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Abstract

Medical literature is replete with diagrammatic representations of systems, yet lacks stan-
dardised nomenclature and consistent symbolic conventions. In an introductory system
dynamics course for health science students, causal loop diagrams (CLDs) are used to sup-
port systems thinking. Notwithstanding recognised limitations, CLDs provide a coherent
heuristic for representing multivariate systems with feedback. We studied 55 first-year
volunteers enrolled in the course to compare understanding of systems presented as CLDs
versus typical journal diagrams. Two endocrine systems were selected from open-access,
peer-reviewed literature: calcium homeostasis and glucose homeostasis. Participants were
shown either the original journal diagram for one system and a CLD for the other, or
vice versa, and answered twelve true/false questions—six per system. A mixed-model,
two-way repeated measures ANOVA revealed a significant interaction between Diagram
(CLD vs. journal diagram) and System (Calcium vs. Glucose). Post hoc comparisons
showed significantly higher performance with CLDs for both Calcium (0.84 vs. 0.38) and
Glucose (0.83 vs. 0.63), p < 0.001. A Fisher’s Exact Test also indicated a higher proportion
of questions favouring CLDs. These findings suggest that training in CLDs may enhance
understanding of complex systems compared to standard journal diagrams. Further work
is needed to address limitations including the small sample size, use of a single cohort, and
a restricted set of diagrams.

Keywords: causal loop diagrams; medical illustrations; systems thinking; system dynamics;
medical education

1. Introduction

The study of medicine is, to a large extent, the study of complex systems. The theories
and methods of systems science provide a rich and powerful framework for engaging with
the dynamic, nonlinear, and interdependent nature of medical practice. However, medical
education is not structured like engineering training, and medical students typically do not
receive formal instruction in systems theory or systems-based analytical approaches.

A textual description of a system is almost always enriched by the inclusion of di-
agrammatic representations. Systems diagrams, of which there are many types, ideally
capture the essence of a system’s structure and function in a compact and economical
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way. Historically, illustrations were frequently employed to enhance medical texts [1].
While many of these early diagrams are anatomical, some are synoptic or summary dia-
grams [1]—a class of illustration that could be described as rudimentary systems diagrams.
Similarly, contemporary medical textbooks and journals are filled with diagrams represent-
ing a wide range of systems, and attempts have been made to classify them [2]. However,
there remains substantial uncertainty as to the characteristics required to optimally convey
information in medical illustrations and diagrams [3]. Tippett examines the role of the
diagram as a tool to “learn with” rather than to “learn from” [4]—a distinction that captures
an important aspect of systems representations in education.

It has been argued that systems modelling is the very essence of science—the basis on
which we visualise, organise, simplify, and structure our ideas in order to examine, share,
and extend our knowledge [5]. Systems thinking has been described as a unifying paradigm
for biological sciences, with implications for teaching as well as research [6], and the role of
systems modelling in teaching conceptually difficult physiological concepts has been recog-
nised [7]. The importance of understanding processes in biology is well described [8-10],
and diagrammatic representations are a key component in achieving clarity [8]. However,
despite attempts to identify suitable symbols such as arrows [11], as well as wider efforts to
standardise systems notation [12], medical illustrations, particularly those representing sys-
tems diagrams, suffer from a lack of standardisation regarding symbols and nomenclature.
This has the potential to result in confusion, with inconsistent interpretations.

As part of a cluster of undergraduate system dynamics courses run for medical
and health science students in the Faculty of Health Sciences, we teach system dynamics
as a formal computational modelling approach [13,14]. As part of this course, we include
causal loop diagrams (CLDs), which are primarily intended to augment the development
of the computational models.

CLDs are a simple heuristic that facilitate the representation of a number aspects
of a system’s behaviour, particularly in the case of systems involving multiple feedback
loops and variables. CLDs are often used as an interim step in the production of level-
rate diagrams, which are used to produce computer simulations of system behaviour.
The objective of this article is to report on an exploratory study to examine the hypothesis
that improved understanding of systems can be achieved by replacing typical medical
journal and textbook systems diagrams with their equivalent CLDs.

The importance of feedback loops and their diagrammatic representation in physi-
ology is well recognised [9]. CLDs are established in the public health literature [15-21],
and have been used in other aspects of medical education such as physiology [22]. However,
the CLD is a qualitative tool. Its utility lies primarily in making feedback loops explicit
and in understanding the relationships between variables. Forrester, the founder of sys-
tem dynamics, highlights the limitations of CLDs when used without formal quantitative
modelling [23]. While acknowledging their value in supporting computational model
development and in providing an overall sense of system structure, he cautions against the
notion that CLDs alone can capture or explain detailed system behaviour [23].

A number of authors have recognised the importance of systems thinking and causal
loop diagrams in improving the understanding of physiological processes [7,24]. However,
the definition of CLDs is not always consistently applied. For example, Silldorff et al. de-
scribe their diagrams as CLDs and use the effects of antidiuretic hormone as an illustrative
example [24], yet their diagrams lack several of the key characteristics that make true CLDs
so useful.

What is it about CLDs that make them candidates for potentially replacing typical
systems diagrams in journals? One possibility is that CLDs diminish the extraneous load as
defined by Cognitive Load Theory [25-27]. Indeed, cognitive load theory has been invoked
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in the context of modelling in biology [28]. Their economy of representation reduces clutter
and makes the system’s interactions more explicit and logically consistent, presenting the
student with a direct, unambiguous representation of the system’s architecture. The effec-
tiveness of CLDs may also exert an influence through the non-verbal aspect of Paivio’s
Dual Coding Theory [29].

A Brief Review of CLDs

A CLD comprises only two types of elements: system variables and causal links,
shown as arrows with polarity. The system variables are the measurable entities whose
behaviour is relevant to the system. The causal arrows are drawn as links between variables
to show how one variable affects another.

A high-level CLD drawn in Vensim PLE (Ventana Systems) is shown in Figure 1, rep-
resenting the treatment of a patient in the healthcare system as an example. A patient may
be described in terms of their State of Health (SoH)—a measurable quantity—in principle.

interventions

State of
Health

+
complications

Figure 1. The twin loops of iatrodynamics drawn in Vensim PLE. The negative feedback loop restores
the patient’s health while the positive (iatrogenic) feedback loop counteracts this.

When the SoH declines, medical professionals generally consider an intervention,
which could be any of a number of actions including drugs, surgery, imaging, catheterisa-
tion, etc. Ideally, such an intervention, whether diagnostic or therapeutic, will move the
SoH back towards normal. This is shown as a causal link from SoH to interventions and
from interventions to SoH. The link from SoH to intervention has a “—" polarity symbol,
indicating that a change in SoH moves interventions in the opposite direction, i.e., an
increase in SoH leads to a decrease in interventions and vice versa. Similarly, the link from
interventions to SoH has a “+” polarity symbol, indicating that they move in the same
direction, i.e., an increase in interventions leads to an improvement in SoH and vice versa.

However, interventions give rise to complications, and complications reduce the SoH.
The occurrence of this adverse outcome in healthcare is described as being iatrogenic, which
strictly means complications caused by a healthcare worker or doctor. However, its modern
usage is always applied to adverse outcomes. The links for these features of the system are
shown in Figure 1. The key insight from this model is that patient care involves two closed
loops. The first loop is SoH—interventions—SoH.
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The product of the polarities is (—) x (+) = (—), which indicates that this is a negative
feedback (balancing) loop.

Similarly, the loop comprising SoH— interventions—complications—SoH is a positive
feedback (reinforcing) loop, sometimes known as a vicious cycle, as the product of the
polarities are (=) X (+) X (=) = (+).

The outcome of any patient in the healthcare system depends on the balance between
these two loops—we could describe the study of these processes as ‘iatrodynamics’ from
the Greek iatros, meaning doctor or healer, and dynamikos, meaning power or, in the modern
context, change. If the negative feedback loop dominates, the patient may recover. However,
if the positive feedback loop dominates, it all too frequently results in an inexorable decline
and death.

While the term CLD is used as a general descriptor of these drawings, it should be
noted that the simple connection of one variable to another through a causal arrow is better
described as a causal link. A series of connections is a causal chain, and it is only when the
chain feeds back to an earlier variable that it constitutes a causal loop in the strictest sense.

Richardson points out a self-evident but important nuance regarding the effect of the
causal link’s polarity in CLDs [30]: A positive sign on the arrowhead does not always mean
that the responding variable actually moves in the same direction as the causal variable. It
may simply mean that if the causal variable increases/decreases, the responding variable
will have increased/decreased relative to what it would have been had the causation
not acted. A similar argument holds for a negative polarity. For example, the effect of
elimination rate of a drug from the circulation on the concentration of drug in the body
has a negative causal polarity. However, a declining elimination rate does not necessarily
imply a rising concentration of drug, which would also depend on the input rate. Rather, it
simply means that the concentration of drug will be higher than it would otherwise have
been had the elimination rate not decreased.

A substantial number of articles provide detailed advice on the construction of CLDs
such as: [31-36]. While CLDs offer a powerful approach to representing and understanding
models, it is important to heed Forrester’s caution about their limitations in the absence
of formal computational modelling [23]. In particular, CLDs do not inherently show loop
dominance. Also, there is no indication as to which loops display short-term and which
loops display long-term characteristics. Some authors suggest showing more dominant
loops with larger radii [34].

Arguably, one of the most important characteristics of feedback loops is the presence
of delays, which have critical consequences for model behaviour [31,36]. In the absence of
a quantitative model, it is not possible to infer actual behaviour.

For example, from CLDs alone, it is not possible to infer the existence of periodicity
or oscillations in systems such as circadian rhythms, respiratory control, or the menstrual
cycle. Oscillations are often attributable to high loop gains or delays. Some authors suggest
labelling of causal links that are subject to a delay with the word “Delay” or a corresponding
symbol [31,36]. However, while such labelling may alert the reader to the possibility of
certain behaviour patterns such as oscillations, the absence of quantification makes it
impossible to know this with any certainty.

Correctly drawn CLDs have a number of characteristics [34], which are not typically
applied in medical illustrations presented in journals and textbooks. Kim recommends
using nouns rather than verbs as variable names [34]. For example, in a model of glucose
regulation, it is preferable to have a variable “glucose” rather than “increasing glucose”,
or as it is so frequently written, “1glucose”, as seen in some literature such as [24]. This
avoids confusing use of language, e.g., “increasing insulin causes a decrease in increas-
ing glucose”.
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It is also essential to avoid repetition of the same variable name in a CLD. Again, this
is a common mistake seen in medical texts. While not often articulated, it is also important
to maintain generality of CLDs. For example, producing two different CLDs for two
pathologies of the same system is inefficient and confusing. A general CLD of the system
can be modified to accommodate the various pathologies, providing far more insight.

2. Materials and Methods

Two journal-based endocrine systems diagrams were selected for this study from a range
of online options that met predefined criteria, namely publication in well-recognised, peer-
reviewed, open-access journals, coverage of the same broad topic (in this case, endocrinology)
that are typical of journal illustrations depicting systems, and comparable levels of complexity—
the selected diagrams comprise six and nine feedback loops respectively.

The suitability of the diagrams based on the above criteria were determined by three
of the authors who are domain experts in that they teach the system dynamics course
and hold medical and engineering qualifications (two holding both). The selected images
exhibit several features that causal loop diagrams are designed to address, and we therefore
judged them to be appropriate exemplars. Future work may benefit from the development
of a more formal coding framework for illustration selection, incorporating measures of
image complexity and structural error.

The equivalent CLDs were constructed using Vensim® PLE, Version 10.4.0 (Ventana
Systems, Inc., Harvard, MA, USA) software. The same three authors reviewed the CLDs
to ensure that their architectures faithfully represent the system structure depicted in the
journal diagrams.

The first is a pair of diagrams presented as Figure 3 (https:/ /academic.oup.com/view-
large/figure /367629299 /eje-19-0316fig3.jpeg accessed on 29 March 2026) and Figure 4
(https:/ /academic.oup.com/view-large/figure /367629321 / eje-19-0316fig4.jpeg accessed
on 29 March 2026) in reference [37], representing two specific clinical scenarios of calcium
homeostasis, namely chronic hypoparathyroidism and primary hyperparathyroidism. Each
of the two journal diagrams of the calcium homeostasis system represent different patholo-
gies. Note that the journal diagrams can be accessed by clicking on the hyperlinks above.

The first figure of the pair of journal diagrams shows the system in the presence of
parathyroid gland failure as, for example, may occur as a complication of thyroid surgery.
The second figure in the pair of diagrams represents the system in the context of a benign
parathyroid tumour that secretes excess parathyroid hormone (PTH) irrespective of the
serum calcium level.

Both cases represent an open-loop condition as the feedback from serum ionised
calcium to PTH is broken. In the first pathology, the serum calcium is low. But in the second
case, it is excessively high.

We treated both journal diagrams of calcium pathology as a single entity and combined
them into a single CLD shown in Figure 2, drawn in Vensim PLE (Ventana Systems).
We re-introduced the causal link between ionised calcium and PTH in the CLD, thus
reintroducing closed loop control. This is in keeping with the underlying philosophy of
systems representations where the CLD is generic and can be adapted for any specific
scenario—it is up to the student to remove the link in the case of an open loop system.

The second journal diagram is of glucose homeostasis presented as Figure 1 (https://
www.frontiersin.org/files/ Articles /928016 / fendo-13-928016-HTML /image_m/fendo-13
-928016-g001.jpg accessed on 29 March 2026) in reference [38]. It includes the paracrine
interaction of insulin and glucagon, as well as the effects on glycogen uptake, storage,
glycogenolysis, and gluconeogenesis. Again, the journal diagram can be viewed by clicking
on the hyperlink above.
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A CLD, drawn in Vensim PLE (Ventana Systems), was created for the journal diagram
depicting glucose homeostasis as shown in Figure 3.

+ synthesis
of active

vitamin D +

e Gl tract

parathyroid +  renal  absorpfion

hormone /¥ reabsorption

renal
+ filtration

bone
resorptlon
serum
s calcium i
)+
bone
formation

Figure 2. CLD version of calcium homeostasis model from Figures 3 and 4 in reference [37] to regulate
blood calcium concentration. The diagram comprises six feedback loops—five balancing loops and

one reinforcing loop.
/_\\+
glucose

insulin uptake
utilisation

Iipg:]ydsis Y and storage
proteolysis

blood
ketogeneS|s /

glucose
qucagon

+ gluconeogenesis

>~ glycogen +

Figure 3. CLD version of the glucose homeostasis model presented as Figure 1 in reference [38]
to regulate blood glucose concentration. The diagram comprises seven negative and two positive
feedback loops.

Two tests were created for the study.

Test 1 comprised both journal diagrams of calcium homeostasis on one page, which
included both their figure captions, directly from the journal. Both diagrams were presented
on the page and treated as a single entity. The CLD of glucose homeostasis was presented
on the next page.
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Test 2 comprised the CLD for calcium homeostasis on the first page of the test, followed
by the journal diagram of glucose homeostasis including its figure caption on the next page.

In both tests, this was followed by 12 true/false questions, 6 for each of the two
systems. While true/false questions have limitations in assessing deeper understanding,
their use in this study served to minimise ambiguity in responses, allow rapid assessment
under strict time constraints, and provide objective, easily quantifiable data suitable for
statistical analysis.

The questions were identical for both tests and are shown below. In this way, each
test had a CLD and a journal diagram as shown in Table 1. This is a quasi-experimental,
counterbalanced, mixed design. The mixed design allowed assessment of within-subject
effects of system and between-subject effects of diagram assignment.

Table 1. Composition of the two tests.

Test 1 Test 2
Calcium Journal diagram CLD
Glucose CLD Journal diagram

Calcium homeostasis questions

Indicate TRUE or FALSE at the end of each statement (A) to (F). Please carefully look at the

associated drawing(s) to answer each question.

(A) A complete negative feedback (goal-seeking) loop is formed by just the two variables,
renal filtration and serum calcium (CaZ*).

(B) The three variables, bone resorption, serum calcium (Ca**), and parathyroid hormone
(PTH), form a complete negative feedback (goal-seeking) loop.

(C) A patient can no longer produce any parathyroid hormone (PTH) due to surgical dam-
age to the parathyroid glands. TRUE or FALSE: In this situation, GI-tract absorption
is no longer part of any feedback loop.

(D) A tumour in a patient’s parathyroid gland produces large quantities of parathyroid
hormone (PTH), which is not sensitive to serum calcium (Ca?*). In other words,
the serum calcium (Ca?*) no longer influences the production of parathyroid hormone
(PTH). TRUE or FALSE: In this situation, GI-tract absorption is no longer part of any
feedback loop.

(E) A complete negative feedback (goal-seeking) loop is formed by just the two variables,
bone formation and serum calcium (Ca**).

(F) The variables parathyroid hormone (PTH), renal reabsorption, and GI-tract absorp-
tion constitute a valid feedback loop.

Glucose homeostasis question

Indicate TRUE or FALSE at the end of each statement (A) to (F). Please carefully look at the
associated drawing to answer each question.

(A) The variables, blood glucose, glucagon, and glycogen, constitute a positive feedback
(reinforcing) loop.

(B) The variables, glycogen, blood glucose, insulin, and glucagon, constitute a valid
negative feedback (goal-seeking) loop.

(C) The variables blood glucose, glucagon, and gluconeogenesis constitute a valid posi-
tive feedback (reinforcing) loop.

(D) The variables insulin, glucose uptake utilisation and storage, and blood glucose
constitute a valid negative feedback (goal-seeking) loop.

(E) Decreased blood glucose leads to a decrease in glycogen.
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(F) Increased insulin results in a decrease in lipolysis and proteolysis.

It was not possible to test a cohort who had not been exposed to causal loop diagrams,
as there is no reasonable prospect that students who are not familiar with the nomenclature
of CLDs could interpret them correctly.

Test administration: Participants from the first year course in Health System Dynamics
in the Bachelor of Health Science programme were recruited in terms of the ethics approval
(Protocol number: M250622 as amended on 22 August 2025) from our institutional review
board, HREC (Medical). The study was conducted during lunch hour and participants were
compensated with a modest lunch voucher for an on-campus vendor, as required in terms
of our ethics approval. The cohort is entirely comprised of first-year health science students
who are mostly premed. The course is essentially the same as the original prototype course
developed for the 6-year medical degree [13].

Based on prior expression of interest and typical drop-out rates, an unexpectedly large
group of 55 students arrived to participate in the study. As we considered group size parity
to be important for a small group, and as participant numbers were unknown until they
arrived for the study, it was not possible to conduct prior randomisation using a method
such as block allocation to ensure strict randomisation while maintaining group size parity.

Thus, participants were allocated to Test 1 (28 students) or Test 2 (27 students) using
alternating assignment based on their self-selected seating order. This approach was chosen
for its practicality in a classroom setting under severe time constraints to ensure balanced
group sizes, which, as mentioned above, was a priority given the initially anticipated
smaller sample. Furthermore, any local clustering of participants (e.g., by ability) would
be distributed across tests by the alternating pattern, reducing the risk of systematic
bias. As seating was not assigned, and the individuals administering the tests had no
personal knowledge of student ability in this subset, which was drawn from a very large
class, the risk of systematic bias was minimal. Given the counterbalanced design and the
absence of any a priori expectation of bias, this approach was considered adequate for this
exploratory study.

Analysis: A two-way repeated measures ANOVA using a Mixed Linear Model was
conducted to examine the effects of representation format type, i.e., CLD or journal dia-
gram, and the specific system being depicted, either Calcium or Glucose, on participant
performance. The model treated the system as a within-subjects factor and the diagram
presentation method as a between-subjects factor. The fit was achieved using the SAS PROC
MIXED (SAS/ STAT®, Version 15.2, NC, USA) procedure. This will be further elaborated
upon in the Section 3.

A Fisher’s Exact Test was performed to compare the individual questions for CLD vs.
JSD for each system.

3. Results

For the purpose of examining the statistical features of the results, it is necessary to
clearly define six terms. The drawings fall into two categories, namely CLD and Jour-
nal System Drawing (JSD). Collectively, both categories will be known as Diagramd(s).
The drawings are of two different endocrine systems and we will call these Calcium and
Glucose, respectively. Collectively, these two endocrine systems will be known as Sys-
tem(s). Whenever these terms are used in this context, they will be capitalised and bolded.
Thus, there are four categories of drawings, shown in the format of System, Diagram:

Calcium, CLD

Calcium, JSD

Glucose, CLD

Glucose, JSD
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The effects on participant performance, of representation format (Diagram)—either
CLD or JSD—and the specific system being depicted (System)—either Calcium or
Glucose—was examined by two-way repeated measures ANOVA using a Mixed Lin-
ear Model. The model treated System as a within-subjects factor and drawing presentation
method as a between-subjects factor, and it was fit using the SAS PROC MIXED procedure.
Although linear models assume normally distributed error terms and the individual items
comprise sums of binary responses, the use of a linear model is justified by the Central Limit
Theorem, which applies to the aggregation of responses both within the scale itself—even
though the items are not strictly independent—and across observations. A histogram of
the residuals confirms an approximately normal distribution.

The ANOVA summary (Table 2) shows significant main effects of System,
F(1, 53.48) =12.39, p < 0.001, and Diagram, F(1, 53.77) = 125.76, p < 0.001, as well as a
significant interaction between System and JSD, F(1, 53.48) = 20.11, p < 0.001. These
results indicate that both the representation format (Diagram) and the System indepen-
dently affected performance, and the effect of Diagram differed depending on the System
being tested.

Table 2. ANOVA summary for the effects of System, Diagram, and their interaction is shown in
terms of degrees of freedom (df), the F statistic and the p-value.

Effect df F p

Diagram 1,53.48 125.76 <0.001
System 1,53.77 12.39 <0.001
Diagram x System 1,53.48 20.11 <0.001

As the interaction was significant, post hoc comparisons with a Bonferroni adjustment
were conducted to examine the simple effects of representation format (Diagram) within
each System. Least Squares Means revealed that for the Calcium questions, scores were
substantially higher (mean difference = 0.46, SE = 0.041, 95% CI [0.38, 0.54]) when presented
as a CLD (mean = 0.84), than when presented as the JSD (mean = 0.38). For the Glucose
questions, the same pattern was observed, although the difference was smaller (mean
difference = 0.20, SE = 0.041, 95% CI [0.11, 0.28]): scores were higher for CLD (mean = 0.83)
compared to the JSD (mean = 0.63). These results, expressed as percentages, are summarised
in Table 3, which highlight the magnitude of the effect sizes.

Table 3. Interaction table for Diagram x System, showing Least Squares Means, Standard Error, and
95% confidence intervals (CIs), all expressed as percentages.

95% CI
System Diagram Least Squares Means Standard Error Lower Upper
Calcium CLD 84.01% 3.18% 77.78%  90.24%
Calcium JSD 38.10% 3.12% 31.97% 44.23%
Glucose CLD 82.74% 3.12% 76.61% 88.87%
Glucose JSD 63.05% 3.18% 56.82%  69.28%

The interaction plot (Figure 4) shows that while CLD yields similarly high scores for
both Calcium and Glucose, performance under the JSD representation drops sharply for
Calcium and moderately for Glucose. Thus, the advantage of the CLD method is much
greater for Calcium than for Glucose, confirming a strong Diagram x System interaction.
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Figure 4. Interaction plot of Diagram x System, where Diagram refers the representation format
(CLD, JSD) and System is the model type (Calcium, Glucose). The error bars represent the 95%
confidence intervals.

The Fisher’s Exact Test for the Calcium system showed higher proportions of correct
answers for all the questions for the CLD compared to JSD, but in one of them, question
D, participants performed poorly on both Diagram types with no statistically significant
difference. These results are shown in Table 4 and Figure 5.

k% k% * Hk% *% A4
100 | B B |
80 | B ] .
4
(O]
S 60 M _ 2
o
O
o —
> 40| :
20| |
O I I I I H I I
A B C D E F Agg

Figure 5. Bar graphs for calcium homeostasis showing % correct for CLD (grey) and JSD (white)
(Figures 3 and 4 from [37]) for questions A — F, as well as the aggregate of all questions Ui (Agg).
Statistical significance on Fisher’s Exact Test: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

Table 4. Results of Fisher’s Exact Test for the calcium homeostasis questions A — F, as well as the
aggregate of all questions (J}.

A B C D E F Uk
Correct (%)
CLD 96.3 96.3 85.2 44.4 88.9 926 84
JSD [37] 214 28.6 60.7 429 17.9 57.1 38.1
p one-tail (right) <107%  «107* 0.04 0.6 <107% 0003 <«107*
Odds Ratio 95 65 3.7 1.1 36.8 9.4 8.5
95% CI 11-853  8-563 1-14 0.4-3 8-172 2-48 5-14
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On the glucose model, all questions other than B showed a higher proportion of correct
answers on CLD than on JSD. However, only in questions C and F were the differences
statistically significant. These results are shown in Table 5 and Figure 6.

For the Glucose model, while the proportion of correct answers was greater for CLD
compared to JSD for all but one of the questions, only two questions showed a statisitically
significant difference.

Table 5. Results of Fisher’s Exact Test for the glucose homeostasis questions A — F, as well as the
aggregate of all questions Ui.

A B C D E F A
Correct (%)
CLD 89.3 67.9 92.9 92.9 60.7 92.9 83
JSD [38] 70.4 74.1 44 4 81.5 55.6 51.9 63
p one-tail (right) 0.08 0.8 104 0.2 045 00007 <10~*
Odds Ratio 3.50 0.74 16.25 2.95 1.24 12.07 2.82
95% CI 0815 0224 328 05-17 0436 24-61 1747
| | |
*ok% *E% EE
100 |- -
80 ] ] .
4_) ] —
U —_—
g 60| — g
o ] -
O
S 40| ] .
20 -
0 I I I I I T T
A B C D E F Agg

Figure 6. Bar graphs for glucose homeostasis showing % correct for CLD (grey) and JSD (white)
(Figure 1 from [38]) for questions A — F, as well as the aggregate of all questions UZ (Agg). Statistical
significance on Fisher’s Exact Test: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

4. Discussion

Clear and efficient diagrammatic representations are essential to systems thinking.
The medical literature has an abundance of diagrams representing systems of varying
degrees of complexity, yet there is currently no standard symbolic nomenclature, giving
rise to the potential for confusion and misunderstanding.

The well-established conventions for CLDs have the potential to reform medical
systems diagrams. We formulated the hypothesis that improved understanding of systems
can be achieved by replacing typical medical journal and textbook diagrams with their
equivalent CLDs. We conducted an exploratory examination of this hypothesis by selecting
two sets of drawings from the peer-reviewed medical literature. We reconstituted these
drawings as CLDs, taking care to ensure that the CLDs exactly represented the journal
drawings. We presented both drawing types for both systems, unseen, in a counterbalanced
study design, to health science student volunteers.

Both of the journal drawings had inconsistencies and features that are specifically
avoided in CLDs. Both systems had variables that were represented as verbs rather than
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nouns in the journal diagrams, for example, |reabsorption and blood glucoset. The
journal diagram of glucose homeostasis had glucose repeated twice, once for increase and
once for decrease, and it included as variables items that did not represent measurable
quantities in the context of this system, namely « and B cells. It should be emphasised that
while it is fully acceptable to show anatomical structures on the diagram to indicate where
these processes are taking place, they should not be represented as variables in the system
diagram unless they are explicitly modelled as such—for example, in the case where the 3
cell mass is being modelled.

The calcium system showed two pathologies that were represented by two separate
systems diagrams in the journal drawings. In both cases, there was no feedback from
ionised calcium to the PTH production. These could have easily been combined into a
single drawing, as we did with the equivalent CLD where we left the feedback in place,
and expected the participants to be able to recognise the failure of feedback and modify
the drawing accordingly. Doing so introduces generalisation into the drawing, making it
adaptable to the various pathologies that affect this system.

The two-way repeated measures ANOVA indicates that participant performance was
influenced by both the type of diagram (CLD vs. JSD) and the system being depicted
(Calcium vs. Glucose). Participants showed substantially better performance on the CLDs
than on the JSDs across both systems (Calcium and Glucose). However, their performance
on the journal drawings were not equal. Participants achieved substantially higher scores
on the journal diagram for glucose homeostasis than on the calcium system.

The CLD approach yields improvements of 46% for the calcium diagram and 20%
for the glucose diagram. These are substantial improvements, particularly relative to the
standard deviations of their respective groups (27% and 20%). Although the sample sizes
are relatively small in both cases, the lower bounds of the confidence intervals (38% and
11%, respectively) still indicate meaningful improvements in the corresponding test scores.

The reason for this difference between the calcium and glucose systems is uncertain.
It could be due to unintended complexity introduced into the calcium system compared to
the glucose system by representing it as two separate diagrams—a strong motivation to
resort to CLDs. It is also possible that as glucose homeostasis is a well-known system due
to the prevalence of diabetes, students may already be familiar with the system. Further
investigation of these possibilities is warranted.

Interestingly, for the calcium system, while students performed far better on the CLD
than on the journal diagram in question C, their performance on question D was statistically
identical between diagram types. Question C relates to failure of the parathyroids, whereas
question D relates to an autonomously secreting parathyroid tumour.

Both pathologies represent open-loop systems due to failure of the feedback. In the
first case (question C), the damaged parathyroid glands do not respond to calcium and
thus do not produce PTH. In the second case (question D), one of the parathyroid glands
produces excessive PTH but it is not responsive to calcium levels, having lost sensitivity
due to aberrant characteristics of the tumour. Participants recognised the first case as an
open-loop control but not the second case. This suggests a possible teaching intervention
using other examples such as autonomous thyroid or secretory pituitary tumours.

For three of the glucose questions, A, B, and E, there was no statistically significant
difference between the CLD and the JSD.

Study Limitations

This exploratory study has a number of limitations. The study was limited to two
examples from journal articles. While this was partially mitigated by the counterbalanced
design, where each system served as its own control, the unequal performance of students
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in the two system types suggests that an expansion of this study to include a wider range
of examples may be illuminating. Broadening the scope of this study to include a greater
diversity of examples would likely generate deeper analytical insights and improve the
generalisability of the results. This extension would facilitate a more systematic and
reproducible analytical framework. This could be achieved through the development of a
structured coding scheme that classifies illustrations based on specific attributes.

These attributes could encompass the type of system depicted, the presence of particu-
lar symbols, and the overall structural complexity of the system. Complexity, in particular,
could be quantified using metrics such as the number or density of feedback loops, as
well as the hierarchical organisational level. Implementing a standardised coding protocol
across a sufficiently large sample would facilitate more rigorous comparative analyses
while enhancing reproducibility.

Future studies would potentially benefit from studying larger cohorts at different
stages of their curriculum, as well as from more stringent randomisation. This would be
expected to increase generalisability and improve confidence in the results.

Finally, the single-institution, single-cohort design and the use of true/false questions
could limit the information yield of this study and may be addressed in future work.

5. Conclusions

Medical illustrations vary widely in quality, and there is no standardisation of nomen-
clature or symbols. This exploratory study examines the potential of CLDs to enhance
medical students” understanding of the complex systems they encounter in their curriculum
by replacing traditional journal and textbook drawings.

It seems plausible that the effectiveness of CLDs over typical journal drawings may be
associated with the lowering of extraneous load [27], and further study on the mechanistic
aspects is warranted. These preliminary findings suggest that exposure to CLDs may
have the potential to enhance systems thinking and understanding among medical and
pre-medical students. However, further investigation is needed to more comprehensively
address a number of limitations including the paucity of diagram types and the relatively
small, single-institution sample.
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