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ABSTRACT

Background: Specialized care is crucial for severe burn injuries whereas minor burns should
be handled at point-of-care. Misdiagnosis is common which leads to overburdening the
system and to a lack of treatment for others due to resources shortage.

Objectives: The overarching aim was to evaluate four decision-support tools for diagnosis,
referral, and triage of acute burns injuries in South Africa and Sweden: referral criteria,
mortality prediction scores, image-based remote consultation and automated diagnosis.
Methods: Study | retrospectively assessed adherence to referral criteria of 1165 patients
admitted to the paediatric burns centre of the Western Cape of South Africa. Study Il assessed
mortality prediction of 372 patients admitted to the adults burns centre by evaluating an
existing score (ABSI), and by using logistic regression. In study lll, an online survey was used to
assess the diagnostic accuracy of burn experts’ image-based estimations using their smart-
phone or tablet. In study IV, two deep-learning algorithms were developed using 1105 acute
burn images in order to identify the burn, and to classify burn depth.

Results: Adherence to referral criteria was of 93.4%, and the age and severity criteria were
associated with patient care. In adults, the ABSI score was a good predictor of mortality which
affected a fifth of the patients and which was associated with gender, burn size and referral
status. Experts were able to diagnose burn size, and burn depth using handheld devices.
Finally, both a wound identifier and a depth classifier algorithm could be developed with
relatively high accuracy.

Conclusions: Altogether the findings inform on the use of four tools along the care trajectory
of patients with acute burns by assisting with the diagnosis, referral and triage from point-of-
care to burns centres. This will assist with reducing inequities by improving access to the
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most appropriate care for patients.

Background
Acute burn diagnosis - a difficult task

Globally, poor access to care in general and to spe-
cialized care in particular impact negatively on mor-
bidity and mortality, not least in the case of injuries
[1,2]. Burn injuries for instance, the fourth-largest
cause of injury death worldwide with approximately
418 deaths a day, challenge health-care systems [3].
They are difficult to assess accurately at point-of-care,
triage mechanisms are not in place everywhere, and
specialized centres are few and overloaded. While
small burns should be treated locally and severe
ones transferred to specialised centres, overtriage
leads to the transfer of futile cases (‘those in whom
goals of care cannot be met at any time’ [4]) that
overburdens unduly the system [5].

A burn’s severity is defined by its size - measured
as the total body surface area (TBSA) affected — and
its depth. Depth is split into five anatomic categories
(superficial thickness, superficial-partial thickness,

mid-partial thickness, deep-partial thickness and full
thickness [6]), that can be further divided into two
surgical treatment strategies, namely partial injuries
(that include superficial-partial to mid-partial thick-
ness burns and which will heal spontaneously) and
deep injuries (that include deep-partial thickness and
full thickness burns that will require surgical inter-
vention and skin grafting in order for them to heal)
[7,8]. Burn size and depth are most commonly esti-
mated through visual and tactile assessments, but
misdiagnoses are frequent for both, as observed in
emergency centres and among referring physicians,
and, for burn depth, even among surgeons [9-16].

Decision support aids exist to help minimize refer-
ral and triage errors. Some are more traditional, list-
based and are meant to be used at bedside and
others - digital - provide remote assistance. Four
such tools are covered in this thesis synthesis, two
that are used at admission to specialised burns cen-
tres and the other two as a means to provide assis-
tance at point-of-care.
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Existing decision-support tools at admission to
burns centres

Triage is the sorting of patients for treatment
in situation of at least modest resource scarcity,
according to an assessment of the patient’s medical
condition and the application of an established sort-
ing system or plan [17]. Burn triage can be context-
specific, referring to patient selection for referral,
admission or discharge when resources are scarce
[18-20], or solely to patient (air) transport, when
resources are less of an issue [21-24].

Referral guidelines exist to define which conditions
should be referred to burns centres. A first version was
developed by the American Burn Association [25,26],
and then adapted to several contexts including in
Australia and New Zealand [27], in Europe [28], or in
South Africa [29]. While several criteria are similar
across guidelines e.g. the involvement of sensitive
body parts, others are dependent on the availability of
resources, such as the size of the burn at which a patient
should be transferred. How well guidelines are imple-
mented has been documented only for a number of
emergency or referring centres [30-36] and burns cen-
tres [21-23,37-43]. The bulk of these studies are how-
ever from high-income settings where the lack of beds
in burns centres is not as big and constant issue.

In addition to referral guidelines, mortality prediction
scores — based on key patient and injury factors — can also
aid with patient flow by identifying futile patients and
those likely to survive [44]. The limited resources can
then be used in priority for those who would benefit the
most from them [20,45-47]. Factors identified in differ-
ent patient populations include age, burn size, presence of
inhalational injury, gender, presence of comorbidities,
and burn depth [48,49]. The Abbreviated Burns
Severity Index (ABSI) score is one of the existing predic-
tion scores in which the risk of mortality is obtained by
adding assigned scores to five predictive variables
observed at admission: sex, age, inhalation injury, burn
depth, and TBSA [50]. This score has been used in
a number of settings, including in Switzerland,
Indonesia, Malaysia and Ghana [51-55], while in others
such as in a Kenyan and in a South African burns unit the
original score had to be modified in order for mortality
breakpoints to represent the studied populations [56,57].

Newly-developed digital tools: an opportunity for
remote diagnosis

Although the ultimate triage tool would be based on
easily identifiable and interpretable injury character-
istics, it will always be reliant on the initial diagnosis
which should be as accurate as possible. In recent
years, the dramatic increase in smartphone’s and
tablet’s penetration in all settings has brought
a fantastic opportunity for digital health applications

[58] with the potential to remove existing distances
between patients and specialists and to provide
experts, advice directly at point-of-care [59-65]. In
fact, the visual nature of burn injuries makes them
a perfect candidate for using such image-based tech-
nologies. Several spontaneous expert-led informal
[66,67] and formal [68] initiatives for the transfer of
information and knowledge have been implemented
in the past few years and are even recommended
prior to referral in some countries such as France or
the USA [25,69]. These latter recommendations how-
ever rely on the viewing of images on specifically
designated computers [62], a method that has been
proven for a number of years [70-73]. This is none-
theless unrealistic in settings where handheld devices
are much more common than computers. Whether
these devices provide an accurate diagnosis needs to
be investigated in order to verify that all patients have
access to appropriate and equitable treatment inde-
pendently of the context.

Remote consultation will however always be lim-
ited by the small number of burns specialists who
cannot assess all cases [74]. The recent development
in automated image analysis using deep-learning
algorithms could be a potential solution to alleviate
this problem [75]. In particular, convolutional neural
networks (CNNs) have been used to assist with diag-
nosis in other medical disciplines such as in derma-
tology [76], ophthalmology [77], radiology [78],
pathology [79], or cardiology [80]. In burn care,
automated burn size calculations have been sug-
gested by the use of several mobile apps [81-83].
A few additional studies have investigated the poten-
tial of deep-learning to distinguish small areas of
burns from other wounds [84, 85] or healthy skin
[84-86]. Only one study has developed an algorithm
for the determination of burn depth using 23 images
and obtaining an accuracy of approximately 80%
[87]. Like for other CNN-based medical studies,
there is a bias in the existing body of evidence,
where only one study currently involves patients
with different skin types, and which concluded on
the complexity of training a combined model for all
skin types [84].

The overarching aim of this work was to synthe-
size the doctoral thesis defended at Karolinska
Institutet, Sweden. The aim of this thesis was to
determine the potential of decision-support tools for
referral and triage of acute burns injuries by assessing
four of them used in South Africa and Sweden: refer-
ral criteria, mortality prediction scores, image-based
remote consultation and automated diagnosis. The
following research questions were addressed, each in
one sub-study

e What is the level of adherence to existing referral
criteria at admission and to what extent are each of



these criteria associated with the care received at
a paediatric burns centre? (Study I [88],)

e What are the determinants associated with in-
hospital mortality, and to what extent could the
ABSI score be used as a source of triage at admis-
sion to an adult burns centre? (Study II [89],)

e How accurate is the image-based remote diag-
nosis of burns when viewed on a handheld
device? (Study III [90],)

e What is the accuracy of an image-based deep
learning algorithm for identifying a burn wound,
and classifying burn depth? How are those results
affected by skin types of patients? (Study IV [91],)

Methods

Evaluation of existing triage tools at specialized
burns centres (Studies I and II)

Setting

Studies one and two took place in the Western Cape
Province of South Africa, which is the third largest pro-
vince in the country both in terms of land and population
[92,93]. The province’s demography is marked by a high
immigrant rate with an observed increase population size
of 20% in the last ten years [93]. This population is
vulnerable, with one in five inhabitants living in informal
housing [94], some not having access to electricity for
lighting or cooking [92].

The healthcare system in South Africa is two-
tiered and it is estimated that 84% of the South
Africans are users of the publicly funded system,
leading to high inequities in access and quality of
care [95,96]. The public healthcare system in the
Western Cape consists of 435 primary healthcare
clinics, 34 district hospitals, five regional hospitals
and three tertiary hospitals [97]. However, in this
context burn care has to rival against a quadruple
burden of disease which includes maternal and child
mortality, infectious diseases, non-communicable dis-
eases and violence [98]. There are only two burns
centres in the province, both located in the city of
Cape Town, together consisting of 46 beds and mana-
ging approximately 1950 patients annually [99]. The
paediatric burns centre, located at the Red Cross War
Memorial Children’s Hospital (hereafter referred to
Red Cross Hospital) does manage a three times
higher caseload than the adult burns centre located
at Tygerberg Hospital [99]. Burn injuries referral and
treatment guidelines have been produced at
a provincial level in 2011, and specify that only the
most severe and complex burns should be referred
and admitted to one of the two burns centres [100].
These criteria are presented in Supplementary
Figure 1.
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Data collection procedure

Patients admitted to both burns centres were identi-
fied from the centres’ admission books and their files
were then individually retrieved to collect data using
a standardized electronic case report form. The forms
captured data on the patient (age, and gender), the
injury (mechanism, intent, burn depth and size
(expressed as percentage TBSA), ABSI score, anato-
mical site involved, and existing comorbidities), refer-
ral (mode of transport to hospital, referring hospital,
and adherence to each of the provincial referral cri-
teria), as well as patient management and outcome
(admission to the intensive care unit (ICU), treat-
ment, surgery, length of stay and mortality).

Samples

Data were collected at the Red Cross Hospital’s pae-
diatric burns centre (Study I) during the busiest times
of five consecutive years (winters: May 1%-
August 15™) from 2011 to 2015 and included all
patients less than 13 years who presented for acute
burns. For Study II, due to the smaller number of
patients admitted at the adult burns centre, all
patients admitted during full calendar years 2015
and 2016 with acute burns to the adults burns centre
at Tygerberg Hospital were included.

A total of 1165 paediatric and 372 adult patients
were included in Study I and II respectively. Table 1
presents the patient and injury characteristics by
study. Regarding patient outcomes, 28% and 71% of
the paediatric and adult cases, respectively, under-
went surgery during their stay. In addition, only
26% of the paediatric patients stayed longer than
a week in hospital whereas 81% of the adult popula-
tions stayed that long. Finally, none of the paediatric
patients included in Study I died during their stay,
whereas 21% of the adult patients (an even higher
proportion of 28% for flame burns) did.

Data analyses

In study I, adherence to each of the referral criteria (see
Supplementary Figure 1) as well as adherence to the
referral criteria (all aggregated) was measured as
a proportion of cases in which at least one criterion
was identified over the total number of cases.
Association between individual referral criterion and
patient care was measured using univariate logistic
regression and expressed as Odds Ratios (ORs) with
95% confidence intervals (CIs). Patient care was defined
as requiring surgery or hospital length of stay longer
than 7 days. The analyses were stratified by patient age
group: those <2 years and those > 2 years.

In study II, associations between in-hospital mortal-
ity with patient (gender and age), injury (burn depth,
size, inhalation, existing comorbidities and intent), and
admission-related (referral status, time to admission
and level of referring hospital) characteristics were
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Table 1. Patient and injury characteristics of cases included in
each of the burns centres, in Study | for paediatric cases at
the Red Cross Hospital (n = 1165) and in Study Il for adult
cases at Tygerberg Hospital (n = 372).

Paediatric Adults
n % n %
Patient Characteristics
Gender
Men 649 55.7 250 67.2
Women 516 443 122 32.8
Age group (in years)
<2 604 519 N/A
2-3 312 26.8 N/A
4-5 106 9.1 N/A
6-12 143 12.3 N/A
13-20 N/A 50 13.4
21-40 N/A 214 57.5
41-60 N/A 95 25.5
61-90 N/A 13 35
Injury Characteristics
Mechanism
Hot liquid 953 81.8 72 19.4
Hot object 78 6.7 5 13
Fire/Flame 108 9.3 263 70.7
Electrical or Chemical 23 2.0 28 7.5
Unknown 3 0.3 4 1.1
Anatomical site®
Head, face and neck 594 51.0 259 69.6
Arms and/or hands 714 61.3 319 85.8
Trunk 605 519 250 67.2
Genitalia/Perineum 112 9.6 31 8.3
Legs and/or feet 446 383 183 49.2
Burn size (TBSA, in %)
<5 473 40.6 42 1.3
6-10 372 319 52 14.0
11-15 183 15.7 42 1.3
16-30 107 9.2 122 32.8
>30 21 1.8 114 30.6
Unknown 9 0.8 0 0.0
Burn depth®
Superficial-partial 1021 87.6 24 6.5
Mid-partial/Indeterminate 15 13 106 285
Deep-partial N/A N/A 53 14.3
Full 102 8.8 152 40.9
Unknown 27 23 37 10.0
Inhalation injury
No 1132 97.2 197 53.0
Yes 33 2.8 175 47.0
Intent
Unintentional 1139 97.8 274 73.7
Intentional 22 1.9 94 25.3
Unknown 4 0.3 4 1.1

assessed using univariate logistic regressions and
expressed as ORs with 95% Cls. Patient-, injury-, and
admission-related characteristics that were significantly
associated with mortality were then entered into
a multivariate logistic regression model with mortality
as an outcome.

Observed mortality at the burns centre for each
ABSI score was compared to the levels previous
described [50].

Remote diagnosis using image-based tools
(Studies Il and 1V)

Image data collection

A database of acute burn images was established from
two data sources: one data set comprising images
obtained from several burns centres in South Africa,

the other containing images obtained at the Uppsala
Hospital burns centre in Sweden. Pictures were col-
lected as part of an mHealth App for acute burns
diagnosis (initially moBurnZA [68], then Vula (www.
vulamobile.com)), or as part of care for wound clo-
sure follow-up. Pictures were collected in ‘real-life’
settings leading to varying quality, background, light-
ing, distance from the wound and using available
camera devices, which included smartphones, and
digital cameras. Together with the images, deidenti-
fied data related to the patient’s age group and gen-
der, as well as injury information-related body part
involved, burn mechanism and diagnosis (burn depth
and size) determined by burn specialists were col-
lected when available.

Remote consultation by specialists (Study Ill)

The third study consisted of the diagnostic evaluation
of 51 burn images performed by 26 burns and emer-
gency medicine specialists when using their own
handheld device (smartphone or tablet). A total of
10 typical cases representing wounds most commonly
seen at emergency centres in the Western Cape were
identified and exemplified using five or six images for
each case. These were then put together in an online
questionnaire following the example previously pub-
lished [70] using SurveyMonkey (SurveyMonkey Inc.,
San Mateo California USA, www.surveymonkey.com)
which included a few background questions for the
physicians, followed by the images (presented in ran-
dom order) and for which physicians had to estimate
the depth (on a scale of four) and the size (as percen-
tage TBSA). The survey was sent out electronically to
purposively selected participants based on their
expertise to diagnose burns from three groups: a)
South African physicians practicing as tele-expert in
a local mHealth App (Vula [68];), b) other South
African burns specialists who were in the professional
network of participants from the first group, c)
Swedish burns specialists who were involved in
related studies [70]. The final group consisted of a)
eleven South African emergency medicine specialists,
b) eight South African burns specialists and c) seven
Swedish burns specialists.

Diagnostic accuracy of the assessments of burn
depth and size was measured using two-way mixed-
effect intraclass correlation coefficient (ICC) with bed-
side clinical assessment performed by burns specialists
as gold standard. Analyses were performed all cases
aggregated, and stratified by case age group: paediatric
and adult. The results were interpreted using the fol-
lowing definition [101]: ICC<0.70 signifies low correla-
tion, 0.70 < ICC<0.80 signifies acceptable correlation,
and ICC>0.80 signifies high correlation. For burn
depth, sensitivity and specificity were also measured
after dichotomizing the results on the surgical need of
each burn.
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Automated burn segmentation and surgery
classification (Study V)

The fourth study involved the training and assessment
of two image-based deep-learning algorithms to a)
identify and segment burn injuries from background
and healthy skin b) classify burn depth dichotomized
based on the surgical need for each burn.

A total of 1105 images presenting cleaned, acute burn
wounds were included in this study. Patients with
lighter Fitzpatrick skin types (1-3) [102] were collected
in Sweden and represent 35% of the images (n = 391),
while the other 65% of the images (n = 714) were
collected in South Africa and consist of patients with
darker Fitzpatrick skin types (4-6). A total of 536 back-
ground images obtained from publicly available online
datasets [103,104] were also added to the training of the
wound identifier algorithm in order to improve seg-
mentation performances. Burn images were individu-
ally scaled according to available anthropomorphic
measurements [105-107], and manually annotated on
a pixel-by-pixel basis using a binary mask to segment the
wound from healthy skin or background. Classification
of the surgical need was performed on an image level
based on the burn’s expert initial depth diagnosis.

Two deep CNNs were trained using a commercially
available platform for medical image-based analyses
Aiforia Create (Aiforia Create, Aiforia Hub, Helsinki,
Finland). The first algorithm segments the burn wound
from everything else in the image and was trained using
773 burn images (70% of the dataset) and the 536 back-
ground images. The training area included the whole
image, and in burn images the area to be segmented
was the burn area. The second algorithm classifies each
image based on their depth into one of two categories:
surgical burns that require skin grafting due to deep-
partial or full thickness wounds; and non-surgical burns
that are of superficial- or mid-partial thickness and are
manageable with conservative treatment. Again, the same
70% of the dataset was used for training, and for this
algorithm the wounds themselves were used as the train-
ing areas that were split into the two categories.

For both algorithms, testing was performed using
30% of the training set for three-fold cross-validation,
and once optimal parameters were obtained, a final
training using 100% of the training sets was performed
prior to exporting and evaluating the algorithms on the
validation set. Additional training and validations were
performed stratified by skin types.

A maximum of 30,000 iterations were used for
training, and the feature size was predefined at 125
and 190 units for the wound detection and surgery
classification algorithms respectively. The following
image augmentation settings were used for all algo-
rithms: variation in scale (+ 10%), aspect ratio (+
10%), shear distortion (+ 10%), luminance (+ 10%),
contrast (+ 10%), white balance (+ 10%) and varia-
tion in image compression quality (40-60%).
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For the wound identification algorithm, segmenta-
tion results were measured as sensitivity, precision and
F1-score on a pixel level for each image and aggregated
across respective image sets (for the training, and vali-
dation sets, and by skin types). Comparisons in the
algorithms performances by skin type was assessed
using a non-parametric Mann-Whitney U-test. For
the surgery classification algorithm, an image was clas-
sified as a surgical burn when >1% of the wound’s pixels
were identified as such. Success rate, sensitivity and
specificity were measured with 95% ClIs for the valida-
tion set overall and stratified by skin type.

Results

Evaluation of existing triage tools at specialized
burns centres (Studies | and II)

Referral criteria (Study |)

Overall, 94.8% of the patients admitted to the two
burns centres in the province (93.4% at Red Cross
Hospital for paediatric cases, and 99.2% at Tygerberg
Hospital for adult cases) were admitted in adherence
with the local referral criteria. On average, 1.7 and 2.5
criteria were identified in paediatric and adult
patients, respectively, who fulfilled at least one criter-
ion. The criterion for anatomical site was often ful-
filled in both paediatric and adult cases (observed in
85.2% and 93.8% of the patients respectively). Among
paediatric patients, the age criterion (<2 years) was
fulfilled by over half (51.9%) of the patients. All other
criteria (severity 11.1%, inhalation injury 2.8%, exist-
ing comorbidity 3.0%, mechanism of injury 3.9% and
severe associated injuries 0.0%) were all fulfilled by
a small number of paediatric patients. In the paedia-
tric population, there is a tendency of patients not
fulfilling the criteria to have flame burns, of TBSA
between 11% and 15% and of full thickness (data not
shown [88],). At the adult burns centre, only three
patients were admitted not in adherence with the
referral criteria [89]. It is also possible that patients
were admitted due to lack of transport availability or
for other personal reasons.

Results of the univariate logistic regressions
between referral criteria and intensive patient care
(undergoing surgery or length of stay >7 days) at
the paediatric burns centre are presented in Table 2.
Adherence to the list of referral criteria as a whole
was not associated with the care received when
including all patients (OR = 0.96). However, patients
not fulfilling the age criterion (=2 years) had higher
odds of intensive patient care than those who fulfilled
that criterion (OR = 1.76). The criterion for severity
was the only one significantly associated with patient
care in patients of the younger age group, whereas
that of inhalation injury was also significant in the
older age group.
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Table 2. Association between adherence to referral criteria
and intensive patient care.

Children <2 years old

Chidren =2 years old

Criteria Odds Ratios 95% CI  Odds Ratios ~ 95% CI
Age N/A - 1.8 14-2.2
Anatomical site 1.4 0.8-2.3 1.2 0.7-1.8
Severity 19.4 8.6-43.9 11.6 5.6-23.8
Inhalation injury 2.2 0.7-6.9 5.5 1.8-16.6
Mechanism of injury 2.7 0.7-10.3 1.1 0.6-2.2
Existing comorbidity 1.8 0.7-4.5 0.5 0.2-14

Mortality prediction scores (Study II)

One in five of the patients admitted to the adults burns
centre passed away during their stay, representing 76
patients. Association between mortality and patient,
injury and admission-related characteristics was assessed
for flame burn patients and results of the univariate and
multivariate logistic regressions are presented in Table 3.
Within patient characteristics, gender was associated with
mortality whereas age was not. Regarding injury charac-
teristics, burn depth and size as well as presence of
inhalational component were all individually associated
with mortality in the crude analyses. On the other hand,
presence of an intentional component or of previous
comorbidities did not affect the outcome. Regarding
admission-related characteristics, referral status was the
only variable that was individually associated with mor-
tality whereby patients who were not referred from lower
levels of care had 3.2 higher odds of a fatal injury than
those who were referred. In the multivariate analyses,
only gender, burn size and referral status remained sig-
nificantly associated with higher odds of mortality after
adjusting for all other variables.

When assessing the accuracy of the ABSI score
predictions in the given patient population, we
observed that the mean ABSI score was of six when
considering all patients admitted at the centre, and of
seven when considering only patients who sustained
flame burns. Whereas the highest ABSI score for

patients who did not sustain a flame burn was nine,
in those who did, the ABSI score ranged from 2 to 13.
For each ABSI score, the mortality observed was in
the expected range. However, all patients in the high-
est risk group (with an ABSI score of 12 or 13) passed
away during their stay.

Remote diagnosis using image-based tools
(Studies Ill and 1V)

Remote consultation by specialists (Study Ill)

The results of the diagnostic accuracy of the assess-
ments of both burn size and depth performed by all
26 participants are presented in Figure 1. The assess-
ments of burn size were of high accuracy for all
participants, and for both paediatric and adult cases.
Although still in the acceptable range, the assess-
ments performed by South African Emergency
Medicine specialists were slightly lower than those
performed by burns specialists from both South
Africa and Sweden. Assessments of burn depth were
of relatively low accuracy even if assessments of pae-
diatric cases were of higher accuracy than those of
adult cases. In particular, the assessments of paedia-
tric cases performed by South African burns specia-
lists were considered of acceptable accuracy.

The sensitivity of the classification of burn depth
according to the need for surgery was 75.6% when
comparing the assessments performed on the hand-
held devices compared to the gold standard, and the
specificity was 70.4%.

Automated burn segmentation and surgery
classification (Study IV)

Training of the burn segmentation algorithm
reached a sensitivity of 93.2% (95% CI: 92.4%-
94.0%), and an F1 score of 90.2% (95% CI: 89.4%-—
91.0%). In the two trainings stratified by skin types,

Table 3. Univariate and multivariate associations between patient, injury and admission-related characteristics with in-hospital
mortality for flame burn patients admitted at Tygerberg Hospital burns centre in 2015 and 2016 (n = 263).

Mortality Crude Adjusted
n % 0Odds Ratios 95% Cl 0Odds Ratios 95% Cl

Patient characteristics
Gender

Men (n = 175) 39 223 Ref Ref

Women (n = 88) 34 38.6 2.2 1.3-38 3.77 1.7-8.5
Injury characteristics
Burn depth

Superficial or Mid Partial (n = 73) 7 9.6 Ref Ref

Deep Partial or Full thickness (n = 164)59 36.0 53 2.3-123 1.6 0.6-4.2

No information (n = 26) 7 26.9 35 1.1-11.2 1.8 04-7.7
Burn size

By percentage increase TBSA (n = 263)73 27.7 1.1 1.07-1.13 1.1 1.08-1.14
Inhalational injury

No (n = 99) 12 12.1 Ref Ref

Yes (n = 164) 61 37.2 43 2.2-85 1.2 0.5-3.1
Admission-related characteristics
Referral status

Referred (n = 223) 53 23.8 Ref Ref

Not referred (n = 40) 20 50.0 3.2 1.6-6.4 2.8 1.1-74
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Figure 1. Diagnostic accuracy of size and depth assessments made on handheld devices by case and participant group.

For size, 6 missing values, analysis performed on 1320 cases; for depth, 27 missing values, analysis performed on 1299 cases.

the sensitivity was 92.2% (95% CI: 90.9%-93.9%) and
93.4% (95% CI: 92.4%-94.4%) in lighter and darker
skin types, respectively. In the complete validation
set, the sensitivity was 86.9% (95% CI: 84.9%-89.0%),
the precision 83.4% (95% CI: 81.5%-85.2%), and the
F1 score was 82.9% (95% CI: 80.9%-84.9%). In the
lighter skin types (Fitzpatrick 1-3), the sensitivity
was 78.6% (95% CI: 74.0%-83.1%), and the F1
score was 76.9% (95% CI: 72.9%-80.9%) whereas
the sensitivity and F1 scores for darker skin types
(Fitzpatrick 4-6) were significantly higher (89.3%
(95% CI: 87.2%-91.5%), and 87.8% (95%CI: 85.8%~
89.7%)  respectively; ~ Mann-Whitney  U-test
P value = 0.0001).

Regarding the surgical classification algorithm, the
final training including the complete image set obtained
a sensitivity of 99.6% and a specificity of 93.4%. In the
stratified training sets, the sensitivity was 97.8% and
80.1% for lighter and darker skin types, respectively,
and similarly the specificity was 100% and 97.1% in the
two groups, respectively. The results of the validation
sets, with all images and stratified by skin types are
presented in Figure 2. The AUC was largest in the
combined dataset with a value of 0.885. The overall
sensitivity was 92.5% and the specificity was 53.6%. The
sensitivity was highest for patients with darker skin types,
whereas specificity was highest in patients with lighter
skin types.

A total of 30 images included in the validation set
had previously been assessed by the participants of
Study III. The performances of the algorithm were of
71% and 30% for sensitivity and specificity respectively.

As a comparison, the performances of the physicians
were of 68% and 65% for the same images.

Discussion
Main findings

Triage protocols are followed at admission to the

specialized burns centres

Differences in patient characteristics observed
between the paediatric and the adult burns centres
are in light with previous results from the African
continent including the fact that children usually
have smaller, less severe burns than adults do [109].
This is also reflected by the patient load between
burns centres whereby the paediatric burns centre
admits around 68 patients per bed annually versus
18 for the adults burns centre, and by the level of
mortality that is extremely low at the paediatric burns
centre [99].

Surprisingly, adherence to the referral criteria at
admission to both burns centres was high. Indeed,
high adherence is relatively rare at paediatric burns
centres around the world where over-triage is com-
monly observed [23,40]. This difference could be
explained by the criteria’s definition, the caseload,
but also by local cultural practices and available
resources. In particular, lack of bed availabilities,
high transferring costs and lack of personal resources
might all lead to higher rates of patients obtaining
treatment at point-of-care in South Africa. This
would thereafter lead to a very specific selection of
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Figure 2. Wound classification algorithm performances results for the complete validation set as well as by skin type. Adapted

from [108].

patients being transferred to the specialized burns
centres, independently of whether additional patients
could have also been transferred. Indeed, previous
results from lower levels of care in the Western
Cape have shown that under-referral is high through-
out the referral chain, from pre-hospital emergency
services [30], to urban clinical health centres and
district rural hospitals [110], and even at the trauma
centres of specialised hospitals [34]. In the latest
however, the patients who were adhering to the cri-
teria but who were not referred tended to be very
young patients (<2 years old) having particularly
small burns, or those with a burn to a critical area
[34]. The results obtained in this thesis show however
that patients who are admitted to the specialised
burns centres are correctly so [88]. Altogether, these
results might put forward the needed distinction and
existing discussion whereby referral criteria should be
divided in order to specify which patients would
benefit from immediate transfer to burns centres,
and those who would require burns expertise in the
form of remote consultation or outpatient treatment
[25,39,69].

At the adult burns centre, mortality was asso-
ciated - after adjustments for all other variables -
with being a woman, having a large burn and being
admitted without prior referral [89]. The mortality
observed was in line with that seen across the African
continent [111], and in another South African burns
centre [112]. Regarding gender, more men were
admitted to the burns centre, corroborating previous
results that show men are more commonly trans-
ferred to higher levels of care in the country for
a given severity [34,113,114]. Women were nonethe-
less more likely to succumb to their injury, confirm-
ing the presence of that variable in the ABSI score
[50]. Possible explanations for this which have been

put forward include: differences in physiological
characteristics (body mass index and hormonal pre-
dispositions), as well as differences in treatment by
health care professionals [50,113,115]. That burn size
was associated with mortality was expectable. What
was less expected however is that direct transfer to
the burns centre was associated with increased mor-
tality. An explanation could lie in the organisation of
the local health system with pre-hospital emergency
services bringing the most severe cases directly to the
trauma centre of Tygerberg hospital knowing where
the burns centre is located. These patients would have
likely died prior to transfer if they had been cared for
at lower levels of care [116].

The mortality observed at the burns centre was in
line with that of the predictions estimated by the
ABSI score. Nevertheless, an important difference to
point out is that none of the patients in the highest
ABSI risk group (with an ABSI score >12) survived
their injury. This is informative for the health care
system as those patients would likely have benefited
from receiving palliative care closer to their relatives
rather than being transferred and using the resources
of the specialised centre.

Accurate diagnosis at point of care can be provided
by digital health solutions

Image-based assessments performed on handheld
devices were of high accuracy when considering
burn size, and of lower accuracy when considering
burn depth as compared to the gold standard. They
were also overall of similar accuracy as when per-
formed on a computer screen [70,90]. This confirms
previous results in which lower accuracy for burn
depth than for burn size is consistently observed
when using photographic assessments [70,117,118].
These results support the notion that even these



types of handheld devices could be used without
providing less accurate standards, contrary to what
the American Guidelines for Teleburn suggests [62].
Regarding the diagnosis of burn depth, it is of note
that the results for South African burns specialists as
well as those of paediatric cases were better than that
of the other groups. The results of the surgical need
classification were nonetheless acceptable, with
higher rates than that found from untrained
physicians.

The automated wound identification algorithm
was of relatively high accuracy, with slightly better
results than what had previously been obtained with
similar deep-learning methods [85,86]. Results con-
sidering the surgery classification could be improved
albeit the overall AUC of 0.885 is in the acceptable
range, with similar results as those obtained in Study
III. Differences were observed between cases of
lighter and darker skin types, reflecting results pre-
viously obtained in remote consultation whereby
skin-type characteristics have consequences on the
diagnostic ability [70]. This also echoes a recent
wound identification algorithm that showed lower
accuracies for a combined model containing both
African and Caucasian patients than separate models
did [84]. It is of note that this method is at its start,
and further work is required to obtain more specific
depth classification, as well as to have some auto-
mated size calculation [119, 120]

Methodological considerations

All four studies presented used different approaches for
data collection and analyses. Each of these come with
some methodological considerations which should be
highlighted hereafter. Studies I and II used patient
medical records that were individually retrieved and
reviewed from the hospitals” archives. Although regular
data verification was performed, a number of patient
files were either unidentifiable, unreachable, incomplete
or unreadable. No systematic bias could be expected
within these files, although it is possible that some of the
paediatric patients with the most severe injuries were
not retrieved due to ongoing judiciary follow-ups.
Contrary to reports from lower levels of care in the
province, most of the data was retrieved from the avail-
able files due to the patients’ rather long hospital stays.
That being said, approximately 10% of the adult popu-
lation had missing depth information. It is likely that
the information was lacking when the depth did not
impact on the outcome, when the burn was either very
superficial (good outcome) or a very large burn (bad
outcome). Several analyses were performed to verify
this did not affect the obtained results. The other limita-
tion associated with the retrospective data collection, is
that both adherence to the referral criteria and to the
ABSI score were evaluated on recorded information
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rather than as a prospective affirmation of reasons for
admission. Furthermore, a difference in the time peri-
ods studied between the adult and the paediatric burns
centres differed due to the difference in caseload
between the units and to the aetiology of the cases at
different age. Whereas only the most critical time of
the year was studied at the paediatric centre (winter)
was examined during five consecutive winters, it was
decided to only look at two full calendar years at the
adult hospital as injuries in that population are less
affected by the season.

Study III relied on the use of an online survey and
participants were recruited using a purposive sam-
pling method, leading to potential sampling bias, and
limiting the generalisability of the results. Given the
small number of existing specialists, it is however
unclear whether a different sample would have yield
different results. This is even more so the case for
sub-analyses when the number of specialists per
group was small (n = 7, 8 and 12 for Swedish burns
specialists, South African burns specialists and South
African EM specialists respectively). This could there-
fore limit the interpretation of the results for the sub-
groups, although the sample size was sufficient for
the whole group given the relatively high number of
images [101]. In order to increase participation and
diminish participants fatigue, the survey was con-
ducted in real-life settings with participants using
their own devices, and their own pace, and the images
were submitted in a random order. Nonetheless,
a number of missing answers were recorded, and
these could possibly represent the most complex
cases in which further information or discussion
between clinicians would have been useful.

Studies III and IV rely on the collection of a large
image dataset. This is a unique asset which includes
images collected from various sources, within and
between countries, in order to cover as many possible
situations. These images varied in background, light-
ing, colour and resolution, but also in demographic
characteristics, body parts and sizes. In Study IV, the
stand was taken to use all images that can be of
clinical relevance rather than selecting images in
order to improve the accuracy of the algorithm on
a limited dataset. This does imply that higher accu-
racy levels might have been obtained if the images
were more specifically selected, but this would have
lower implementation possibilities in the long term.
Ultimately, in both studies III and IV, images were
used on their own for the diagnosis, whereas it is
likely that when implemented other relevant clinical
information would be provided as well as the possi-
bility of close-to-live discussions with the clinician at
point-of-care.

Finally, this thesis synthesis was constructed
around four independent tools that are all relevant
for decision-support, but the decision was made not
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to include them in a specific conceptual framework.
The work was nonetheless freely inspired by the
Mehrotra et al.’s conceptual framework for the refer-
ral process from primary to specialty care in the USA
(121, 122].

Conclusions

As a whole, the results of this work inform on four
very different tools that individually can assist with
the diagnosis, referral and triage of patients with
acute burns. It provides a snapshot of the situation
at admission to the burns centres in the Western
Cape of South Africa, and prove the potential for
digital health tools that are by now established or in
development. These tools are all of relatively low
costs, and could be even more powerful if used
together as a simple addition to the current proce-
dures. A simple example of how to implement these
tools is to include triage checklists as part of the
existing remote consultation mobile Apps. All refer-
rals and admissions to burns centres would thereafter
be conditional to the use of such an App, which could
be beneficial for clinicians at point-of-care but also at
receiving hospitals. The actual benefit of these tools
on patients outcomes in the long term nonetheless
remain to be assessed.

The implementation of all these methods have the
aim to reduce inequity in access to appropriate health-
care by not only bringing specialists’ advices directly at
bedside for all patients, but also by providing objective
measures for decisions of patients’ referral to burns
centres independent of any discriminations, time or
location of admission. In a country like South Africa
where inequalities are a major burden, any interven-
tions to reduce differences between populations are
truly beneficial.

The ultimate aim should be to provide the best
care as possible for all patients. Until the available
capacity and resources are limiting factors, triage
decisions must be taken while aiming for the survi-
val of the maximum number of patients in an objec-
tive manner, even if that results in denying
treatment for the patients with very poor prognosis
[5,17,20,47]. This does not only apply to resource-
scarce settings, but also to higher income settings in
times of disasters or crises [18,19]. They could there-
fore be used as an example for other situations
where rapid and critical decisions need to be made
such as in the current covid-19 pandemic where
patients might outnumber the available intensive
care bed availabilities.

A large portion of this work focuses on the South
African context, but most of the results can also be
applied in other settings, such as in Sweden where the
reduction in burn injury prevalence has led to the
over-centralisation of burn care, and to the lack of

knowledge from clinicians at point-of-care. Remote
consultation can therefore be a key asset, but also the
inclusion of patients with different backgrounds and
skin types in the algorithm training will permit its
application worldwide. Nonetheless, automated diag-
nosis for burns care is only in its first steps and
several improvements to the algorithms will be
required prior to achieving sufficient healthcare-use
accuracy. Further research will also be required in
order to determine professional’s intention to use of
such a technology, as well as the acceptance of
patients to be treated with those novel methods.
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