenberg et al., 2005; Sorond et al., 2010). The failure rate 

in our group was comparable at 40.7%. Our rate may be slightly higher due to our 

population group, as these other studies were conducted in community dwelling older 

adults, who were on average younger and healthier than our long-term care group.  

We have previously shown that the PSOST is an effective passive orthostatic stress test 

that shows similar acute responses for blood pressure and CBFv in comparison to 

HUTT. This was important validation for our use of PSOST in this study, as its use was 

imperative to successfully test a greater number of subjects than we could have done 

using other common orthostatic stress tests, such as lying to standing or sit-to-stand 

test. However, we conducted our previous testing on a population group of young 
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healthy adults. We cannot be certain that the similarities between PSOST and HUTT 

would extend to this group of older adults. 

Due to the daily routine of the care-facilities, as well as the need to transport our 

equipment to these facilities for off-site data collection, we were unable to test all 

subjects at the same time of day and did not perform any repeated tests. This may be 

important given that a high proportion of older adults can have postprandial hypotension 

(Vloet et al., 2005), and there is evidence that repeated blood pressure testing can be 

required to detect OH (Gupta & Lipsitz, 2007). However, a recent study by Lewis et al. 

(2011) found in young subjects that there was no effect for time of day on initial and 

delayed orthostatic blood pressure responses to standing and HUTT (Lewis et al., 2011). 

Additionally, a recent study of community dwelling older adults did not find the timing of 

food ingestion or the time of day to affect orthostatic blood pressure responses (Fan et 

al., 2012). 

4.3.4. Conclusions 

This study has two main implications. Firstly, it provided additional evidence to better 

understand the association between OH and falls, primarily through evaluating relatively 

novel transient blood pressure and cerebrovascular responses to orthostatic stress using 

beat-to-beat technology. This identified delayed systolic blood pressured declines and 

the acute blood pressure recovery as novel hemodynamic markers that may be 

important for use in future work examining susceptibility to fall in older adults. 

Additionally, this study added important information by examining the cerebrovascular 

responses to orthostatic stress in relation to falling history, which has never been 

performed in institutionalised elderly individuals, despite their high reported incidence of 

both OH and falls. We identified a greater decline in systolic CBFv between fallers and 

non-fallers. 

Secondly, this study provided practical evidence using the PSOST for developing new 

methods of measuring blood pressure responses to orthostatic stress in long-term care 

facilities. One study has suggested that only 67% of residents with hypertension, and 

37% of residents with hypotension are actually having this data recorded on their MDS 

upon entry into a long-term care facility from hospital (Wodchis et al., 2008). These 
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diagnoses are important not only for identifying the 5-10% of individuals at risk of falls 

resulting from blood pressure impairments, but also for accurately identifying who has 

OH, given its association with mortality and other severe pathologies (Masaki et al., 

1998; Rose et al., 2000; Hossain et al., 2001; Satish et al., 2001; Heitterachi et al., 2002; 

Luukinen et al., 2004; Verwoert et al., 2008). With proper identification, simple treatment 

options can be put in place to help manage the problem (Carey & Potter, 2001). It is 

clear that at the present time the identification of blood pressure abnormalities and OH in 

residents in long-term is inadequate and further research is needed. 
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5. Final discussion 

Falls are devastating events in older adults, affecting nearly 1 in 3 individuals over the 

age of 65 each year (O'Loughlin et al., 1993; World Health Organization, 2007; Hosseini 

& Hosseini, 2008). In the United States, 75% of mortalities resulting from falls occur in 

older adults (Rubenstein, 2006). The cost per fall is suggested to range from $10,000 to 

$28,000 U.S., amounting to a national cost of as much as $23 billion annually (Davis et 

al., 2010). A better understanding of the mechanisms and causes of falls in older adults 

is warranted. 

OH has been found to increase risk of mortality and has been associated with a number 

of diseases including stroke, myocardial infarction, and coronary artery disease (Masaki 

et al., 1998; Rose et al., 2000; Hossain et al., 2001; Luukinen et al., 2004; Verwoert et 

al., 2008) The prevalence of OH has been shown to rise with age (Masaki et al., 1998; 

Shibao et al., 2007; Hiitola et al., 2009), and is thought to be between 10-30% in 

ambulatory older adults (Low, 2008). It is estimated that between 3-10% of falls may be 

occurring secondary to abnormal blood pressure responses such as OH (Heitterachi et 

al., 2002; Rubenstein, 2006). This equates to approximately $2.3 billion of reported total 

health care costs in the United States incurred as a result of fall related injuries in older 

adults in a given year (Davis et al., 2010). Although there a number of theoretical 

mechanisms by which OH could impact falling risk, there are a number of challenges in 

understanding this relationship. 

There are a lack of standardized clinical protocols currently used for the diagnosis of OH 

(Carlson, 1999). One reason for this is a lack of standardized orthostatic stress 

assessments. The first study presented in this thesis compared the cardiovascular 

responses between two passive orthostatic stress tests: HUTT, the ‘gold-standard’ in 

orthostatic stress testing (Petersen et al., 1995; Winker et al., 2005; Cooke et al., 2009; 

Protheroe et al., 2013); and PSOST, a relatively novel assessment for potential use in 

older adults with various morbidities. This study provided valuable insight into the acute 
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and longer duration cardiovascular responses to these two assessments.  We found 

evidence that the blood pressure responses are in fact quite similar for the early (first 3 

minutes) of the test in both test modalities. This provides good evidence that PSOST 

may be a surrogate for HUTT in assessing acute blood pressure responses to 

orthostatic stress. These findings are in contrast to a study by Rickards & Newman 

(2003) who found that the squat to stand test, an active orthostatic stress test, seemed 

to be a stronger orthostatic stimulus than HUTT, producing larger immediate decreases 

in diastolic blood pressure and mean arterial pressure (Rickards & Newman, 2003). This 

study also did not examine acute cerebrovascular responses between the two tests. Our 

study found that there were no differences in CBFv at any point between the two tests. 

This is valuable given that CBFv has been previously noted to decrease in response to 

orthostatic stress (Franke et al., 2006), and may be associated with symptomatic OH 

(van Osch et al., 2005; Rickards et al., 2007). 

We did find that HUTT produced a more substantial decrease in delayed systolic blood 

pressure, as well as more pronounced heart rate increases during all test intervals. 

Additionally we found that the decline in stroke volume was more pronounced in all test 

intervals. However, there was no difference in total peripheral resistance over the two 

tests. This suggests that the passive position change occurring during HUTT elicits 

greater blood pooling in the lower limbs; this may cause the greater reduction in stroke 

volume we have seen during HUTT, and the larger rise in heart rate in order to maintain 

cardiac output. It may be possible to correct for the heart rate discrepancy using a 

calibration equation such as the one provided in the present study; however further work 

may be needed to fully explore the strength of this relationship between the two tests 

before being used for prediction. Overall, this study provides evidence that the acute 

blood pressure and cerebrovascular responses between HUTT and PSOST may be 

quite similar. 

We then utilized the PSOST test in a cohort of older adults in long-term care to assess 

the relationship between blood pressure responses to orthostasis and falling 

susceptibility. Some previous studies suggest that the presence of OH may be a risk 

factor for falls (Rutan et al., 1992; Tinetti et al., 1994; Graafmans et al., 1996; Ooi et al., 

2000; Heitterachi et al., 2002; Gangavati et al., 2011). In these studies, the average 

odds ratio or relative risk for OH in fallers was found to be 2.2 (range 1.7- 2.6). Other 
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studies have found no association between the two variables (Luukinen et al., 1996; 

Kario et al., 2001; Tromp et al., 2001; Maurer et al., 2004). This may be related to a 

number of different methodologies adopted, lack of sophisticated measurement devices 

used, and a wide variety of orthostatic stress test procedures that were used between 

each study. In fact, one study assessing nursing staff in the Netherlands suggests that 

current practices in assessing orthostatic blood pressure responses lead to inaccurate 

recordings and misdiagnosis of OH (Vloet et al., 2002). We sought to include recent 

definitions for evaluating OH (Freeman et al., 2011), as well as evaluate the 

cerebrovascular responses to orthostasis, a potential downstream mechanism linking 

OH to falls. 

We found that retrospective fallers had larger decreases in delayed systolic blood 

pressure and systolic CBFv in comparison to non-fallers, as well as poorer recovery of 

blood pressure, after exposure to orthostasis. To the best of our knowledge, this is the 

first study to examine relationships between blood pressure responses after 3 minutes 

and fall susceptibility. Additionally, only one other study has examined cerebrovascular 

responses in relation to falling risk (Sorond et al., 2010). This study did not report 

changes in CBFv in response to a sit to stand test; however they did find a marginal 

association between cerebral vasoreactivity to CO2 and falling risk. 

We also used BMA to select variables for inclusion in hypothetical multivariable negative 

binomial regression models of prospective falling rate. In addition to identifying a number 

of common risk factors for falls through this approach, we also found that certain 

cardiovascular and cerebrovascular parameters obtained through cardiovascular risk 

assessment showed varying degrees of evidence for inclusion in the multivariable 

models. In fact, these factors had greater evidence for an effect of falling rate in this 

population group than other common falling risk factors in the literature. Despite our 

small sample, we believe that we have identified novel cardiovascular parameters that 

should be included in future studies examining risk factors for fall, as well as studies that 

wish to select the best measures for identifying older adults at risk of falls secondary to 

cardiovascular impairments. 

Overall, we believe that these studies provide valuable insight towards understanding 

the cardiovascular responses to PSOST, and how it compares to HUTT. We also feel 
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that we have identified new variables and measures that may be important in 

understanding the relationship between OH and falls in older adults. 



 

90 

6. Future directions 

This thesis has provided important physiological information about the practicality of the 

PSOST as a novel orthostatic stress test for older adults. Although utilised in other 

populations, this test has not been used in previous literature in this field and we have 

demonstrated that it holds promise towards being a safe, effective test that the vast 

majority of older adults can complete without difficulty. Future works may want to assess 

physiological responses to PSOST and HUTT in healthy community dwelling older 

adults. This may provide more precise estimates of how blood pressure, heart rate, and 

cerebrovascular responses to PSOST compare to HUTT in a more similar population 

group to older adults in long-term care. This would be extremely valuable when making 

inferences in older adults suffering from greater disability. In fact, we may ultimately be 

able to make a prediction from PSOST as to what the responses may be during HUTT. 

As HUTT is one of the assessments used in the current definition for OH (Freeman et 

al., 2011), this may help in correctly identifying those older adults with OH.  

This study overcame several limitations from previous studies examining the relationship 

between OH and falls. These included using beat-to-beat blood pressure technology, 

updated definitions for the blood pressure responses to orthostasis and using 

transcranial Doppler ultrasonography to evaluate cerebrovascular responses in older 

adults in long term care. The results identified new variables that may be important 

predictors for cardiovascular causes of falls in older adults. This provides valuable 

information for other groups in terms of methodological considerations and variable 

selection when attempting to identify cardiovascular risk factors for falls in future studies.  

It is important to gain further understanding as to the precise mechanisms by which 

blood pressure impairments impact falling risk. For instance, could OH impact falling risk 

through a direct or indirect mechanism?  It has been shown previously that individuals 

with Parkinson’s disease or diabetes with OH have poorer balance scores in comparison 

to those without OH (Cordeiro et al., 2009; Matinolli et al., 2009; Hohler et al., 2012). 
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Future studies may wish to test if individuals with impaired cardiovascular responses to 

orthostasis have poorer balance in comparison to others without these blood pressure 

impairments. Additionally, it would be valuable to assess if a relationship exists between 

fall characteristics from video analysis and cardiovascular risk factors for falling. 

Overall, this thesis has the potential to help promote better clinical practices in identifying 

older adults at risk of falls resulting from blood pressure disturbances. Only once 

effective diagnostic practices are in place can that risk be accurately evaluated and 

effective treatment options and therapies be considered. 
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Physiology 590, 2841-2843. 
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Appendix A.  
 
Ethics approval letters 

1. The effect of orthostatic stress test type on blood pressure control 

2. Cause and circumstances of falls in older adults as determined by videos and wearable 

sensors 

3. M.Sc. Thesis submission ethical approval - Mr Brett Shaw 
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Appendix B.  
 
Informed consent forms 

1. Signed photo release consent form (Figure 1.2) 

2. The effect of orthostatic stress test type on blood pressure control 

3. Cause and circumstances of falls in long-term care: Consent form A 

4. Cause and circumstances of falls in long-term care: Consent form B 
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Appendix C.  
 
Minimum Data Set 

1. Minimum Data Set version 2.0 

2. Summary score calculations. 

Note. Cognitive Performance Score shown was altered to reflect coding pattern used 

during analysis. 
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