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Introduction

Diabetic foot ulcers are a late diabetic complication that often 
leads to amputations such as minor lower-extremity amputa-
tion, for example, of a toe, and/or major lower-extremity ampu-
tation, for example, of a limb.1-3 Approximately one quarter of 
diabetic foot ulcers end in amputations.3 If wound care nurses’ 
diabetic foot ulcer knowledge and evidence level increased, 
some of these amputations might be possible to avoid or at least 
postpone.4-6 Ideally, providing wound care to diabetic foot 
ulcers should be a multidisciplinary task, which should involve, 
for example, podiatrists, endocrinologists, vascular and ortho-
pedic surgeons, microbiologists, and specialized nurses. In 

Denmark, however, the majority of the diabetic foot ulcer care 
is provided by community nurses with specialization within 
wounds.7 Currently, evidence-based learning systems used to 
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Abstract
Background: Currently, evidence-based learning systems to increase knowledge and evidence level of wound care are 
unavailable to wound care nurses in Denmark, which means that they need to learn about diabetic foot ulcers from experience 
and peer-to-peer training, or by asking experienced colleagues. Interactive evidence-based learning systems built on case-
based reasoning (CBR) have the potential to increase wound care nurses’ diabetic foot ulcer knowledge and evidence levels.

Method: A prototype of a CBR-interactive, evidence-based algorithm-operated learning system calculates a dissimilarity 
score (DS) that gives a quantitative measure of similarity between a new case and cases stored in a case base in relation to 
six variables: necrosis, wound size, granulation, fibrin, dry skin, and age. Based on the DS, cases are selected by matching the 
six variables with the best predictive power and by weighing the impact of each variable according to its contribution to the 
prediction. The cases are ranked, and the six cases with the lowest DS are visualized in the system.

Results: Conventional education, that is, evidence-based learning material such as books and lectures, may be less motivating 
and pedagogical than peer-to-peer training, which is, however, often less evidence-based. The CBR interactive learning 
systems presented in this study may bridge the two approaches. Showing wound care nurses how individual variables affect 
outcomes may help them achieve greater insights into pathophysiological processes.

Conclusion: A prototype of a CBR-interactive, evidence-based learning system that is centered on diabetic foot ulcers and 
related treatments bridges the gap between traditional evidence-based learning and more motivating and interactive learning 
approaches.
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increase wound care nurses’ knowledge and evidence level are 
not available. Therefore, wound care nurses need to learn about 
diabetic foot ulcers and related treatments from experience and 
peer-to-peer training, or by asking experienced colleagues.8,9 
Unfortunately, this means that wound care nurses as a group 
may hold on to inexpedient habits and practices instead of 
increasing their knowledge and evidence level.4,10

Building a meaningful learning system based on evi-
dence requires good quality evidence. Systematic reviews 
of randomized controlled trials conclude that studies com-
paring different diabetic foot ulcer treatments have low 
evidence levels.11-19 Therefore, this type of study cannot be 
used to draw conclusions or make summaries that can be 
implemented into future learning systems. Even though 
they rank lower in the evidence hierarchy,20 retrospective 
cohort study designs may pose another means of generat-
ing evidence. A newly published retrospective cohort study 
showed how variables in the form of on-site wound char-
acteristics or easily accessible information collected dur-
ing wound care consultations are highly informative when 
it comes to predicting whether a diabetic foot ulcer will 
heal or not.21 The data and principles used in that study 
could provide the basis of an evidence-based learning 
system.

Case-based reasoning (CBR) is a well-established artifi-
cial intelligence technique that has been practiced in different 
scientific areas, not only as a problem-solving methodology 
but also as a learning methodology.22,23 It is an intuitive, trans-
parent, and relevant technique when previously successful 
solutions have been recorded, as is the case in the healthcare 
sector. The overall idea behind CBR is to apply experience 
and knowledge from previously solved cases to solve new 
problems. A case refers to a problematic situation. In classic 
CBR, the system, when confronted with a new case, retrieves 
a set of similar cases, reuses previous solutions to the problem 

by revising them in the context of the current case, before 
retaining the “solved” case for future use in the CBR sys-
tem.24,25 One domain where the CBR methodology has been 
particularly appropriate is within the medical domain.26,27 
Overviews show that in the medical domain, CBR has been 
applied to psychiatry, oncology, audiology, intensive care, 
heart failure treatments, dyspnea management, hypertension 
treatment, and diabetes management.28,29 Most CBR systems 
have been applied to classification and treatment choice such 
as diagnosis and decision support systems, others have been 
used as planning systems, and a few have been used as tutor-
ing or learning systems.26,28-30 The aim of this study was to 
use the CBR methodology and CBR data as well as principles 
from the retrospective cohort study21 to build a prototype of 
an interactive pedagogical tool for evidence-based diabetic 
foot ulcer care for nurses.

Case-Based Reasoning System

When operating the prototype of the CBR interactive, evi-
dence-based learning system, the wound care nurse starts by 
entering characteristics of a new case whereupon the system 
provides him or her with a selection of six cases similar to 
the new case. For each of the selected cases, the wound care 
nurse will get access to one or more images of the foot ulcer, 
the quantitative characteristics of the foot ulcer, how the foot 
ulcer was treated, and information regarding whether the 
foot ulcer healed. Figure 1 outlines the architecture of the 
prototype of the pedagogical tool for evidence-based dia-
betic foot ulcer care for nurses.

The prototype of the CBR interactive learning system oper-
ates by an algorithm that calculates a dissimilarity score (DS) 
giving a quantitative measure of the similarity between the new 
case and each of the cases stored in a prototype case base with 
respect to the six variables necrosis, wound size, granulation, 

Figure 1. Outline of the CBR-interactive, evidence-based learning system.
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fibrin, dry skin, and age. A DS of zero corresponds to no dis-
similarity, that is, complete similarity. Based on the DS, the 
cases are organized and ranked, and the six cases with the low-
est DS are selected. It should be noted that the six selected vari-
ables are those shown to be the best outcome predictors of a 
given treatment.21 In other words, if the purpose, for example, 
had been to find visually similar cases, other variables would 
probably have been selected.

The case-based reasoning system is operated in three 
phases: (i) the case base is built; (ii) cases are retrieved from 
the case base, and (iii) each new case is retained by adding it 
to the case base as described in more detail below.

Case Base Building

Six variables were included in the study as depicted in Table 1, 
which also reports the log odds ratios (β), coefficients from a 
logistic regression model as reported in a previous study.21 The 
evidence for choosing these six variables (Table 1) has been 
published in a study by Bender et al.21 The study by Bender 
et al. showed that the combination of these predictor variables 
lead to an area under the curve of 0.77.

In the prototype version of the system, the case base con-
tained a fixed number of diabetic foot ulcer cases (N = 162), 
where a case refers to the quantitative characteristics of treat-
ments and outcome (healed/not healed) of a specific diabetic 
foot ulcer. The cases were selected from a larger database 
using the inclusion criteria: observation period between 14 
and 30 days, minimum wound size corresponding to 0.5 m2, 
and at least two registrations of the wound size, as described 
in a previous study.21 The data comes from a Danish data-
base, named Pleje.net. Wound care community nurses work-
ing in the home nursing care, who treat chronic ulcers in the 
patients’ homes, including diabetic foot ulcers, enter this 
data. This information is validated by wound specialists 
working at Danish hospitals specialized in diabetic foot 
ulcers. Most conventional facilities probably do not practice 
evidence based methodology. The wound care specialist val-
idation in Pleje.net is evidence-based, which means that the 

database has a high validity when using it in case-based 
learning. A more detailed description of the selection process 
and its rationale can be found in Bender et al.21

Case Retrieval

In order to retrieve cases, the prototype of the CBR-
interactive, evidence-based learning system assessed the 
similarity of a new case with respect to all cases from the 
case base. For each of the cases in the case base, B, the DS 
was calculated using the equation:

DS N B N Bj

i

i i ji,( ) = −( )
=
∑
1

6

β

where N are the coefficients (observed values) of the new 
case, Bj are the coefficients (observed values) of the jth entry 
in the case base, and βi is the log odds ratio corresponding to 
the ith variable (Table 1). Based on the DS, cases are ranked, 
and the six cases with the lowest DS are selected for visual-
ization. It should be noted that by using this DS, cases are 
selected not only by matching the six variables with the best 
predictive power, but also by weighing the impact of each 
variable according to its contribution to the prediction.

Wound Care Nurse User Interface

The interface of the prototype of the interactive pedagogical 
nurse tool prototype is illustrated in Figures 2a–2d. When tap-
ping the icon for the case-based reasoning tool in the patient 
record system running on the nurse’s mobile phone, the start 
page is shown for a second or two, as shown in Figure 2a.

In the prototype system, the first step for the wound care 
nurse involves entering the characteristics of the diabetic foot 
ulcer, as illustrated in Figure 2b (information on age is 
retrieved from the patient health record, but it can be changed 
manually by the nurse). The wound care nurse enters infor-
mation on the six characteristics: granulation, fibrin, necrosis, 
dry skin, age, and wound size. The first four binary character-
istics are answered by tapping ‘yes’ or ‘no’. The last two con-
tinuous characteristics, age, and wound size, are answered 
using an adjustment bar. When all six characteristics are 
entered, the wound care nurses can press “apply settings”.

After entering the wound characteristics, the six best 
matching cases are listed, as illustrated in Figure 2c. The list 
contains the patient identification number, as used in the case 
base, and the match between the listed cases and the new case. 
Since the DS used in the case-based reasoning system may be 
hard for some nurses to interpret, the score is converted into a 
match percentage, calculated by the following formula:

Match
DS

=
−( )
1

1
100*

Table 1. Variables Included in The Learning System. 
Variable = Name of the Predictor Variable; Type = Variable’s Type; 
Values = Values that each Variable May Assume; Log Odds Ratio 
(β). A Change in a Variable by One Unit (Or, in Case of Nominal 
Variables, a Change from “No” to “Yes”) Increases the Log Odds 
Ratio by the Value of the Corresponding Weight, β.21

Variable Type Values Log odds ratio (β)

Necrosis Nominal [yes, no] −1,4286
Wound size (cm2) Continuous (0,+∞ ) 0.0294
Granulation Nominal [yes, no] 0.1789
Fibrin Nominal [yes, no] −0.7640
Dry skin Nominal [yes, no] −0.7041
Age (years) Integer (0,+∞ ) −0.0464
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After tapping one of the cases in the list, the details for this 
case are shown, as illustrated in Figure 2d. From top to bot-
tom, the following information is given: (1) A short descrip-
tion of the patient and/or other relevant information regarding 
the patient is outlined and the match percentage is shown. 
For example, for patient#162, John Doe, there is a 90% 
match. (2) A bar chart showing the match of each of the six 
variables multiplied by the corresponding weighing. In this 
case, there is a match for variables 1, 2, 4, 5 and 6, but no 
match for variable 3. (3) An overview of the treatment for 
this patient. (4) An overview of the treatment outcome mea-
sured by change in wound size. When having questions, for 
example regarding why one of the matching patients in the 
CBR-prototype system has been chosen for comparison with 
the current patient, the nurse can enter an interactive chat 
function by double tapping the relevant matching patient and 
thereby get in contact with the hospital-based wound special-
ists. After having selected the matching patient in question, 
the nurse can, if it is more convenient, phone the hospital-
based wound specialists as he or she is used to when having 
questions to the treatment of a specific patient.

Discussion

CBR has been used in several studies centered on diabetes 
management for purposes such as supporting physicians in 
providing appropriate treatment for maintaining blood glu-
cose control, supporting patient education, and for insulin 
pump therapy and other types of diabetes management.31-36 
To our knowledge, none of these studies have focused on 
diabetic foot ulcers. In our study, a pedagogical prototype 

tool for nurses has been presented with the aim of increasing 
wound care nurses’ diabetic foot ulcer knowledge and evi-
dence level.

In a study by Marling et al., a case-based decision support 
system to assist patients with Type 1 diabetes in handling 
insulin pump therapy was developed.34 Even though this sys-
tem was oriented toward insulin pump therapy and designed 
to support patients, whereas the present system focuses on 
diabetic foot ulcers supporting wound care nurses, the two 
systems do share several similarities. In the study by Marling 
et al., 18 variables were selected among 140 different vari-
ables as the most relevant.34 In the present study, six variables 
were selected among the 60 variables available.21 In both 
studies, health professionals collected data as part of their 
daily routine with patients. Both studies compared cases 
using similarity calculus: Marling et al. used a nearest neigh-
bor approach, whereas the present study used a dissimilarity 
score based on logistic regression coefficients. It should be 
noted that several similarity calculus methods are reported in 
the literature: rule-based reasoning, neural network, fuzzy 
logic, Euclidian distance, similarity function, genetic algo-
rithms, weight set ranked by decision tree, probabilistic, clus-
ter, similarity measurements, and nearest neighborhood.26,34,37-43 
Some systems combined two or more methods43,44 such as the 
system presented by Montani et al.,37 where CBR and rule-
based reasoning were integrated into the same system to help 
physicians with therapy planning.

In a survey mapping the use of CBR in medicine pub-
lished by Choudhury and Begum, the authors identified 76 
systems which fell into two groups: 23 using only CBR and 
53 using CBR in combination with another technique.28 The 

Figure 2. (Consists of four sub-figures, 2a–2d). A visualization of the prototype system.
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authors of the survey did not describe the reasons for using 
more than one technique. It should be noted that in most of 
the 53 system, combining two or more techniques that 
involved moving from using one technique to two or more 
techniques is reflected in the publication of separate papers, 
such as in the work of Montani et al.37

Holt et al. divided CBR systems into four groups, most of 
which were diagnosis and decision support systems, a 
smaller part were classification systems, another smaller part 
were categorized as planning systems, and only a few were 
categorized as tutoring systems.27 The last mentioned cate-
gory includes systems that involve no particular interaction 
with the user. The present system is interactive and therefore 
does not seem to fall in the tutoring systems category or any 
of the other three categories. The categorization could be 
expanded with a fifth category, interactive learning systems, 
or the fourth category could alternatively be further divided 
into two sub-categories, tutoring systems and interactive 
learning systems, and given a more generic label, for exam-
ple pedagogical systems.

As mentioned, CBR is very similar to human cognitive 
thinking and reasoning when it comes to learning and solv-
ing problems. In our perspective, there is large pedagogical 
potential in applying interactive learning systems. 
Conventional education, i.e. evidence-based learning mate-
rial such as books and other written material and lectures, 
may be less motivating and pedagogical than peer-to-peer 
training, which is, however, often less evidence-based. CBR-
interactive, evidence-based learning systems such as the one 
suggested in the present study may therefore be able to 
bridge the two approaches; that is, CBR-interactive learning 
systems may offer an evidence-based, motivating and more 
pedagogical approach to learning; for example, showing the 
wound care nurses how individual variables influence the 
outcome may help them to achieve better insights into patho-
physiological processes and, ideally, the rationale behind 
various treatments. It should be noted that, when the CBR-
interactive learning system is taken into routine use, the deci-
sion on how to treat a wound should continue to be based on 
the clinical skills of the wound care community nurse and, in 
case of any doubt, the wound care community nurse should 
continue to consult the specialist call center.

CBR methods may have some limitations. One limitation 
is the large processing time involved in searching for similar 
cases in the case base. One should be aware of this limitation, 
as it might affect the usability of a final learning system. 
Another limitation relates to the large storage space used in 
CBR. A general limitation in the study is that the analysis is 
based on the variables that are routinely registered by the 
wound care community nurses in Denmark and, therefore, 
variables such as neuropathy, ischemia, and wound depth 
were not included in the logistic regression analysis.21 The 
potential benefit of adding more variables to the routinely 
registered variables should be analyzed in future work.

Conclusion

The present CBR prototype is, to our knowledge, the first 
CBR-interactive, evidence-based learning system centered 
on diabetic foot ulcers and related treatment. The present 
prototype illustrates a CBR-interactive learning system that 
shows how to bridge the gap between traditional evidence-
based learning and more motivating and interactive 
approaches to learning.

Future work should include further development of the 
CBR-interactive, evidence-based learning system that 
involve heuristic evaluation and user tests. To demonstrate 
pedagogical effects in a clinical setting, relatively inexperi-
enced wound care nurses should also be studied by assessing 
their competence level at baseline and after having used the 
system for a period. A conventional RCT should be applied 
to demonstrate clinical effect.
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