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Abstract  Orthostatic hypotension (OH) is an 
established and common cardiovascular risk factor 
for falls. An in-depth understanding of the various 
interacting pathophysiological pathways contributing 
to OH-related falls is essential to guide improvements 
in diagnostic and treatment opportunities. We applied 
systems thinking to multidisciplinary map out causal 
mechanisms and risk factors. For this, we used group 
model building (GMB) to develop a causal loop 
diagram (CLD). The GMB was based on the input 
of experts from multiple domains related to OH and 
falls and all proposed mechanisms were supported 

by scientific literature. Our CLD is a conceptual 
representation of factors involved in OH-related 
falls, and their interrelatedness. Network analysis 
and feedback loops were applied to analyze and 
interpret the CLD, and quantitatively summarize the 
function and relative importance of the variables. 
Our CLD contains 50 variables distributed over 
three intrinsic domains (cerebral, cardiovascular, 
and musculoskeletal), and an extrinsic domain (e.g., 
medications). Between the variables, 181 connections 
and 65 feedback loops were identified. Decreased 
cerebral blood flow, low blood pressure, impaired 
baroreflex activity, and physical inactivity were 
identified as key factors involved in OH-related falls, 
based on their high centralities. Our CLD reflects the 
multifactorial pathophysiology of OH-related falls. It 
enables us to identify key elements, suggesting their 
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potential for new diagnostic and treatment approaches 
in fall prevention. The interactive online CLD renders 
it suitable for both research and educational purposes 
and this CLD is the first step in the development of a 
computational model for simulating the effects of risk 
factors on falls.

Keywords  Orthostatic hypotension · Falls · Older 
adults · Geriatrics · Causal loop diagram · Group 
model building

Introduction

Falls among older adults are a major and increasing 
public health problem. Annually, one-third of individ-
uals over the age of 65 falls at least once, and 20% of 
these falls lead to severe injuries [1–3]. Falls are often 
multifactorial. In unexplained and recurrent falls, car-
diovascular diseases are relatively frequently present, 
but not always recognized [4, 5].

Orthostatic hypotension (OH) is an established and 
one of the most common cardiovascular risk factors 
for falls [6, 7]. Thus, as recommended by the recently 
published World Guidelines on Falls Prevention, 
assessment and treatment of OH is a standard com-
ponent of the multifactorial fall prevention approach 
[4]. A recent systematic review and meta-analysis 
[8] showed an almost doubled risk of falls in older 
adults for (OR 1.73; 95% CI 1.50–1.99). The inci-
dence of OH increases with age and has been shown 
to contribute to up to one-third of the fall incidents 

in older individuals [6, 7, 9]. Analogous to falls, OH 
has a multifactorial etiology [10, 11], making OH-
related falls a particularly complex health concern. 
The best-known pathway from OH to falls involves 
the direct effect of inadequate brain perfusion upon 
standing [12]. However, various other contributing 
mechanisms are involved and needs to be considered 
in older adults. For example, cerebral white mat-
ter lesions (resulting from recurrent episodes of cer-
ebral hypoperfusion due to OH) may lead to motor 
dysfunction or cognitive impairment, which in turn 
contribute to falls indirectly [13]. Also, OH is linked 
to poorer physical functioning, which is a fall risk 
factor [14]. However, most studies in the field are 
observational in nature, and generally focused on 
single pathophysiological routes. A comprehensive 
understanding of the interactions between causes is 
lacking and these studies do not capture the complex 
interactions of other intrinsic and extrinsic risk fac-
tors superimposed on the normal aging process of the 
individual. An in-depth understanding of the various 
interacting pathophysiological pathways contribut-
ing to OH-related falls is essential to identify criti-
cal fall preventive factors and such an overarching 
understanding requires interdisciplinary collaboration 
between disciplines that now mainly focus on single 
pathophysiological routes.

Applying systems thinking offers a methodol-
ogy to understand the behavior of complex systems 
[15–18] and thus be helpful in unraveling the interac-
tions and pathways between OH and falls. An impor-
tant concept in systems thinking is the causal loop 
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diagram (CLD) [18]: a conceptual model of relevant 
mechanisms and interactions developed by experts 
in the field, which can highlight the dynamic nature 
of an issue and help explore the multiple, interact-
ing feedback mechanisms within a system of interest 
[19]. This can lead to an improved understanding of a 
complex system, such as OH-related falls. Thus, the 
aim of this study was to develop an expert consensus 
CLD on OH-related falls, by combining and weigh-
ing existing and evolving evidence of the processes 
involved and to identify those factors with the highest 
fall preventive potential for use in clinical practice.

Methods

Group model building

Our CLD was developed by following the struc-
ture of Group Model Building (GMB) approach, 
a participatory system thinking approach in which 
experts engage in the process of developing concep-
tual or computational models [20–22]. In GMB, the 
perceptions and knowledge of experts are elicited 
and captured in a shared model, which is the result 
of consensus in the group, and the resulting model is 
a summary of explicit, tested, and integrated knowl-
edge of the group [17, 21, 22]. For the formation of 
our (national and international) expert group (Supple-
mentary Table 1), we identified the clinical areas of 
knowledge relevant to OH-related falls, namely inter-
nal medicine, geriatrics, physiology, clinical phar-
macology, rehabilitation medicine, cardiology, and 
neurology as well as methodological experts from 
the field of computational science, knowledgeable on 
the clinical subject. We aimed to include a variety of 
expertise, but also ensure some overlap. The experts 
were derived from established groups, namely the 
Dutch Syncope Society and the European Geriatric 
Medicine Society (EuGMS) Special Interest Group 
on Falls and Fractures. Methodological experts (com-
putational science) were invited through the network 
of consortium members. This resulted in a total of 
16 national and international experts. The study was 
conducted according to the principles in the Dec-
laration of Helsinki. The study was exempted from 
ethical approval as there was no infringement of the 
physical and/or psychological integrity of the partici-
pants. Before participating in the project, the experts 

received written information about the background, 
aims, and process of the project. Consent to partici-
pate was given before entering the project.

First, we held three general GMB sessions result-
ing in the backbone structure of the CLD. Based 
on the first findings, the variables were categorized 
into three intrinsic domains (cerebral, cardiovascu-
lar, and musculoskeletal), and one extrinsic domain 
that included variables devoid of incoming connec-
tions (including relevant medications, temperature, 
and alcohol variables). Subsequently, nine domain-
specific subgroup sessions were organized based on 
the main research topics of the experts. The meetings 
were organized over the course of one year (2021), 
with several weeks in between. Length of the meet-
ings varied between 1.5 and 3 h.

During the GMB meetings, a facilitator led the 
GMB discussions, and a computational modeler 
sketched the connections in the CLD (Vensim, Ven-
tana Systems Inc. 2022) in real time. A graphical 
representation of the GMB approach for develop-
ing a CLD is shown in Fig. 1. First, each expert was 
encouraged to propose three variables the expert 
deemed most relevant, and to suggest how these vari-
ables would be linked to other variables in the CLD. 
After that, a plenary discussion followed until a con-
sensus was reached on the new variables and connec-
tions. All connections were confirmed by scientific 
evidence from the literature, where after each meeting 
experts were asked to provide relevant literature for 
their included variables and connections and a com-
prehensive literature search was conducted to find rel-
evant literature for the included variables and connec-
tions. If after reviewing the published literature and 
consultations with the experts there remained uncer-
tainties about the validity of connections, the connec-
tions were considered hypothetical.

Causal loop diagram

A CLD is a graphical representation of different path-
ways describing the factors (called nodes) and their 
interrelatedness (called connections, both known and 
hypothesized) relevant to complex problems under 
study [18, 23]. Positively connected variables in the 
CLD (displayed as “+”) follow the same direction: 
when a causal variable increases, the variable it is linked 
to also increases; if the variable decreases, its linked 
variable also decreases. Negatively connected variables 
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(“−”) have an opposite direction; when a causal vari-
able increases, the variable it is linked to decreases, and 
vice versa [18, 24]. For some connections, the polarity 
can change depending on certain conditions. For exam-
ple, the negative polarity from blood pressure to stroke 
volume can change when blood pressure gets too high 
(Frank-Starling mechanism) [25]. In general, when 
heart rate increases, stroke volume increases as well. 
However, when heart rate increases too high, stroke vol-
ume decreases [26]. Connections like these have double 
polarity in the CLD (“+/−”).

Feedback loops are important features within a 
CLD [18]. Reinforcing feedback loops (displayed as 
“R”) accelerate/strengthen change and potentially dis-
turb the system, whereas balancing feedback loops 
(“B” sign) counteract change and promote stabiliza-
tion of the system [18, 23, 24]. Hypothesized loops 
(“H” sign) can be either reinforcing or balancing but 
contain connections for which evidence from the lit-
erature is limited or evolving. Loops up to length 5 
were identified, using Vensim [24], and the potential 
clinical relevance was described in a narrative in the 
results section. Also, an interactive (visualization) of 
the CLD was created in Kumu (2022; https://​kumuio/​
2022) [27] to allow visual inspection and analysis 
of the CLD, and to easily navigate the CLD and the 
underlying scientific evidence for variables and links 
between variables.

Network analysis

The resulting CLD is represented as a graph or net-
work of relationships among a set of variables and 

thus can be interpreted to form a network struc-
ture. Network analysis provides a suite of quanti-
tative techniques that can summarize the structure 
of a network and quantify the importance of its 
elements [27, 28]. Network analysis on the CLD 
may facilitate the identification of the key drivers 
in CLDs by quantifying their structural importance 
in the system [27]. Although the identification of 
feedback loops can be seen as a form of analyz-
ing the network [28], betweenness centrality (BC) 
and closeness centrality (CC) are frequently used 
measures for network analysis [29]. BC measures 
the extent to which each variable (node) lies on 
the shortest paths between other variables (nodes) 
in the network [27, 30]. High BC variables might 
therefore have a mediating function, making them 
potential targets for interventions [18, 29–31]. As a 
complementary, CC measures how close a variable 
(node) is to the other variables (nodes) in a network 
[30]. It may relate to the speed or efficiency with 
which one variable connects to other variables [29, 
31]. Variables with high CC have the shortest dis-
tance to many other variables, suggesting that they 
may rapidly exert their effects in the network. Vari-
ables with both high BC and CC may play a cen-
tral role in the CLD and could be relevant to inform 
potential intervention approaches [18, 29]. Analy-
sis and interactive visualization of the network 
analysis was conducted using the Kumu [], which 
applies well-established algorithms for computing 
network statistics, based on the algorithm for cal-
culating shortest paths provided by Freeman and 
Brandes [30–32].

Fig. 1   Schematic repre-
sentation of the process 
for group model building 
to develop a causal loop 
diagram
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Results

Our CLD contains 50 variables and 181 connections 
between them (Supplementary Fig. 1). An interactive 
version of the CLD can be found online (https://​falls​
cld.​kumu.​io/​under​stand​ing-​the-​multi​causa​lity-​betwe​
en-​ortho​static-​hypot​ension-​and-​falls-​19a96​c2e-​a7a1-​
47b0-​a3bf-​53d6e​a837d​de). Three main intrinsic 
domains (cerebral, cardiovascular, and musculoskel-
etal) of causal loop diagram for orthostatic hypo-
tension-related falls are shown in Fig.  2. Variable 
definitions and supporting literature evidence for the 
connections can be found in Supplementary Tables 2 
and 3. We identified 65 feedback loops (37 reinforc-
ing, 21 balancing, and 7 hypothesized) in the CLD. 
An overview of all the identified feedback loops can 
be found in Supplementary Table 4. An overview of 
betweenness and closeness centrality for the variables 
in the CLD is shown in Fig. 3. In this section, we first 
describe the main physiological balance system and 
then report the results from three intrinsic domains 
(cerebral, cardiovascular, and musculoskeletal), and 
one extrinsic domain.

The main physiological balancing systems that 
ensure the maintenance of cerebral perfusion upon 
standing are shown in B1, B3, and B11 (Fig.  4a, b 
and Supplementary Table 4). A change from supine 
to standing position leads to pooling of blood (up to 
1L) in the lower extremities and splanchnic vascu-
lature, decreasing venous return and stroke volume 
and subsequently causing a drop in blood pressure. 
In order to restore blood pressure and maintain ade-
quate cerebral blood flow, different balancing physi-
ological/homeostatic effects act in concert [33]: when 
blood pressure drops due to orthostatic challenge/
gravitational effects, baroreceptors, as part of the 
short-term blood pressure regulation, are unloaded to 
restore blood pressure (B9, Fig.  4b and Supplemen-
tary Table  4). Also, with (orthostatic) blood pres-
sure drops, cerebral blood flow decreases, and cer-
ebral oxygenation decreases, triggering diminished 
baroreflex firing, resulting in less vasodilation, there-
fore reducing the occurrence of OH (B9, B10, B11, 
Fig. 4b and Supplementary Table 4).

Cerebral domain

In the cerebral domain, cerebral blood flow has high 
BC (Fig.  3), connecting to various variables within 

Fig. 2   Three main intrinsic domains (cerebral, cardiovascular, 
and musculoskeletal) of causal loop diagram for orthostatic 
hypotension-related falls. The variables of the diagram were 
categorized into three intrinsic domains: cerebral (in red), cardi-
ovascular (in green), and musculoskeletal (in orange) based on 
the organ system, and the two key variables (in blue), with the 
(causal) connections between these variables. A positive con-
nection (+) represents an effect in the same direction, e.g., an 
increase/decrease in “X” causes similar change in “Y,” whereas 
a negative connection (−) represents an effect in the opposite 
direction, e.g., an increase/decrease in “X” causes opposite 
change in “Y.” A hypothesized connection is shown as a dotted 
line. Reinforcing feedback loops are indicated with “R,” balanc-
ing feedback loops with “B” and feedback loops that contained 
hypothesized (dotted) connection with “H.” The size of the 
variables is scaled by their betweenness centrality. An online 
interactive version is available at https://​falls​cld.​kumu.​io/​under​
stand​ing-​the-​multi​causa​lity-​betwe​en-​ortho​static-​hypot​ension-​
and-​falls-​19a96​c2e-​a7a1-​47b0-​a3bf-​53d6e​a837d​de
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and across domains (Fig.  4 and Supplementary 
Table  3 and 4). Given its high centrality, decreased 
cerebral blood flow could be a central factor from 
the cerebral domain in OH-related falls and may 
play a vital role in (pre)syncope. Cerebral blood flow 
directly influences cerebral oxygenation (positive 
polarity) with a (negative) connection to falls. When 
compensatory mechanisms are adequate, however, a 
decrease in cerebral oxygenation does not lead to a 
fall (e.g., loop B1, B10-B11, Supplementary Table 4).

Similarly, cerebral autoregulation is the mechanism 
that aims to stabilize or restore cerebral blood flow 
when there are changes in blood pressure. As can be 
seen in the CLD, baroreflex activity, blood pressure, 
arterial stiffness, and carbon dioxide (CO2) influence 
cerebral autoregulation. A decrease in cerebral blood 
flow decreases cerebral oxygenation, which decreases 

baroreflex activity, and consequently (hypothetically) 
activates cerebral autoregulation (hypothesized rein-
forcing loop H6, Fig.  4a, Supplementary Table  4). 
In turn, this increases cerebral vascular resistance, 
which further decreases cerebral blood flow (static 
autoregulation). It is controversial whether older age 
by itself is related to decreased function of cerebral 
autoregulation. Although mixed data have been pub-
lished, there is some evidence suggesting that with 
aging, cerebral autoregulation is negatively affected, 
but that these changes (if any) are only small [34, 
35]. With older age, baroreflexes become less sensi-
tive and there is slowing of blood pressure recovery 
[34, 36], rendering older adults to be more vulnerable 
for blood pressure drops than their younger counter-
parts, especially when they are dehydrated and/or 
use vasodilating medications (e.g., nitrates and alpha 

Fig. 3   The betweenness 
and closeness centrality for 
the variables in the causal 
loop diagram. The variables 
are ranked descending 
based on their betweenness 
centrality results
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Fig. 4   a–c Examples of 
some key feedback loops 
in orthostatic hypotension-
related falls
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blocking agents). As a result, it puts older adults at 
greater risk of changes in cerebral blood flow and 
consequently falls. In addition, carbon dioxide (CO2) 
is well-known for exerting potent cerebral blood flow 
responses [40] (B4 and B5, Supplementary Table 4), 
but its role is highly complex, and related to the speed 
in which blood pressure drops evolve.

Several hypothesized connections (involved in 
feedback loops) in the cerebral domain were pro-
posed by experts. For instance, microvascular cer-
ebral lesions may also contribute to OH-related falls 
(hypothetical H1–H5, Supplementary Table 4). In H2 
(Fig.  4a), there is a direct reinforcing feedback loop 
from cerebral blood flow to microvascular lesions, 
which presents the short-term/immediate negative 
effect of reduced cerebral blood flow (due to a drop in 
blood pressure) [37, 38]. Hypothetical loop H4 pre-
sents the long-term effect where repeatedly decreased 
cerebral oxygenation causes microvascular cerebral 
lesions, which negatively influences neurocognitive 
functioning [39, 40]. A recent prospective study, how-
ever, did not confirm that OH resulted in white matter 
lesions [41]. Cerebral lesions and cognitive disorders 
are also associated with fall risk [42].

Cardiovascular domain

In the cardiovascular domain, hypertension is a vari-
able with high BC and CC (Fig. 3). As such, it may 
play an essential role in OH-related falls. Noticeably, 
baroreflex activity is involved in multiple feedback 
loops (Supplementary Table 4), both reinforcing and 
balancing of the short-term blood pressure regula-
tion. The central role of baroreflex activity and its 
engagement in multiple feedback loops makes it vul-
nerable to disruption of the system. For instance, in 
R9 (Fig. 4b; Supplementary Table 4), the orthostatic 
blood pressure drop stimulates release of vasopres-
sin, which in turn increases baroreflex activity and 
results in blood pressure restoration [43–45]. In B11 
(Fig.  4b; Supplementary Table  4), a blood pressure 
drop decreases cerebral blood flow and cerebral oxy-
genation. Baroreflex activity decreases and vasocon-
striction in turn restores blood pressure. Inadequate 
baroreflex effects can have a significant contribution 
to OH-related falls. Multiple variables in our CLD 
(e.g., arterial stiffness, autonomic nervous system 
failure, and medications) can negatively influence 
baroreflex functioning. For example, in autonomic 

failure, compensatory increase in heart rate and vaso-
constriction are diminished/inadequate, potentially 
leading to OH. As seen in the CLD, cardiovascular 
diseases/conditions can have disruptive (reinforcing) 
effects when concomitantly present (R18–R26, Sup-
plementary Table 4).

Musculoskeletal domain

In the musculoskeletal domain, physical activity 
shows high centrality with the highest BC and high 
CC (Fig.  3). As a “mediator that connects the dif-
ferent organ systems,” physical inactivity influences 
both OH and falls through muscle strength, gait/bal-
ance performance, and cardiovascular variables (e.g., 
heart rate and cardiac output). Also note that physical 
activity is part of all the feedback loops in the mus-
culoskeletal domain. All identified feedback loops in 
this domain (Supplementary Table 4) are reinforcing 
and highly interrelated, implicating that changes in 
variables have the potential to disrupt or strengthen 
the system, not only in the musculoskeletal domain, 
but also in other domains. Physical activity and mus-
cle strength play a central role in the musculoskeletal 
domain of our CLD and have close connections to 
factors from the other domains. For example, in R31 
(Fig.  4c; Supplementary Table 4), decreased muscle 
strength (e.g., in sarcopenia) negatively affects OH 
by increased/prolonged venous pooling, resulting in 
decreased stroke volume and cardiac output; in turn, 
this reinforces the development of OH. Similarly, R29 
is nested in R31, indicating muscle strength also has 
a reinforcing negative influence on OH (Fig. 4c; Sup-
plementary Table 4). Furthermore, R30 (Supplemen-
tary Table  4) shows how falls can negatively influ-
ence fall risk through changes in muscle strength: 
falls can lead to fear of falling [46, 47], and conse-
quently, more physical inactivity with further loss of 
muscle mass [48].

Extrinsic domain

The extrinsic domain contains different medications, 
temperature, and alcohol intake. Most of the extrin-
sic variables have relatively high CC compared to the 
intrinsic variables, suggesting that the system can be 
influenced by external factors. Specifically, medica-
tions (e.g., antipsychotics, antidepressants, and beta-
blocking agents) have high CC (Fig.  3), indicating 
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that they may be contributors to OH-related falls. 
Moreover, medications, alcohol, and temperature 
influence various variables in our CLD across all 
three intrinsic domains. For instance, high tempera-
ture causes vasodilation and vasopressin release, 
both involved in cerebral blood flow feedback loops 
(B3, B8, and R6, Supplementary Table  4). In addi-
tion, medications with vasodilating properties and 
alcohol can promote venous pooling or vasodilation 
contributing to OH (R31, Fig. 4c). Considering these 
variables are “extrinsic” to the system, they may be 
modifiable risk factors and thus can be viewed as 
promising starting points for interventions (e.g., per-
forming a medication review, and switching culprit 
medications to safer alternatives).

Discussion

We developed a comprehensive conceptual model of 
50 variables involved in OH-related falls and identi-
fied which of these are most relevant. In the cerebral 
domain, we identified cerebral blood flow as a key 
factor in OH-related falls based on its high centrality. 
Cerebral hypoperfusion and reduced cerebral oxy-
genation contribute to OH and (pre)syncopal symp-
toms including falls [49]. There are several noninva-
sive diagnostic techniques to measure these variables. 
For example, cerebral blood flow can be assessed 
with transcranial Doppler, and cerebral oxygenation 
can be measured through near-infrared spectroscopy 
(NIRS). With NIRS, information related to regional 
cerebral blood flow and oxygenation can be captured 
real time [50]. For example, in patients with unex-
plained syncope, NIRS measurements showed a sig-
nificant decrease in frontal cerebral tissue oxygena-
tion saturation during the head-up tilt test, and loss of 
consciousness when cerebral tissue oxygenation fell 
below 60% [51]. Whether NIRS measurements are of 
benefit in falls prevention needs to be confirmed.

In the cardiovascular domain, we identified blood 
pressure as an essential “mediator” in OH-related 
falls based on its high BC. On the one hand, hypo-
tension can cause or aggravate OH, but the same is 
true for uncontrolled hypertension [52]. Uncontrolled 
hypertension also increases the risk of cardiovascular 
complications (e.g., myocardial infarction and heart 
failure with reduced ejection fraction) [53]. There-
fore, hypertension should be adequately treated in 

older patients, even in those at risk of falling. This 
was illustrated by the SPRINT trial [54], in which 
intensive blood pressure lowering was shown to be 
effective in preventing major cardiovascular events 
also demonstrated in the older (>75 years) partici-
pants with hypertension. In their study group, target-
ing systolic blood pressure to <120 mmHg appeared 
safe, without increasing the risk of (injurious) falls 
or syncope [55]. This was also demonstrated in the 
STEP study [56]. However, these studies excluded the 
frailer older adults [56]. In TILDA (The Irish Longi-
tudinal Study on Aging) cohort (≥75 years of age), 
the authors demonstrated a 5-fold higher rate of inju-
rious falls/syncope in participants who did not meet 
the SPRINT inclusion criteria compared to the rela-
tively healthy SPRINT participants [56]. Data from 
observational studies consistently show that too strict 
hypertension treatment may lead to OH and OH-
related falls [6].

In concurrence with this, a recent systematic 
review demonstrated that withdrawal of antihyperten-
sive medications in older people is safe [57]. In line 
with this, a non-randomized trial demonstrated that in 
frail older adults, OH can be improved by deprescrib-
ing antihypertensives, resulting in an reduction in 
OH-related falls risk [58]. It is therefore important to 
make personalized decisions in patients with hyper-
tension and take patient characteristics such as frailty 
into account [59]

Besides blood pressure, we also indicated the 
importance of impaired baroreflex activity as a key 
element in OH-related falls literature [43–45, 60]. 
Baroreflex activity is linked to stroke volume and 
heart rate. Because common age-related diseases/
conditions (e.g., heart failure, autonomic failure [44]) 
and commonly used medications in older adults (e.g., 
beta-blockers) have effects on stroke volume and/or 
heart rate, baroreflex activity may be an important 
target for fall preventive interventions in older adults.

We identified that in the musculoskeletal domain, 
all feedback loops involved physical activity, and 
that muscle strength and gait/balance performance 
are important contributing factors in OH-related falls 
proposed by experts. This is not surprising, as physi-
cal counter maneuvers (e.g., leg-crossing and squat-
ting) are well-established cornerstones of OH man-
agement, and exercise interventions (especially those 
targeting gait, balance, and muscle strength) have 
been proven their efficacy in falls prevention [61, 
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62]. Literature suggests that increased muscle tens-
ing likely reduces OH [61–63], but further research is 
necessary to confirm this.

Strengths and limitations

To our knowledge, we are the first to develop a com-
prehensive CLD within fall research. This approach 
is relatively novel in medical science and particu-
larly suitable for answering complex clinical research 
questions [18, 21] as needed to study falls prevention 
in older adults. We characterized the complex patho-
physiological pathways (and their interrelatedness) 
involved in OH-related falls. We combined evidence 
from the literature with expert knowledge from the 
fields of internal medicine, geriatrics, physiology, 
clinical pharmacology, cardiology, neurology, reha-
bilitation medicine, and computational science as 
input for our CLD. We applied network analysis to 
summarize and quantify the structure of our CLD, 
and thus generated original data. In the field of falls 
prevention, we are the first to develop a CLD and per-
form network analysis to quantify the strength of the 
connections and rank the importance of the variables. 
Our findings add to the knowledge base that until now 
has been confirmed to single pathways [8, 14]. To the 
best of our knowledge, in geriatric medicine, CLDs 
have only been developed in the field of cognition 
[18, 64]. In their CLD paper on Alzheimers’s disease, 
Uleman et  al. also conducted network analysis and 
feedback loop analysis to rank the importance of vari-
ables and further analyze their CLD [18].

Our study has several limitations. First, our aim 
was to capture and understand the most important 
mechanisms between OH and falls, based on the 
expertise in our project group. As a result, this CLD 
may not be a complete conceptual model of the topic. 
Second, the most important variables in this concep-
tual model are mainly determined based on static 
structural features (network analysis), which may not 
relate to the variables’ causal and dynamic impor-
tance in physiology. In addition, the CLD methodol-
ogy, without translating into a stock and flow model, 
is unable to account for time-dependent variations 
[15], whereas these variations are relevant to the path-
ways in our model. For example, cerebral autoregula-
tion depends on the speed of blood pressure changes 
(slow blood pressure changes are more effectively 

buffered than fast changes, whereas extremely fast 
changes cannot be buffered at all) [32].

Implications for clinical practice and future directives

Our CLD provides a comprehensive overview of 
the complex and multifactorial pathways involved in 
OH-related falls. The CLD is freely accessible online 
(https://​falls​cld.​kumu.​io/​under​stand​ing-​the-​multi​
causa​lity-​betwe​en-​ortho​static-​hypot​ension-​and-​falls-​
19a96​c2e-​a7a1-​47b0-​a3bf-​53d6e​a837d​de) and inter-
active in nature: by hovering, pathways of interest can 
be selected, while providing literature evidence for 
them. Therefore, our CLD can be used by healthcare 
professionals to reason about patients’ etiology and 
can also be used to explain to patients how their indi-
vidual risk factors contribute to their OH-related falls 
risk, and how this risk can be mitigated by interven-
tions aimed at reducing OH [19, 21].

Our CLD can also inform researchers in the field 
of falls prevention on the most promising targets for 
interventions aimed at reducing fall risk in older peo-
ple. This CLD can be considered a contemporary 
starting point for the research community. The field 
is evolving rapidly, however, and evidence on OH-
related falls continues to increase [8, 65]. We encour-
age colleagues to enhance and update our CLD based 
on the latest evidence, for example on our hypothe-
sized connections/pathways, especially in the cerebral 
domain (e.g., the role of measuring cerebral blood 
flow in falls prevention) [34, 51].

We used this CLD to identify the centrality of vari-
ables involved in OH-related falls and analyzed these 
variables mainly qualitatively with feedback loops 
[16, 18, 27, 66]. Next, we will develop a quantita-
tive systems dynamics model of this CLD [17]. This 
model will enable us to capture the dynamics of the 
processes related to OH and falls and estimate the 
effect size of fall preventive intervention strategies 
[67–69].

Conclusion

This CLD shows the relevance and feasibility of 
applying systems thinking and GMB to capture the 
complex and multifactorial pathophysiology of OH-
related falls by combining state-of-the-art knowl-
edge from the fields of geriatric medicine, neurology, 
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cardiology, physiology, rehabilitation medicine, and 
clinical pharmacology. Our CLD increased our under-
standing of this highly complex and major health care 
problem. We identified cerebral blood flow, blood 
pressure, baroreflex activity, and physical activity as 
the key elements in OH-related falls, suggesting their 
potential for new diagnostic and treatment approaches 
in fall prevention. Our CLD combines and adds to 
existing knowledge on single pathways and feedback 
mechanisms that do not fully account for the interact-
ing behavior of a multicausal network. This CLD will 
be used for the development of a system dynamics 
model, which means it can become an important tool 
for simulating and predicting falls.

Author contributions  L. Wang, A.C. Pronk, E.P. van Poel-
geest, A. G. Hoekstra, and N. van der Velde were responsible 
for the design and methodology of the study. All authors were 
responsible for data collection. L. Wang and A.C. Pronk were 
responsible for data analysis. L. Wang, A.C. Pronk, E.P. van 
Poelgeest, A.G. Hoekstra, and N. van der Velde were responsi-
ble for data interpretation and wrote the first draft of the manu-
script. All authors contributed to the revision of the manuscript 
and approved the final version of the manuscript.

Funding  This work was supported by the University of 
Amsterdam, Clementine Brigitta Maria Dalderup fund (grant 
number 3021 and 3549), and the China Scholarship Council 
(grant number 202007720083). The funding institutions had no 
influence on any part of this manuscript.

Data availability  The authors declare that the data support-
ing the findings of this project are available within the article 
and its supplementary files.

Declarations 

Ethics approval  Not applicable.

Conflict of interest  The authors declare no competing inter-
ests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Berry SD, Miller RR. Falls: epidemiology, pathophysiol-
ogy, and relationship to fracture. Curr Osteoporos Rep. 
2008;6:149–54.

	 2.	 Bradley SM. Falls in older adults. Mt Sinai J Med. 
2011;78:590–5.

	 3.	 Kelsey JL, Procter-Gray E, Hannan MT, Li W. Het-
erogeneity of falls among older adults: implications 
for public health prevention. Am J Public Health. 
2012;102:2149–56.

	 4.	 Montero-Odasso M, van der Velde N, Martin FC, Petro-
vic M, Tan MP, Ryg J, Masud T. World guidelines for 
falls prevention and management for older adults: a 
global initiative. Age ageing. 2022;51(9):afac205.

	 5.	 Panel on Prevention of Falls in Older Persons AGS, 
British Geriatrics S. Summary of the Updated Ameri-
can Geriatrics Society/British Geriatrics Society clinical 
practice guideline for prevention of falls in older per-
sons. J Am Geriatr Soc. 2011;59:148–57.

	 6.	 Jansen S, Bhangu J, de Rooij S, et al. The Association of 
Cardiovascular Disorders and Falls: a systematic review. 
J Am Med Dir Assoc. 2016;17:193–9.

	 7.	 Shaw BH, Claydon VE. The relationship between ortho-
static hypotension and falling in older adults. Clin Auton 
Res. 2014;24:3–13.

	 8.	 Mol A, Bui Hoang PTS, Sharmin S, et  al. Orthos-
tatic hypotension and falls in older adults: a system-
atic review and meta-analysis. J Am Med Dir Assoc. 
2019;20(589-97):e5.

	 9.	 van der Velde N, van den Meiracker AH, Stricker BH, 
van der Cammen TJ. Measuring orthostatic hypotension 
with the Finometer device: is a blood pressure drop of 
one heartbeat clinically relevant? Blood Press Monit. 
2007;12:167–71.

	10.	 Bueno-Cavanillas A, Padilla-Ruiz F, Jimenez-Moleon 
JJ, Peinado-Alonso CA, Galvez-Vargas R. Risk fac-
tors in falls among the elderly according to extrinsic 
and intrinsic precipitating causes. Eur J Epidemiol. 
2000;16:849–59.

	11.	 Torabi P, Rivasi G, Hamrefors V, et  al. Early and late-
onset syncope: insight into mechanisms. Eur Heart J. 
2022;43:2116–23.

	12.	 Mager DR. Orthostatic hypotension: pathophysiol-
ogy, problems, and prevention. Home Healthc Nurse. 
2012;30:525–30.

	13.	 Aoki M, Tanaka K, Wakaoka T, et  al. The association 
between impaired perception of verticality and cerebral 
white matter lesions in the elderly patients with orthos-
tatic hypotension. J Vestib Res. 2013;23:85–93.

	14.	 Mol A, Reijnierse EM, Bui Hoang PTS, et  al. Orthos-
tatic hypotension and physical functioning in older 
adults: a systematic review and meta-analysis. Ageing 
Res Rev. 2018;48:122–44.

	15.	 Sterman J.  System dynamics: systems thinking and 
modeling for a complex world. 2002.

	16.	 Crielaard L, Nicolaou M, Sawyer A, Quax R, Stronks K. 
Understanding the impact of exposure to adverse socio-
economic conditions on chronic stress from a complex-
ity science perspective. BMC Med. 2021;19:242.

2753

http://creativecommons.org/licenses/by/4.0/


GeroScience (2023) 45:2743–2755

1 3
Vol:. (1234567890)

	17.	 Crielaard L, Uleman JF, Châtel BD, Epskamp S, Sloot 
P, Quax R. Refining the causal loop diagram: a tutorial 
for maximizing the contribution of domain expertise 
in computational system dynamics modeling. Psychol 
Methods. 2022.

	18.	 Uleman JF, Melis RJF, Quax R, et al. Mapping the mul-
ticausality of Alzheimer’s disease through group model 
building. Geroscience. 2021;43:829–43.

	19.	 Baugh Littlejohns L, Baum F, Lawless A, Freeman T. 
The value of a causal loop diagram in exploring the 
complex interplay of factors that influence health pro-
motion in a multisectoral health system in Australia. 
Health Res Policy Syst. 2018;16, 126

	20.	 Hovmand PS, Andersen DF, Rouwette E, et  al. Group 
model-building ‘scripts’ as a collaborative planning tool. 
Syst Res Behav Sci. 2012;29:179–93.

	21.	 Siokou C, Morgan R, Shiell A. Group model building: 
a participatory approach to understanding and acting on 
systems. Public Health Res Pract. 2014;25:e2511404.

	22.	 Meyers RA, e. Encyclopedia of Complexity and Systems 
Science. New York: Springer; 2009.

	23.	 Bala BK, Arshad FM, Noh KM. Causal loop diagrams. In 
System dynamics Springer: Singapore; 2017. p. 37–51.

	24.	 Martinez-Moyano IJ. A primer for system dynamics mod-
eling and simulation. In: 2018 Winter Simulation Confer-
ence (WSC).  2018. pp. 261-275.

	25.	 Ait Mou Y, Bollensdorff C, Cazorla O, Magdi Y, de 
Tombe PP. Exploring cardiac biophysical properties. Glob 
Cardiol Sci Pract. 2015;2015:10.

	26.	 Wessale JL, Voelz MB, Geddes LA. Stroke volume 
and the three phase cardiac output rate relationship 
with ventricular pacing. Pacing Clin Electrophysiol. 
1990;13:673–80.

	27.	 McGlashan J, Johnstone M, Creighton D, de la Haye K, 
Allender S. Quantifying a systems map: network analysis 
of a childhood obesity causal loop diagram. PLoS One. 
2016;11:e0165459.

	28.	 Mark Newman. Networks second edn.
	29.	 Vignery K, Laurier W. A methodology and theoreti-

cal taxonomy for centrality measures: What are the best 
centrality indicators for student networks? PLoS One. 
2020;15:e0244377.

	30.	 Brandes U, Borgatti SP, Freeman LC. Maintaining the 
duality of closeness and betweenness centrality. Social 
Networks. 2016;44:153–9.

	31.	 Freeman LC. Centrality in social networks conceptual 
clarification. Social Networks. 1978;1:215–39.

	32.	 Brandes U. A faster algorithm for betweenness centrality. 
J Math Sociol. 2001;25:163–77.

	33.	 Wieling W, Kaufmann H, Claydon VE, et  al. Diagnosis 
and treatment of orthostatic hypotension. Lancet Neurol. 
2022;21:735–46.

	34.	 Claassen J, Thijssen DHJ, Panerai RB, Faraci FM. Regu-
lation of cerebral blood flow in humans: physiology and 
clinical implications of autoregulation. Physiol Rev. 
2021;101:1487–559.

	35.	 Newman L, Nolan H, Carey D, Reilly RB, Kenny RA. 
Age and sex differences in frontal lobe cerebral oxygena-
tion in older adults-Normative values using novel, scal-
able technology: Findings from the Irish Longitudinal 

Study on Ageing (TILDA). Arch Gerontol Geriatr. 
2020;87:103988.

	36.	 Dani M, Taraborrelli P, Panagopoulos D, et al. New hori-
zons in the ageing autonomic nervous system: orthos-
tatic hypotension and supine hypertension. Age Ageing. 
2022;51:afac150.

	37.	 Kaufman JL, Karceski S. Risk factors and prevention 
of lacunar infarcts in 60- to 64-year-olds. Neurology. 
2009;73:e17–9.

	38.	 Wang F, Cao Y, Ma L, et al. Dysfunction of cerebrovascu-
lar endothelial cells: prelude to vascular dementia. Front 
Aging Neurosci. 2018;10:376.

	39.	 van den Berg E, Geerlings MI, Biessels GJ, Nederkoorn 
PJ, Kloppenborg RP. White matter hyperintensities and 
cognition in mild cognitive impairment and Alzheimer’s 
disease: a domain-specific meta-analysis. J Alzheimers 
Dis. 2018;63:515–27.

	40.	 Akoudad S, Wolters FJ, Viswanathan A, et  al. Associa-
tion of cerebral microbleeds with cognitive decline and 
dementia. JAMA Neurol. 2016;73:934–43.

	41.	 Jacob MA, Cai M, Jansen MG, et al. Orthostatic hypo-
tension is not associated with small vessel disease pro-
gression or cognitive decline. Cereb Circ Cogn Behav. 
2021;2:100032.

	42.	 Zhang W, Low LF, Schwenk M, et  al. Review of gait, 
cognition, and fall risks with implications for fall pre-
vention in older adults with dementia. Dement Geriatr 
Cogn Disord. 2019;48:17–29.

	43.	 Freeman R, Abuzinadah AR, Gibbons C, et  al. Ortho-
static hypotension: JACC state-of-the-art review. J Am 
Coll Cardiol. 2018;72:1294–309.

	44.	 Kaufmann H, Norcliffe-Kaufmann L, Palma JA. Barore-
flex dysfunction. N Engl J Med. 2020;382:163–78.

	45.	 Torabi P, Ricci F, Hamrefors V, Sutton R, Fedorowski 
A. Classical and delayed orthostatic hypotension in 
patients with unexplained syncope and severe orthos-
tatic intolerance. Front Cardiovasc Med. 2020;7:21.

	46.	 Chen WC, Li YT, Tung TH, Chen C, Tsai CY. The 
relationship between falling and fear of falling among 
community-dwelling elderly. Medicine (Baltimore). 
2021;100:e26492.

	47.	 Miller RR, Ballew SH, Shardell MD, et al. Repeat falls 
and the recovery of social participation in the year post-
hip fracture. Age Ageing. 2009;38:570–5.

	48.	 Chisholm P, Anpalahan M. Orthostatic hypotension: 
pathophysiology, assessment, treatment and the paradox 
of supine hypertension. Intern Med J. 2017;47:370–9.

	49.	 Madsen P, Pott F, Olsen SB, et al. Near-infrared spectro-
photometry determined brain oxygenation during faint-
ing. Acta Physiol Scand. 1998;162:501–7.

	50.	 Fantini S, Sassaroli A, Tgavalekos KT, Kornbluth J. 
Cerebral blood flow and autoregulation: current meas-
urement techniques and prospects for noninvasive opti-
cal methods. Neurophotonics. 2016;3:031411.

	51.	 Bachus E, Holm H, Hamrefors V, et  al. Monitoring of 
cerebral oximetry during head-up tilt test in adults 
with history of syncope and orthostatic intolerance. 
Europace. 2018;20:1535–42.

	52.	 Biaggioni I. Orthostatic hypotension in the hypertensive 
patient. Am J Hypertens. 2018;31:1255–9.

2754



GeroScience (2023) 45:2743–2755

1 3
Vol.: (0123456789)

	53.	 Kraut R, Lundby C, Babenko O, Kamal A, Sadowski CA. 
Antihypertensive medication in frail older adults: a narra-
tive review through a deprescribing lens. American Heart 
Journal Plus: Cardiology Research and Practice 2022;17.

	54.	 Group SR, Wright JT Jr, Williamson JD, et al. A rand-
omized trial of intensive versus standard blood-pressure 
control. N Engl J Med. 2015;373:2103–16.

	55.	 Ruiz-Hurtado G, Banegas JR, Sarafidis PA, et  al. Has 
the SPRINT trial introduced a new blood-pressure goal 
in hypertension? Nat Rev Cardiol. 2017;14:560–6.

	56.	 Bahat G, Ozkok S, Petrovic M. Treating hypertension 
in older adults in light of the recent STEP trial: can we 
implement the findings in geriatric practice?. Drugs & 
Aging, 1-7.Simulation Conference (WSC). IEEE, 2022. 
pp. 261-275

	57.	 Reeve E, Jordan V, Thompson W, et  al. Withdrawal of 
antihypertensive drugs in older people. Cochrane Data-
base Syst Rev. 2020;6:CD012572.

	58.	 van der Velde N, van den Meiracker AH, Pols HA, 
Stricker BH, van der Cammen TJ. Withdrawal of fall-risk-
increasing drugs in older persons: effect on tilt-table test 
outcomes. J Am Geriatr Soc. 2007;55:734–9.

	59.	 Speechley M, Tinetti M. Falls and injuries in frail and 
vigorous community elderly persons. J Am Geriatr Soc. 
1991;39:46–52.

	60.	 Dani M, Dirksen A, Taraborrelli P, et al. Orthostatic hypo-
tension in older people: considerations, diagnosis and 
management. Clin Med (Lond). 2021;21:e275–e82.

	61.	 Tricco AC, Thomas SM, Veroniki AA, et  al. Com-
parisons of interventions for preventing falls in older 
adults: a systematic review and meta-analysis. JAMA. 
2017;318:1687–99.

	62.	 Cadore EL, Rodriguez-Manas L, Sinclair A, Izquierdo M. 
Effects of different exercise interventions on risk of falls, 
gait ability, and balance in physically frail older adults: a 
systematic review. Rejuvenation Res. 2013;16:105–14.

	63.	 Guirguis-Blake JM, Michael YL, Perdue LA, Coppola 
EL, Beil TL. Interventions to prevent falls in older adults: 
updated evidence report and systematic review for the US 
preventive services task force. JAMA. 2018;319:1705–16.

	64.	 Seifert I, Wiegelmann H, Lenart-Bugla M, et al. Mapping the 
complexity of dementia: factors influencing cognitive func-
tion at the onset of dementia. BMC Geriatr. 2022;22:507.

	65.	 Hohtari-Kivimaki U, Salminen M, Vahlberg T, Kivela SL. 
Orthostatic hypotension is a risk factor for falls among 
older adults: 3-year follow-up. J Am Med Dir Assoc. 
2021;22:2325–30.

	66.	 Kenzie ES, Parks EL, Bigler ED, et al. The dynamics of con-
cussion: mapping pathophysiology, persistence, and recovery 
with causal-loop diagramming. Front Neurol. 2018;9:203.

	67.	 Uleman JF, Melis RJ, Ntanasi E, Scarmeas N, Hoekstra 
AG, Quax R, ... Alzheimer’s Disease Neuroimaging Initia-
tive. Simulating the multicausality of Alzheimer’s disease 
with system dynamics. Alzheimer’s & Dementia. 2023.

	68.	 Homer JB, Hirsch GB. System dynamics modeling for 
public health: background and opportunities. Am J Public 
Health. 2006;96:452–8.

	69.	 Crielaard L, Dutta P, Quax R, et al. Social norms and obe-
sity prevalence: from cohort to system dynamics models. 
Obes Rev. 2020;21:e13044.

Publisher’s note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

2755


	Applying systems thinking to unravel the mechanisms underlying orthostatic hypotension related fall risk
	Abstract 
	Introduction
	Methods
	Group model building
	Causal loop diagram
	Network analysis

	Results
	Cerebral domain
	Cardiovascular domain
	Musculoskeletal domain
	Extrinsic domain

	Discussion
	Strengths and limitations
	Implications for clinical practice and future directives

	Conclusion
	Anchor 17
	References


