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Summary

English:

Bacterial antimicrobial resistance due to inappropriate antibiotic use, and poor quality of care are
major contributors to the unacceptably high childhood mortalityin Tanzania. Electronic Clinical
Decision Support Algorithms (CDSAs) are evidence based digital healthtools based on clinical
guidelines that guide health providers through a consultation to ultimately propose the diagnosis
and treatment based on the inputs entered. Such tools have been found to reduce antibiotic
prescription and improve quality of care. Nonetheless, there is a lack of pragmatic studies evaluating

CDSAs in Tanzania, and there are many remaining challenges with previously developed CDSAs.

The aim of this project was to improve quality of care and reduce antibiotic prescription at primary
care level health facilities in Tanzania. Thiswas done by first developing the ePOCT+ clinical decision
support algorithm, addressing challenges identified in other CDSAs, and secondly evaluating the
effect of ePOCT+ on antibiotic prescription in a pragmatic cluster randomized controlled trial

(DYNAMICTanzania study).

To improve uptake, adherence, safety, and potential for antibiotic stewardship, ePOCT+ expanded
the clinical scope of the clinical algorithms, expanded the age range of patients it could manage, and
assured comprehensive input from clinical and digital experts, as well as health provider end-users.
Numerous meetingswere conducted, Delphi processes were utilized, and comprehensive piloting
was performed to develop ePOCT+. In order to assure safety, a systematic review was conducted to

identify the best performing predictors of severe disease to integrate withinthe algorithm.

The DYNAMICTanzania study was a pragmatic, open-label, parallel-group, cluster randomized trial in
40 primary health facilities in the Mbeya and Morogoro regions of Tanzania. Randomization of
health facilities were stratified by region, council, level of health facility, and attendance rate. The
intervention consisted of the ePOCT+ CDSA with supporting IT infrastructure, C-reactive protein
rapid test, hemoglobin rapid test, pulse oximeter, training and supportive mentorship. Co-primary
outcomes were 1) antibiotic prescription at the time of the initial consultation (superiority analysis),
and 2) clinical failure at day 7 defined as “not cured” and “not improved”, or unscheduled
hospitalization (non-inferiority analysis). Secondary safety outcomes include unscheduled re-
attendance visits, non-referred secondary hospitalization and death by day 7. Analyses were
performed using a random effects logistic regression model using the cluster and patient as random
effects, with further adjustment using fixed effect terms for randomization stratification factors, and

baseline characteristics.
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The systematic review on predictors of severe disease in febrile children presenting from the
community identified 18 studies evaluating 200 prognostic factorsand 25 clinical prediction models
in 24 530 children. There were few outpatient and primary care studies identified. The most
common and best preforming predictors of severe disease were malnutrition, altered consciousness,

markers of acidosis, and poor peripheral perfusion.

In expanding the age scope of ePOCT+ to manage children 1 day to 15 years, and based on feedback
from previous studies and CDSAs, additional illnesses were integratedin the ePOCT+ clinical
algorithm. These include trauma, urinarytract infection, and abdominal pain, selected based on 1)
incidence, 2) morbidity/mortality, and 3) feasibility at primary care. A Delphi survey among 30
Tanzanian health providers evaluated feasibility, acceptability and reliability of integrating specific
predictors within ePOCT+, notably predictors identified within the systematic review. Feasibility tests
in over 200 patientsin 20 health facilities, and pilots in over 2000 consultations, lead to
modifications to ePOCT+ based on user-experience feedback and observations, notably providing
option to not measure some clinical signs when not feasible, allow health providers to accept or
refuse a proposed diagnosis or treatment, provide alternative medicines in case of stock-outs, and

highlighting clinical elements that would result in referral.

The DYNAMICTanzania cluster randomized trial took place between December 2021 to October
2022. Over 40,000 children under 15 years of age were enrolled in 20 health facilities (clusters)
where health providers could use ePOCT+, and 20 health facilities where health providers provided
care as usual. The co-primary outcomes found that the use of ePOCT+ resulted in a 3-fold reduction
in the likelihood of asick child receiving an antibiotic prescription comparedto children in usual care
health facilities. Despite substantially fewer antibiotics prescriptions, the co-primary outcome of
clinical failure was non-inferior. There were also no differences in the secondary outcomes of death,
secondary hospitalization, and additional medications after the initial consultations between study

arms by day 7.

In conclusion, the ePOCT+ electronic clinical decision support algorithm if implemented to scale
could help address the urgent problem of antimicrobial resistance by safely reducing antibiotic
prescribing. Transfer of ownership to the ministry of health of Tanzania and integration within the

Tanzaniandigital health landscape will be essential in order to achieve wide scale implementation.
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Kiswahili:

Usugu wa vimelea vya bakteria dhidi ya dawa za antibiotiki unaosababishwa na utumiaji usiofaa wa
dawa, na huduma za matibabu zisizo bora ni sababu kubwa zinazochangia vifo vya watoto
visivyokubalika nchini Tanzania. Algorithmsya Uamuziwa Kliniki ya Elektroniki (CDSAS) ni zana za
afya za kidigitali zenye miongozo ya matibabu ambayo inaongoza watoa huduma wakatiwa
mahojiano ya matibabuili kupendekeza utambuzi wa ugonjwa na matibabu kulingana na taarifa
zilizoingizwa. Zana kama hizi zimeonesha kupunguza matumiziya dawa za antibiotiki na kuboresha
ubora wa matibabu. Walakini, kuna ukosefu wa tafiti za kipragmatiki zinazotathmini CDSAs nchini

Tanzania, na changamoto nyingi zilizoainishwa na CDSA za zamani.

Kusudi la mradi huu lilikuwa kuboresha huduma za matibabu na kupunguza matumiziya dawa za
antibiotiki katika vituo vya afya vya msingi nchini Tanzania. Hiiilifanyika kwanza kwa kuunda
ePOCT+, muongozo unaosaidia kufanya maamuziya kimatibabu, kushughulikia changamoto
zilizoainishwa katika CDSAs zingine, na pili kutathmini ufanisi wa ePOCT+ juu ya matumizi ya dawa

za antibiotiki katika jaribio la kisayansi(Dynamic Tanzania).

Ili kuboresha uchukuliwaji, ufuatiliaji, usalama, na matumizi sahihi ya antibiotiki , ePOCT+
ilipanuawigo wa miongozo ya matibabu, ikaongeza umri wa wagonjwa inayoweza kutibu, na
kuhakikisha inapokea mrejesho kutoka kwa wataalamuwa afya na kidigitalina vile vile watoa
huduma wa afya ambao ni watumiaji wa mwisho. Mikutano mingi ilifanywa, michakato ya Delphi
ilitumiwa, na majaribio kamili yalifanywa ili kuunda ePOCT+. Ili kuhakikisha usalama, mapitio ya
machapisho za kisayansi yalifanyika ili kubaini viashiria vya magonjwa hatari na kujumuisha ndani ya

muongozo.

Utafitiwa DYNAMICTanzania ulikuwa ni jaribio la kisayansi katika vituo 40 vya afya ya msingi nchini
Tanzania. Uboreshaji wa vituo vya afya ulifanyika kulingana na mkoa, halmashauri, aina ya kituo cha
afya, na kiwango cha mahudhurio. utafiti ulihusisha ePOCT+ CDSA ikisaidiwa na miundombinu za
kitehama, kipimo cha haraka cha C-reactive protein, kipimo cha haraka wa wingi wa damu, kipima
oksijeni,mafunzo na usimamizi elekezi. Matokeo ya msingi yalikuwa 1) matumiziya dawa za
antibiotiki wakati wa hudhurio la awali la matibabu (uchambuzi wa ukuu), na 2) kufeli kwa matibabu
siku ya 7 kunakotafsirika kama "kutokupona" na "kutokupata nafuu", au kulazwa pasipo kuratibiwa
(uchambuzi usio wa udhalili) . Matokeoya pili ya usalamani pamoja na mahudhurio ya marudio
yasiyoratibiwa, kulazwa hospitalini na kifo kwa siku ya 7. Uchanganuzi ulifanywa kwa kutumia
muundo wa random effect logistic regression kwa kutumia nguzo na mgonjwa kama athariza bahati
nasibu, na marekebisho zaidi kwa kutumia masharti ya athariya kubadilika kwa ubinafsishaji

mambo, nasifa za msingi.
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Mapitio ya machapisho ya kisayansi juu ya viashiria vya magonjwa hatarikwa watoto wenye homa
kutoka kwa jamii yaligundua machapisho 18 yenye kutathmini viashiria 200 vya maendeleo na
mifano 25 ya utabiri wa kliniki katika watoto 24 530. Kulikuwa na machapisho machache juu ya
kliniki za nje na huduma za afya ya msingi yaliyotambuliwa. Viashiria vya kawaida na vyenye ubora
wa kuashiria ugonjwa wa hatari vilikuwa niutapiamlo, kupoteza fahamu, alama za acidosis, na

mzunguko duni wa damu.

Katika kupanua wigo wa umri wa ePOCT+ kuhudumia watotowa siku 1 hadi miaka 15, na kwa
kuzingatia maoni kutoka tafiti za zamanina CDSAs, magonjwa ya ziada yalijumuishwa katika
muongozo wa matibabuwa EPOCT+. Hii ni pamoja na majeraha, maambukiziya njia ya mkojo, na
maumivu ya tumbo, iliyochaguliwa kulingana na 1) visa vipya, 2) hali mbaya/vifo, na 3) uwezekano
katika vituo vya afya vya msingi. Utafitiwa Delphi kati ya watoa huduma wa afya 30 wa Tanzania
ulitathmini uwezekano, kukubalika na kutegemewa kwa kujumuishwa viashiria maalum ndani ya
EPOCT+, hasa viashiria vilivyobainiwa ndani ya mapitio ya machapisho ya kisayansi. Vipimo vya
uwezekano katika wagonjwa zaidi ya 200 katika vituo 20 vya afya, na majaribio katika mahojiano ya
kimatibabu zaidi ya 2000, ulipelekea marekebisho ya EPOCT+ kulingana na maoni ya kiuzoefu na
uchunguzi wa watumiaji, haswa kutoa chaguo la kutopima ishara kadhaa za ugonjwa wakati
haiwezekani, kuruhusu watoa huduma wa afya kukubali au kukataa utambuzi wa ugonjwa au
matibabu yaliyopendekezwa, kutoa dawa mbadala wakati wa kuishiwa kwa stoku, na kuainisha kwa

vipengele vinavyoweza kupelekea rufaa.

Jaribio la DYNAMICTanzania lilifanyika katiya Desemba 2021 hadi Oktoba 2022 katika mikoa ya
Mbeya na Morogoro Tanzania. Zaidiya watoto 40,000 chini ya umri wa miaka 15 waliandikishwa
katika vituo 20 vya afya (vikundi) ambapo watoa huduma wa afya waliweza kutumia ePOCT+, na
vituo 20 vya afya ambapo watoa huduma za afya walitoa huduma kama kawaida. Matokeo ya msingi
yaligundua kuwa matumiziya ePOCT+ yalisababisha kupungua mara 3 kwa uwezekano wa mtoto
mgonjwa kupokea dawa ya antibiotiki ikilinganishwa na watoto katika vituo vya afya vya. Lichaya
matumizi machache ya dawa za antibiotiki, matokeo ya msingi ya kufeli kwa matibabu hayakuwa
duni. Hakukuwa na tofauti yoyote katika matokeo ya pili juu ya kifo, kulazwa hospitalini, na dawa za

ziada baada ya mashauriano ya awali baina ya makundi ya kitafiti.

Kwa kuhitimisha, ePOCT+ muongozo wa kielektroniki wa kusaidia maamuziya matibabu ikiwa
unatekelezwa kwa kiwango unaweza kusaidia kushughulikia shida ya haraka ya usugu wa antibiotiki |
kwa kupunguza matumiziya antibiotiki kiusalama. Uhamisho wa umiliki kwenda Wizara ya Afya ya
Tanzania na ujumuishaji ndani ya mazingira ya afya ya kidigitali ya Tanzania itakuwa muhimu ili

kufikia utekelezajiwa kiwango kikubwa.
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1.2. Abbreviations

AMR

Antimicrobial resistance

CDSA

Clinical Decision Support Algorithm

CRP

C-reactive protein

EMR

Electronic Medical Records

ePOCT+

Not an abbreviation, the name of the clinical

IMCI

Integrated Management of Childhood IlIness

LMIC

Low- and middle-income countries

POCT

Point-of-care test

RCT

Randomized Controlled Trial

SMART

Standards-based, Machine-readable, Adaptive,
Requirements-based, and Testable

UNICEF

United Nations Children’s Fund

WHO

World Health Organization
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2. Introduction

2.1. Challenges in quality of care for sick children in primary care level

health facilities in low-resource settings

Since 1990 there has been a 59% decrease in global childhood mortality rates, in part due to
health interventions driven by the introduction of the Millennium Development Goals (Sharrow et al,
2022). Nonetheless, millions of children die from preventable or treatable causes every year, with
the highest concentration occurring in Sub-Saharan Africa (Sharrow et al, 2022; UN IGME, 2023).
Much of these preventable or treatable causes of death due to poor quality health services (Kruk et

al, 2018a).

Quality health services is defined by the World Health Organization (WHO) as being effective,
safe, people-centered, timely, equitable, integrated and efficient (World Health Organization,
2018a). Achieving this requires well-trained and sufficient healthcare providers. Staff shortagesin
primary care health facilities in low- and middle- income countries (LMIC) is all too common
(Anyangwe & Mtonga, 2007; Willcox et al, 2015; World Health Organization, 2016a). The lack of
medical doctors has resulted in the reliance on non-physician clinicians and community health
workers at primary care level health facilities (Mullan & Frehywot, 2007; The Lancet Global, 2017;
World Health Organization, 2016a). These health providers generally follow a 2-3 year program,
receive very limited post-graduate training and infrequent supervision compared to the 5 year
training and ongoing post-graduate training and supervision of medical doctors (Mullan & Frehywot,
2007). Despite this, many healthcare providers at primary care health facilities in Sub-Saharan Africa
often demonstrate dedication and compassion for their patients, filling an important role in health
services around the globe. Furthermore, the task-shifting of work traditionally done by medical
doctors to non-physician clinicians or community health workers has been vital to the success of
tackling HIV and reducing childhood mortality, and can often achieve similar or equivalent patient
outcomes as compared to medical doctors (Emdin et al, 2013; Eyal et al, 2015; Mullan & Frehywot,
2007). Nonetheless there remains critical clinical knowledge gaps for which clinical guidelines,
further training, supervision and mentoring could help address (Di Giorgio et al, 2020; Murphy et al,

2019).

Another challenge to achieving quality care health services in primary care health facilities in
LMICs include the limited number of diagnostic testsavailable (Fleming et al, 2021). Diagnostic tests

are essential for the diagnosis of specific diseases, distinguishing severity, prognostication, and
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guiding treatment, and often perform better than clinical signs alone (Fleming et al, 2021; Keitel,
2019; Keitel et al, 2019a). These challenges complicated by the often limited resources available,
may explain the poor quality of health services found in many low- and middle- income countries
(Das et al, 2008; Di Giorgio et al, 2020; Kruk et al, 2017; Kruk & Freedman, 2008; Kruk et al, 2018b;
Macarayanetal, 2018; van de Maat et al, 2021). Consequently, this contributes to millions of

preventable deaths in children (Kruk et al, 2018a).

The Integrated Management of Childhood llinesses (IMCI) chart book was introduced in the
1990s by the World Health Organization (WHO) and the United Nations Children’s Fund (UNICEF) to
address high childhood mortality and poor quality of care (World Health Organization, 2014). IMCI
has been implemented in over 100 countries, found to likely improve quality of care, and may
reduce mortality (Gera et al, 2016). Notwithstanding, poor adherence to IMCI protocols is common,
consequently limiting its effectiveness (Kiplagat et al, 2014; Kriiger et al, 2017; Lange et al, 2014).
Among a myriad of causes, “cognitive overload”, lack of motivation, and poor remunerations are
important factors (Lange et al, 2014). Consequently, the introduction of guidelines, provision of
printed material, and training without ongoing support has been found to have little to no effect on
quality of care (Oxman et al, 1995). Evidence on methods to improve the implementation of IMCI by

addressing issues in regards to poor adherence, and need of ongoing support is required.

While betterimplementation and adherence to IMCl can improve quality of care, thereare
still a number of clinical limitations to the guidelines. One major clinical limitation involves the
identification of sick children in most need of areferral at primary care level health facilities (Buntinx
et al, 2011). Identifying clinical signs, symptoms or tests that accurately predict which child is at risk
of severe disease can help reduce morbidity/mortality of sick children and reduce misallocation of

limited health care resources (Chandna et al, 2021a; McDonald et al, 2018; Molyneux et al, 2006).

Work from this PhD thesis addresses the challenges of poor quality of care in primary care

health facilities in LMIC in a number of ways:

1) In chapter 3.1 we performed a systematic review to identify predictors and models that identify
febrile children from the community that are at highest risk of developing a severe disease

(manuscript published in BMJ Global Health, shared first author),

2) In chapter 3.2 we describe the development of the ePOCT+ clinical algorithm (manuscript

published in PLOS Digital Health, first author) for which we:

a) Analyzed the predictors of severe disease from two previous clinical decision support

algorithms (ePOCT and ALMANACH),
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b) Performed a delphi survey on the appropriateness of specific clinical predictors for

implementation at primary care, and

c) Evaluated how predictors of severe disease can be integratedin clinical algorithms,

including the integration of clinical gestalt.

2.2 Challenges of bacterial antimicrobial resistance at primary care

level health facilities in low-resource settings

Antibiotic prescription is inappropriately high in outpatient primary care settings in low- and
middle- income countries (LMICs) (Chem et al, 2018; Fink et al, 2020; Gasson et al, 2018; Khalfan et
al, 2021; Levine et al, 2022; Sulis et al, 2020), as well as in high-income countries (Durkin et al, 2018;
Shively et al, 2018; van de Maat et al, 2019). Most recently a meta-analysis found that antibiotic
prescription in LMICs occurs in 52% of consultations at primary care facilities (Sulis et al, 2020). High
rates of antibiotic prescriptions have progressively increased over the last decade, and is projected
to continue to increase over the next years (Klein et al, 2018; Van Boeckel et al, 2014). Inappropriate
antibiotic prescription is one of the biggest contributors to the development of bacterial
antimicrobial resistance (AMR) (Franco et al, 2009; Holmes et al, 2016; Rogueset al, 2007).
Consequently, bacterial AMR is responsible for over 1.2 million deaths a year, as much as malaria
and HIV combined (Murray et al, 2022). As such, AMR has been declared by the World Health
Organization (WHO) as ‘one of the biggest threatsto global health, food security and development
today’ (World Health Organization, 2020). As AMR continues to rise and spread globally, antibiotic

stewardship interventions are urgently needed (Laxminarayanet al, 2013; O'Neill, 2014).

With over 80% of antibiotic prescription occurring at primary care (Duffy et al, 2018; Suda et al,
2013; Wise et al, 1998), the need for antibiotic stewardship programs at the community level is
especially important (Blanchette et al, 2018). Reducing antibiotic prescription at the community level
has been found to be more effective in terms of reduction in bacterial AMR compared to the same
proportion of antibiotic prescription reduction at the hospital level (MacFadden et al, 2019). The
factors driving antibiotic prescription include the lack of awarenesson the problems related to AMR
by patientsand healthcare providers, perceived and communicated pressure by patients and
caregiverson health providers to prescribe antibiotics, economic incentives, fear of poor clinical
outcomes, inappropriate peer norms and poor modelling by seniors (Eibs et al, 2020; Emgardet al,
2021; Radyowijati & Haak, 2003). In addition diagnostic and prescribing uncertainty, driven by the

lack of available diagnostic tools, poor adherence to guidelines, and limited training and supervision,
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are other important factorsdriving antibiotic prescription (Lopez-Vazquez et al, 2012; Md Rezal et al,

2015; Teixeira Rodrigues et al, 2013; Tonkin-Crine et al, 2017).

Antibiotic stewardship programstend to be concentrated at the hospital level, nonetheless
thereis a growing call for more community based programs which are growing in numbers every
year (Delory, 2022; Dona et al, 2020; Drekonja et al, 2015). One fundamental framework to reduce
antibiotic prescription involves helping health providers distinguish whether their patient has
bacterial versus viral iliness. Clinical guidelines can help achieve this goal by providing clear guidance,
protocols or algorithms to help distinguish whether the patient requires antibiotics. However,
clinical guidance based on clinical signs alone is often insufficient to be able to accurately distinguish
bacterial from viral illnesses. A recent analysis using the biggest and most geographically diverse
childhood pneumonia dataset found that clinical signs and symptoms were poor predictors of
radiographic pneumonia, an often used proxy for distinguishing bacterial pneumonia (Rees et al,
2020). The help of inflammatory marker diagnostic tests, can help. An evaluation of prediction rules
and guidelines in detecting serious bacterialinfections among Tanzanianfebrile children, found that
the integration of diagnostic tests within these prediction rules performed better than prediction
rules that relied on clinical signs alone (Keitel et al, 2019a). C-reactive protein (CRP) and
procalcitonin are the most common and researched diagnostic tests used to distinguish bacterial
versus viral illnesses. Due to the availability of low-cost point of care CRP tests, and performing as
well, if not better than procalcitonin (Erdman et al, 2015; Lubell et al, 2015), CRP has been the point
of care diagnostic tests most often researched in low- and middle- income countries. A number of
meta-analyses have found that CRP likely reduces antibiotic prescription, does not reduce clinical
recovery, nor does it increase death or hospitalization, and no difference in patient satisfaction
(Smedemark et al, 2022; Verbakel et al, 2019) . A closer look at the biggest randomized trials
evaluating CRP finds similar problems: low uptake of CRP test use, low adherence to CRP results,
high variability in prescribing, and ultimately high absolute proportion of patients receiving
antibiotics and only a small reduction compared to control arm (Althaus et al, 2019; Do et al, 2016;
Do etal, 2023). Another major issue plaguing many of these studies, surrounds the lack of guidance
on which patients should be tested, resulting in a high number of patientswith low pre-test
probability of a bacterialiliness being tested, and as such a risk of false positives, and unclear
threshold to use to guide health providers (Keitel, 2019). Better selection of patients to be tested
with CRP integrated within clinical guidance via digital tools may help address this issue. Indeed
success of different antibiotic stewardship interventions are variable, with acknowledgment that
multi-faceted interventions addressing many factors driving antibiotic prescription are often more

successful (Cox et al, 2017; ZayYa et al, 2023).
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Work from this PhD thesis addresses the challenges of high antibiotic prescription in primary

care health facilities in LMICin two sections:

a) Evaluating methods to improve antibiotic stewardship in the design of ePOCT+ by notably
including point-of-care tests (POCT) such as C-Reactive Protein (CRP) in chapter 3.2
(published manuscript in PLOS Digital Health, first author).

b) Evaluating the impact of using ePOCT+ in primary care health facilities in a cluster

randomized controlled trial (published manuscript in Nature Medicine, first author)

2.3. Digital clinical support tools to improve care in primary care level

health facilities

With the rapid expansion of digital technology, there s rising enthusiasm for leveraging digital
health to enhance healthcare systems (World Health Organization, 2018b). Clinical decision support
system (CDSS) are digital tools that present recommendations to users based on patient-specific
information, ranging from simple information alertsin an electronic medical record system, to
complex and comprehensive decision support (Musen et al, 2021). Clinical decision support
algorithms (CDSAs) are categorized asa subtype of CDSS’, and the focus of digital healthtools
discussed in this thesis. These tools are usually tablet-based or mobile health applications that
comprehensively guide healthcare workers through the whole consultation, prompting them on
what symptoms, signs and tests to assess in order to propose the appropriate diagnosis and
treatment (Keitel & D'Acremont, 2018; Pellé et al, 2020). Such tools are among the 28 groups of
digital health interventions outlined by WHO showing promise for improving quality of care (World

Health Organization, 2019).

CDSAs canimprove quality of care at the primary care level in a number of ways. First, they help
health providers to better adhere to clinical guidelines. This is done by guiding providers step-by-
step through assessment of relevant symptoms and signs, and providing suggested diagnoses and
treatments based on their responses. While some paper guidelines follow a step-by-step format, the
digital version can integrate mandatory responses to ensure systematic assessment, which of course
is not possible for paper guidelines. A number of studies have demonstrated improvements in
guideline adherence by healthcare providers using CDSAs compared to paper guidelines. For
example, in Tanzania healthcare providers assessed 70.9% of children for all ten essential clinical
symptoms and signs when using a CDSA, compared to 20.7% of children when using paper guidelines

(p<0.001) (Mitchell et al, 2013). Further studies in Tanzania, Afghanistan, Nigeria, and Burkina Faso
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have shown similar benefits (Bernasconi et al, 2019; Bernasconi et al, 2018a; Rambaud-Althaus et al,

2017; Sarrassat et al, 2021).

Improved quality of care through the use of CDSAs has translatedto improved clinical outcomes
by a number of tools. First, clinical cure was found to be higher in healthfacilities using CDSAs
compared to routine carein a number of trials in Tanzania and Nigeria (Keitel et al, 2017; Schmitz et
al, 2022; Shao et al, 2015a). Second, some studies have found major reductions in antibiotic
prescriptions through the use of CDSAs with similar or improved proportion of clinical cure (Keitel et
al, 2017; Shao et al, 2015a). Third, patient/caregiver satisfaction may be improved, with for example
some reporting to be especially happy that “[children were] touched by nurses much more often
than before” due to increased physical examinations performed (Bessat et al, 2019). In addition
gualitative studies with healthcare providers often found that the use of CDSAs improved knowledge
and skills, and simplified work (Bessat et al, 2019; Finette et al, 2019; Jensen et al, 2020; Mitchell et
al, 2012; Shao et al, 2015b). Finally, a cost-effectiveness study found positive results when evaluating

the implementation of the leDA CDSA in Burkina Faso (Cousens et al, 2018).

While there is much enthusiasm for the successful implementation of CDSAs, the impact remains
heterogeneous. A recent study in South Africa found quality of care to be worse when using a CDSA
compared to paper guidelines (Horwood et al, 2023), and a recent systematic review of CDSAs
determined that evidence of improvements in quality of primary care was uncertain (Agarwal et al,
2021). Inaddition, a number of limitations of the CDSAs have been highlighted by health providers
using CDSAs, notably the limited scope of diagnoses and patient age groups (Bessat et al, 2019;
Jensen et al, 2020; Mitchell et al, 2012; Shao et al, 2015b), and IT challenges (Chirambo et al, 2021;
Jensen et al, 2020; Shao et al, 2015b). Such limitations may explain in part difficulties with uptake of
CDSAs (Jensen & McKerrow, 2022; Jensen et al, 2020; Shao et al, 2015b), and why some tools had
little to no impact on antibiotic stewardship (Bernasconi et al, 2019; Horwood et al, 2023; Kapisi et
al, 2023; Sarrassat et al, 2021; Schmitz et al, 2022). Furthermore to date a number of methodological
issues renders the interpretation of results difficult, with many studies not randomized (Bernasconi
et al, 2019; Bernasconi et al, 2018b; Mitchell et al, 2013; Schmitz et al, 2022; Shao et al, 2015a), and
even fewer randomized trialsin close-to real-world settings (Rambaud-Althaus et al, 2017; Sarrassat
et al, 2021). To date, no cluster randomized trial has evaluated the impact of a CDSA powered for

clinical outcomes (Agarwal et al, 2021; Keitel & D'Acremont, 2018).
Work from this PhD thesis addresses the gapin evidence of CDSAs in two sections:

c) Development of the ePOCT+ CDSA, and the medAL-suite app in chapter 3.2 (published

manuscript in PLOS Digital Health, first author).

PhD Thesis Rainer Tan 17 |Page



d) Evaluating the impact of using ePOCT+ in primary care health facilities in a cluster
randomized controlled trial (in review at Nature Medicine, preprint on In Review platform,

first author)

2.4. Setting: Tanzanian context

The majority of the work from this PhD was conducted in the United Republic of Tanzania, in Sub-
Saharan Africa. Inorder to contextualize the three previous chapters from a Tanzanian perspective,
the present section will briefly summarize pertinent demographic data, health system organization,
evidence on quality of care, antibiotic use, antibiotic stewardship initiatives, and the use of digital

health tools in Tanzania.

Demographic overview

Tanzania has a population of 61,741,120 people, doubling in size over the past two decades,
comprising over 100 different tribes, with 65% living in rural areas (United Republic of Tanzania
(URT), 2022). Children under 15 years comprise 42.8% of the total population (United Republic of
Tanzania (URT), 2022). The Gross Domestic Product (GDP) at purchasing power parity (PPP) per
capita of Tanzania was 3,600S, which ranks Tanzania 161th out of 192 countries (International

Monetary Fund, 2023).

Healthcare system

The Tanzanian healthcare system is structured around a multi-tiered decentralized structure (table
1). Community care s provided by village health workers or community health workers directly at
the homes of patients or at community health posts by village/community health workers with no
formal health training. At the primary care level, careis provided at dispensaries by enrolled nurses
(2 years training after secondary school), clinical assistants (2 year training after secondary school),
or clinical officers (3 years training after secondary school, and in health centers where it is run with
the same health providers as dispensaries with the rare addition of assistant medical officers (clinical
officers with an additional 2 years of clinical training) or medical doctors (5 year training after

secondary school) in some facilities (Kwesigabo et al, 2012).

Table 1: Tanzanian health system structure

Care level Administrative level Structure Highest level health
providers

Community Care Village - Homes Village/Community
Health Worker
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- Community Health
Post
Primary Care Ward Dispensary Clinical Officer,
Enrolled nurses
Primary Care Divisions Health Centre Medical Doctor*,
Assistant Medical
Officers, Clinical
Officers
Secondary Care District District Hospital Medical Doctor,
Assistant Medical
Officers
TertiaryCare Region Regional Hospital Specialist Medical
Doctor
Zone Referral/Specialized Specialist Medical
Zonal Hospital Doctor
National Referral/Specialized Specialist Medical
National Hospital Doctor

*The presence of medical doctors at health centresis at present rare, most are staffed by clinical
officers

In 2018, there were 0.5 medical doctors and 5.5 nursing and midwifery personnel per 10,000
population (World Health Organization, 2023), well below the minimum density of doctors, nurses,
and midwives as defined by the WHQO's “Sustainable Development Goal index threshold” of 44.5 per
10,000 population (World Health Organization, 2016b). Given this shortage, Tanzania has drastically
increased the number of medical doctors it trains, however the number of postings available have
not kept up, leaving many new medical doctor graduates without jobs (Goodell et al, 2016).
Furthermore, despite government incentives to encourage doctors to work in rural areas, many
recent graduatesdo not wish towork in rural areas, where the majority of Tanzanianslive, resulting
in inequitable and uneven geographical distribution of doctors (Goodell et al, 2016; Sirili et al, 2019).
To compensate for this shortage, as described in chapter 2.1, non-physician clinicians such as clinical
officers and assistant medical officers in Tanzania, take on the responsibilities of medical doctors in

many primary care level health facilities.

Health care for acuteillnesses at government or government designated primary health facilities are
free of charge for children under 5 years, including the cost of medications such as antibiotics. For
patients above 5 years, health care expenses are at the charge of the patient, unless they have a

health insurance plan (around 10% of Tanzanians) (Amu et al, 2018).

Quality of Care and Health Outcomes

There are many successes due tolongstanding efforts within the Tanzanian health care system to
improve quality of care and improve health outcomes. Efforts to improve care seeking for ill children

in Tanzania has lead to 79% of children with symptoms of acute respiratory ilinesses, and 78% of

PhD Thesis Rainer Tan 19|Page



children withfever to seek care within the Tanzanian Health System (Ministry of Health (MoH)
Tanzania Mainland et al, 2023). Over the past 2.5 decades, Tanzania has seen incredible progress in
health outcomes, with notably a more than a 3-fold reduction in under-5 mortality, a 2-fold increase
in the percentage of women receiving antenatal care from a skilled provider for their last live birth
(currently 85%), a 2-fold increase in the proportion of children age 0-5 months being exclusively
breastfed, and a 1.5 fold reduction in the proportion of children under age 5 yearswho are stunted
(short for their age) (Ministry of Health (MoH) Tanzania Mainland et al, 2023). In addition over the
last 15 years, malaria prevention programs, notably the distribution of insecticide-treated bednets,
have driven a 2-fold reduction in the proportion of febrile children age 6-59 months testing positive

for malaria (currently 8%) (Ministry of Health (MoH) Tanzania Mainland et al, 2023).

Nonetheless, the under-5 mortality of 43 deaths per 1,000 live births, infant mortality of 33
deaths/1,000 live births, and neonatal mortality of 24 deaths/1,000 live births remains unacceptably
high (Ministry of Health (MoH) Tanzania Mainland et al, 2023). Unsatisfactory quality of care, and
overall low performance of health service delivery may be partly to blame. Common problems

include:

e Insufficient health workers, and poor morale (Afnan-Holmes et al, 2015; Kwesigabo et al,
2012; Mamdani & Bangser, 2004)

e Poor adherenceto clinical guidelines (Kiplagat et al, 2014; Kriiger et al, 2017; van de Maat et
al, 2021; Walter et al, 2009)

e Lack of clinical examinations by health providers (Kahabuka et al, 2012)

e Littleto no supervision and mentorship of health workers (Kwesigabo et al, 2012; Manziet
al, 2012; Rengglietal, 2019)

e Lack of essential drugs (Kahabuka et al, 2012; Ministry of Health and Social Welfare, 2007)

e Lack of equipment and medical supplies (Kahabuka et al, 2012; Kwesigabo et al, 2012)

e Problems with hygiene, notably a lack of safe and continuous water supplies in some health

facilities (Kahabuka et al, 2012)

Addressing these problems has been the priority for the Ministry of Health and other stakeholders
(Gageetal, 2020; Yahya & Mohamed, 2018), and part of the overall goal of this PhD.

Antibiotic use and antibiotic stewardship

As found around the world, and especially in low- and middle- income countries, excessive antibiotic
use is common in Tanzania (Fink et al, 2020; Keitel et al, 2017; Levine et al, 2022; van de Maat et al,

2021), and increasing (Mbwasi et al, 2020; Sangeda et al, 2021). In response, the Tanzanian
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government released Tanzania’s National Action Plan on AMR, describing the strategy for
surveillance of antibiotic use and AMR, and outlining how to reduce AMR, by notably decreasing
human and animal antibiotic use (United Republic of Tanzania Ministry of Health Commmunity
Development Gender elderly and children, 2017). While this action plan has already resulted in
several achievements (development of coordination committees, governance structures,
surveillance structures, awareness campaigns, and guidelines), there remains much work to be done

and numerous challenges to overcome (Frumence et al, 2021).

Digital health

Tanzaniais seen as a leader in the digital healthworld (Watts, 2020), with over 160 digital health or
health-related systems (Tanzania Ministry of Health, 2019). Recognizing the potential of such digital
tools, the Tanzanian government developed important guidance on the investment road map of
digital health (Government of Tanzania, 2017), and the Tanzanian digital health strategy (Tanzania
Ministry of Health, 2019). The latter was developed with the goal of “accelerating increased access
to and improved quality of effective and efficient health care to all Tanzaniansthrough digitally
enabled transformation of the health system” (Tanzania Ministry of Health, 2019). The digital health
tools implemented in Tanzania are wide ranging, from electronic health records systems (Hamad,
2019), data collection tools for supported supervision (Renggliet al, 2018), disease surveillance
systems (Mustafa et al, 2023), e-learning tools (Meaney et al, 2023), guideline based CDSAs (Beynon
et al, 2023; Keitel & D'Acremont, 2018), and artificial intelligence-based innovations (Sukums et al,

2023).

More specifically, some of the first electronic clinical decision support algorithms were developed in
Tanzania, notably eIMCI (Mitchell et al, 2012; Mitchell et al, 2013), ALMANACH (Rambaud-Althaus et
al, 2015; Shao et al, 2015a), and ePOCT (Keitel et al, 2017). However the three aforementioned
CDSAs were never truly implemented in routine settings, and health providers have called for
expanded content within the algorithms to include other pathologies and age-groups (Shao etal,

2015b).

2.5. Rationale for PhD thesis

Within this introduction we have seen the potential benefit of electronic clinical decision support
algorithms to address the problems of quality of care and inappropriate antibiotic use in primary

care health facilities in Tanzania. The lack of pragmatic, real world studies on the use of CDSAs

PhD Thesis Rainer Tan 21| Page



implemented in Tanzania, the limited scope and challenges with previous CDSAs were the primary

reasons for the topic of this PhD thesis.
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3. Goals and Objectives

3.1. Research questions

e What clinical symptoms, signs, or tests canbe used to identify which febrile child will
develop a severe illness?

e How to develop and implement a digital clinical decision support algorithm?

e Will health providers use and adhere to a digital clinical decision support algorithm
implemented in a close to real-world setting?

e Will health providers follow treatment recommendations of a clinical decision support
algorithmimplemented in close to real-world setting, and thus reduce overall antibiotic

prescription? Will such a reduction of antibiotic prescription be safe?

3.2. Goal

To improve quality of care and reduce antibiotic prescription in the management of sick children less
than 15 years old using digital clinical decision support algorithms at primary care level health

facilities in Tanzania.
3.3. Objectives

e Toidentify the best predictors and models of severe disease in febrile children presenting to
care

e Todevelop ePOCT+, a digital clinical decision support algorithm (CDSA), for the management
of sick children less than 15 years old at primary care level health facilities in Tanzania.

e To evaluate the impact of ePOCT+ compared to usual care on antibiotic prescription and
clinical outcome of sick children less than 15 years old visiting a primary care level health

facilities in Tanzania
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4. Methodological overview

This PhD was divided in two steps, the first surrounded the development of the ePOCT+ clinical
decision support algorithm, and step two the evaluation of ePOCT+ in a cluster-randomized

controlled trial.
4.1. Step 1: Development of ePOCT+

The first step of developing ePOCT+ wasdivided in two subprojects. First, we performed a
systematic review on predictors of severe disease in febrile children, and secondly, integrating the

findings of this systematic review and other findings to develop ePOCT+.

Systematic review on predictors of severe disease in febrile children:

The systematic review included prognostic studies including children aged >28 days and <19 years
presenting from the community with an acute febrile illness. Studies that did not have disaggregated
pediatric data, only included patients with a specific syndrome or illness, or enrolled less than 20
patients were excluded. The primary outcome was any objective measure of disease severity within
30 days of measurement of the predictors or during hospitalization. The search was restricted to
MEDLINE, Embase and Web of Science databases, without language restrictions, and limiting to
studies between 31 May 2019 to 30 April 2020. All title, abstract, and full-text screening were
performed by two reviewers, data was extracted by one reviewer and reviewed by another, and risk
of bias and applicability was evaluated by three reviewers. Prognostic factors were compared using
the positive likelihood ratio, and negative likelihood ratio, while clinical prediction models were

compared using the area under the receiver operating characteristic curve.

Development of ePOCT+:

Numerous processes were undertaken to develop ePOCT+:

Scope: Demographic scope in terms of age was determined based on the clinical relevance of having
a single algorithm for all pediatric patients, and considering the high morbidity/mortality of young
infants less than 2 months old. The scope of clinical syndromes and ilinesses, were evaluated based
on three major criteria: 1)incidence of presenting symptoms and diagnoses at primary care health
facilities in Tanzania; 2) Morbidity, mortality, and outbreak potential; and 3) Capacity to diagnose
and manage at the primary care level health facilities. In addition conditions included in IMCl and

national clinical guidelines were considered.

Clinical algorithmand digitaladaptation:
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a) Feasibility, acceptability, and reliability of predictors: To assure optimal utilization, each
symptom, sign and test included in the algorithm must be feasible, acceptable, and reliably
assessed by health providers. To assess this we performed a Delphi survey among 30
Tanzanian health care workers and conducted feasibility tests using a preliminary versions of
ePOCT+ on realand fictional cases, observing use, and collecting feedback.

b) Diagnostic and prognostic value of predictors: Results from the systematic review described
previously, as well as an exploratory analysis on the prognostic value of predictors
integratedin two previous generation clinical decision support algorithms were analyzed.
These findings, in addition to other previous work(De Santis et al, 2017; Keitel et al, 2019b;
Tan et al, 2020), were integratedinto ePOCT+ to assure safety.

c) Decision logic: was then developed based on IMCl and national clinical guidelines, the
previous methods described, and integrating overall clinical impression when possible.
Sensitivity and specificity of algorithm branches were considered in relationto severity and
pre-test probability of conditions to assure safety for severe conditions, limiting antibiotics
for less severe illnesses, and limiting misallocation of limited health care resources

d) Expert review: all clinical algorithms were reviewed and approved by an international panel

of digital health experts, and clinical experts from each country of implementation.
Validation tests and piloting:

Validation tests were conducted for each diagnosis to ensure that inputted data resulted in the
expected result. In addition desk-based user interface tests were conducted to assess user interface.
Finally ePOCT+ was piloted in over 2000 consultations, with adaptations based on feedback

occurring at various steps along the way.
4.2, Step 2: Evaluation of ePOCT+ in a cluster-randomized controlled
trial

Study design: Pragmatic, open-label, parallel-group cluster randomized trial.

Setting: 5 councils (two semi-urban, and three rural) in the Mbeya and Morogoro region including

areaswith high and low malaria prevalence.

Clusterinclusion criteria: Primary care health facilities (dispensaries or health centers) performing
20 or more consultations per week of children 2 to 59 months, were government or government
designated healthfacilities, and located less than 150km from the two research institutions located

in Mbeya city and Ifakara town.
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Patient inclusion criteria: Infants and children aged 1 day old to less than 15 years of age seeking

carefor an acute medical or surgical condition at participating health facilities.

Randomization: Healthfacilities were randomized 1:1 stratified by region, council, level of health
facility (health center versus dispensary), and attendance rate. Computer-generated randomization

was performed by an independent statistician.

Intervention: ePOCT+ clinical decision support algorithm, with supporting IT infrastructure, C-
reactive protein lateral flow test, hemoglobin point-of-care test, pulse oximeter, training and

supportive mentorship.

Study procedures: Screening and enrollment was conducted by research assistants on workdays at
health facilities. Health providers entered data on presenting complaints, final diagnosis, treatment,
and referral status. 7 days after a patient visit, research assistants called the caregivers of patients to
assess if the child is cured, improved, the same, worse, hospitalized or dead, and assessed whether

other medications not prescribed on day O were taken.

Outcomes: The co-primary outcome measures were 1) antibiotic prescription at the time of the
initial consultation (superiority analysis), and 2) Clinical failure (“not cured” and “not improved”, or
unscheduled hospitalization) at day 7 (non-inferiority analysis). Secondary safety outcomes include

unscheduled re-attendance visits, non-referred secondary hospitalization, and death by day 7.

Sample size: Sample size wasbased on the co-primary outcome of non-inferiority of clinical failure
(requires higher sample size). Assuming a cluster size of 900 patients per health facility over 6
months, an intraclass correlation coefficient of 0.002, and a clinical failure rate of 3%, we would have
80% power to detect an acceptable non-inferiority margin of a relative risk of 1.3%, with 19 clusters
per arm. Given the uncertainty of some of the assumptions, the total number of healthfacilities was

rounded up to 20 clusters per arm.

Statisticalanalysis: A random effects logistic regression model using the cluster and patient as
random effects was used. Further adjustment using fixed effect terms were used including
randomization stratificationfactors, and baseline characteristics hypothesized to be associated with
the outcome, imbalances between arms, and imbalances between characteristicsamong patients fro

who day 7 data was available and not available.
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ABSTRACT

Introduction Earty identification of children at risk of severe
febrile ilness can optimise referral, admission and treatment
decisions, particularly in resource-limited settings. We aimed
to identify prognostic dinical and laboratory factors that
predict progression o severe disease in febrile children
presenting from the community.

Methods We systematically reviewed publications
retrieved from MEDLINE, Web of Science and Embase
between 31 May 1999 and 30 April 2020, supplemented
by hand search of reference lists and consultation with

an expert Technical Advisory Panel. Studies evaluating
prognostic factors or clinical prediction models in children
presenting from the community with febrile ilinesses

were eligible. The primary outcome was any objective
measure of disease severity ascertained within 30 days

of enrolment. We calculated unadjusted likelihood ratios
(LRs) for comparison of prognostic factors, and compared
clinical prediction models using the area under the receiver
operating characteristic curves (AUROCS). Risk of bias and
applicability of studies were assessed using the Prediction
Model Risk of Bias Assessment Tool and the Quality In
Prognosis Studies tool.

Results Of 5349 articles identified, 18 studies evaluating
200 prognostic factors and 25 clinical prediction models

in 24 530 children were included. Heterogeneity between
studies precluded formal meta-analysis. Malnutrition
(positive LR range 1.56-11.13), hypoxda (2.10-8.11), altered
consciousness (1.24-14.02), and markers of acidosis
(1.36—7.71) and poor peripheral perfusion (1.78—17.38)
were the most commaon predictors of severe disease. Clinical
prediction model performance varied widely (AUROC range
0.49-0.97). Concerns regarding applicability were identified
and most studies were at high risk of bias.

Conclusions Few studies address this important public
health question. We identified prognostic factors from a wide
range of geographic contexts that can help clinicians assess
febrile children at risk of progressing to severe disease.
Multicentre studies that include outpatients are required

to explore generalisability and develop data-driven tools to
support patient prioritisation and triage at the community
level,

PROSPERO registration number CRD42019140542.

Key questions

What is already known?

» An increasing number of clinical decision-support
algorithms and risk strafification tools integrate clin-
ical and laboratory predictors to guide healthcare
workers in their assessment of febrile children.

» Which prognostic factors—alone or as components
of clinical prediction models—best identify children
at risk of developing severe febrile iliness is not clear.

» Previous systematic reviews have focused on diag-
nostic studies and used imperfect reference stan-
dards for severe disease.

What are the new findings?

» Malnutrition, hypoxia, altered consciousness, and
bedside markers of acidosis and poor peripheral
perfusion were the most commonly identified pre-
dictors of severe disease.

» Clinical prediction model performance varied—the
best performing models being those evaluated in
similar settings and using similar outcomes as the
original derivation studies.

» The prognostic factors and clinical prediction models
identified in this study reflect children with relatively
advanced llinesses and hence the degree to which
they can inform community triage and prioritisation
strategies is unclear.
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INTRODUCTION

Acute febrile illnesses are among the most
common reasons that parents seek medical
care for their children.'* While maost episodes
are mild, an important minority of children
progress to severe disease. Early recogni-
ton of low-incidence serious disease is chal-
Ienging,ﬁ especially in many tropical settings
where health workers receive limited training,
patient volumes are high, diagnostic capacity
is poor and different acute febrile smdromes
are often clinically i'r'u'lis.'rj11g1:1i:-'..h:1h1v:3.'L :
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Clinical and laboratory prognostic factors that enable
early and accurate identification of children at risk
of developing severe disease could improve En_tient
outcomes and reduce resource misallocation.” © An

increasing number of clinical decision-support algo-
rithms and risk stratification tools integrate clinical and
laboratory predictors to guide referral, admission and
treatment decisions.” While no unified strategy exists to
guide selection of candidate predictors, those already
reported as prognostic should normally be considered.

Previous reviews have evaluated predictors of “serious
bacterial infections’."""! However, these studies are diag-
nostic rather than prﬂgnmr.ic.g Furthermore, ‘serious
bacterial infection” is an imperfect measure of disease
severity: microbiological tests for bacterial infections
lack sensitivity, especially in settings with high antibi-
otic consumption; ‘serious bacterial infections’ are
not always severe (eg, children with enteric fever are
often successfully managed as outpatients) and severe
febrile illnesses are frequently caused by non-bacterial
pathogens, especially in low/middle-income countries
{L.‘l-'IIi’Js‘,ll,'d 2 in part secondary to the introduction of
widespread vaccination against prevalent bacterial
pathogens of childhood."

We performed a systematic review to identify which
clinical and laboratory factors—alone or as part of clin-
ical prediction models—predict progression to severe
disease in febrile children presenting from the commu-
nity to a community health worker, primary health
centre or hospital outpatient or emergency depart-
ment. Our aim was to understand which prognostic
factors might support health workers faced with this
difficult and common clinical question and to inform
variable selection for future prospective studies aiming
to develop data-driven triage tools.

METHODS

Protocol and registration

The methods for this systematic review were specified in
advance (PROSPERO protocol: CRD42019140542) and

adhere to the Checklist for Critical Appraisal and Data
Extraction for Systematic Reviews of Prediction Model-
ling Studies (CHARMS)," a modification of CHARMS
for prognostic factor studies (CHARMS-PF),"” Quality In
Prognosis Studies (QUIPS)'" and Prediction Model Risk
of Bias Assessment Tool (PROBAST) guidelines."” The
report has heen prepared in accordance with Preferred
Reporting Items for Systematic Review and Meta-Analysis
guidelines.m

Eligibility criteria

All prognostic studies (prognostic factor and clinical
prediction model) including 220 patients were eligible.
Our target population was children aged >28 days and
<19 vears, presenting from the community with an acute
febrile illness (documented abnormal temperature
({fever or hypothermia) or history of fever) or suspected
sepsis. While sepsis is not always well defined in chil-
dren," ‘suspected sepsis’ was included along with febrile
children so as to include all children with suspected
infection. Studies were excluded if disaggregated paedi-
atric data were not presented or patients were recruited
partway through receipt of inpatient treatment, as the
aim of the review was to identify prognastic variables meas-
ured at presentation. Studies that only evaluated specific
clinical syndromes (eg, neurological presentations, acute
respiratory infections and so on) or particular patho-
gens (eg, Plasmodium spp, influenza and so on) were not
included.

Studies measuring predictors at presentation to care
were included. Studies where authors identfied that a
substantal proportion of participants were recruited
following transfer from another health facility were
excluded. Demographic, anthropometric,
nomic, clinical and historical variables were considered,
as well as laboratory parameters measured at presenta-
tion to care. Studies only reporting variables that would
not be available at the time of presentation to care (eg.
blood culture results) were excluded.

The primary outcome was any objective measure of
disease severity occowrring within 30 days of measure-
ment of the predictors or during hospitalisation. Studies
assessing outcome at the same time point as baseline
predictor measurements (diagnostic studies) were
excluded.

SOCIOECO-

Search strategy and selection criteria

We searched MEDLINE, Embase and Web of Science
databases, without language restriction, for publications
berween 31 May 1999 and 30 April 2020 (initial search
to 31 May 2019; updated search to 30 April 2020). We
followed Cochrane Prognosis Methods Group recom-
mendations to build our search strategy (online supple-
mental appendix S1), structured according to the
‘populations, interventions, comparators, oOulcomes,
timing and setting” (PICOTS) framework and adapted
published search strings as al[:l;prnvpﬂ'i:lt.f:.z'HL1 The search

2
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strategy was peer-reviewed by an independent Technical
Advisory Panel (online supplemental appendix 52).

Study selection

Title, abstract and full-text screening were performed
independently by two reviewers (AC and RT). Agreement
was checked after the first 20 and 250 articles. Discrepan-
cies were resolved by discussion or independent assess-
ment by a third reviewer (KK}.

Eligible studies and relevant review articles were ‘snow-
balled” (forward and reverse crosschecking of reference
lists) to identify additional studies. The list of eligible
studies was presented to the Technical Advisory Panel
who were asked to identify obvious omissions and suggest
key anthors whose publication lists were subsequently
reviewed for additional eligible studies (online supple-
mental appendix 52).

Data collection process

Data extraction sheets were developed based on the
CHARMS and CHARMS-PF checklists (online supple-
mental appendix SS}.H ' Data were extracted inde-
pendently by one reviewer (AC or RT) and checked by the
other. Discrepancies were discussed and resolved between
the two reviewers. Authors of studies not reporting like-
lihood ratios (LEs) (prognostic factors) or area under
the receiver operating characteristic curves (AUROCs)
(clinical prediction models), or the data to allow their
calculation, were contacted. Seven authors responded to
requests for clarifications and six provided additional data
not available in the published manuscript. All predictors
were harmonised using the Systematised Nomenclature
of Medicine Clinical Terms (SNOMED-CT).

Data analysis: prognostic factors

Contingency tables were constructed and positive likeli-
hood ratio (PLE) and negative likelihood ratio (NLR)
calculated for each prognostic factor. In the case of an
empty cell, 0.5 was added to each cell (Haldane-Anscombe
correction). Cls were calculated on the basis of the SE of
a proportion (Stata V.16.0). LEs were selected as the prin-
cipal effect estimate as they allow estimation of post-test
probabilities, are independent of prevalence, are intu-
itive for clinicians and are frequently used to compare
performance of predictors in diagnostic and prognostic
stuclies.!” 11 3 Prognostic factors are presented in the
main analysis if at least one study reported a PLR 25.0
{ie, a rule-in test), or a NLRE =0.2 (ie, a rule-out tf_'st}.g:L
To contextualise the results, we used the outcome preva-
lence of individual studies to calculate the pre-test proba-
bility, and display positive and negative post-test probabil-
ities on dumbbell plots (R V.3.6.1).

Data analysis: clinical prediction models

For clinical prediction models, AUROCs are presented
on forest plots (Stata V.16.0). When available, we present
LRs for different thresholds of the models in online
supplemental appendix S4.

Synthesis of results

Due to expected heterogeneity between studies (as a
result of variations in case-mix and baseline risk), few
commaon predictors for comparison and absence of well-
defined subgroups, no formal meta-analysis nor compar-
ison of variability and bias between studies was planned,
as these comparisons are recognised as being prone to
bias.* Qualitative comparisons are described considering
major differences between populations and study design.
Prevalence of severe disease was used to group studies
into low (<2.5%), moderate (2.5%-7.5%) and high
{(>7.5%) prevalence settings, as a proxy for the case-mix
and level of care.

Quality assessment

Risk of bias and applicability of studies were assessed
using the QUIPS tool for prognostic factor studies,“" and
PROBAST for studies developing, validating or updating
prediction models.'” Each study was independently
assessed using QUIPS or PROBAST by two reviewers (AC
and RT), as well as an independent senior reviewer (MC,
AVDE or JV). All discrepancies were resolved by discus-
sion. For prognostic factor studies (QUIPS), risk of bias
was categorised as low, medium or high, while in clinical
prediction model smdies (PROBAST) risk was catego-
rised as low, high or unclear. For all studies, applicability
was assessed as being of high, low or unclear concern.

Role of the funding source

The funders had no role in study design, data collection,
data analysis, data interpretation or writing of the report.
The co-primary authors (AC and RT) had full access to
the data and final responsibility for the decision to submit
for publication.

Patient and public involvement
Neither patients nor members of the public were directly
involved in the conduct of this work.

RESULTS
The electronic search retrieved 5930 articles, and 19
additional articles were identified through snowballing
and expert consultation (figure 1). Eighteen studies were
included in the review: 16 studies evaluated 200 _eerng-
nostic factors, from 75 SNDMED-CTcategnries,w% ~and
eight evaluated 33 clinical prediction model/outcome
pairs, using 25 distinct maodels, 27 5 H8-E2

In total 24 530 children were included, with overlap
across eight studies ™ *1 #2 M T majority (11,/18)
included only hospitalised patients. Two  studies
recruited children from primary care,” ™ and five
recruited both children admitted and those sent home
directly from hospital outpatient or emergency depart-

ments.” # " Seven studies included children aged

5 years and under,” M ¥ ¥ iih the remainder
including patients up to 19 years of age. Definition of
fever varied between studies, ranging from an axillary

temperature (or equivalent) of 237.5°C to >38.1°C. Five
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19 srticlen identified from
refesence lists of identilied
5,930 articles identified in original articles and expert
search consultation

I I
v

| 5,849 articles screened agairst title and abstract |

¥ 5.672articles exciuded |

ZT7 full-text articles assessed for
eligitility

259 articles excluded
* B] wrong outcomes
= 56 wrong population
+ 47 wrong target condition
= 45 wrong slling
= 33 wrong design
* 17 wrong predictors

18 articles incuded in review
= 10 assessed only PFs
= 2 assessed only CPAs
= G assessed bath CPMs and PFs

Figure 1 Selection of studies. Only one reason for
exclusion per study is listed. CPM, clinical prediction model;
PF, prognostic factor.

studies did not include a temperature measurement in
their eligibility criteria and enrolled children on the basis
of suspected infection or sepsis.ﬂ:-' WA pight studies
were conducted in sub-Saharan Africa, ¥ #1112 g
in MNorth J"im'l-s-_rin:a,:"‘-""17 " ihree in Europe,

Asia™ ™ and one in Latin America.®™ Six were multi-
centre studies.'* 2% * #1042 pioct used ‘hard’ outcomes to

20 30 38

define severe disease, such as mortality, organ dysfunc-
tion or need for organ support, while four used ‘softer’
outcomes, such as prolonged length of stay or persistence
of symptoms.™ ™ ** * Characteristics of the 18 studies are
summearised in table 1.

Prognostic factors
Figures 2-4 present prognostic factors identified as
having rule-in (PLR =5.0) or rule-out (NLR =0.2) value
in at least one study. Prognostic factors that met neither
of these pre-specified cut-offs are presented in online
supplemental appendix 55. In settings with moderate
prevalence of severe disease, both high lactate (PLR
range 4.97-5.13) and hypoglycaemia (PLR range 12.63-
13.36) were useful for ruling in severe disease, ™ M ¥
whereas a lactate =5 mM was more useful as a rule-out
test (NLR 0.13) among a population in whom prevalence
of severe disease was hiés%h (febrile children with signs of
poor organ perfusion).”

Hypoxia was most useful to rule-in severe disease in
moderate prevalence settings (PLR range 8.11-9.49) g
Some studies found hypotension and bedside markers of

poor peripheral perfusion to have useful rule-in value,
but this was inconsistent (PLR range 1.89-0.57 and 1.78-
17.38, respectively) BRI AL AR Hn a8 Bradycardia was evalu-
ated in a multicentre study conducted across three East
African countries and found to have useful rule-in value
(PLR range 5.95-14.59) for severe disease in those high
prevalence settings.gﬁ ¥ Impaired consciousness, assessed
using bedside coma scales, was a useful predictor of
severe disease, particularly in low and moderate preva-
lence settings (PLR range 3.38-14.02), with the posi-test
probability of poor outcome increasing with the degree
of neurological i:|npainne111..27 2 A6 SR AL 2

In sub-Saharan African settings, severe malnutrition
(PLR range 1.56-11.23),% ¥ * "% HIV positive status
(PLR range 2.32-12.48}2{' T 4 nd bedside correlates
of metabolic derangement such as deep breathing and
jaundice (PLR range 3.57-7.71) were useful rule-in
predictors, across a range of prevalence seti ngs.}!7 Az

Very few prognostic factors were satisfactorily able o
rule-out progression to severe disease: presence of comor-
bidities (NLR range 0.12-1.04), sepsis at admission (NLR
(.19} and prostration (NLR range (.18=1.23) were each
identified in only one studg.'.ﬂ' A

Clinical prediction models

Figure 5 illustrates the discrimination (AUROC) of 25
clinical prediction models for 33 different outcomes
assessed in eight studies: most (18/33) were external vali-
dations of existing models” *' "“"'; 13 were newly derived
models™ *' " and two were updates and external valida-
tions of an existing model Components of the clinical
prediction models are summarised in table 2.

Three models, Lambaréné Organ Dysfunction Score
(LODS), Paediatric Early Death Index for Africa (early
death score) (PEDIA-e) and Signs of Inflammation in
Children that Kill (SICK), showed good (AUROC =0.80)
discrimination in a Ugandan setting where in-hospital
maortality occurred ata prevalence of 4.7% (AUROC range
0.85-0.90)." Two of these (LODS and PEDIA-¢) were
also assessed in a multicentre study in East Africa where
discrimination was lower (AUROGCs of 0.77 and 0.70).*
This study also derived two models, the FEAST-Paediatric
Emergency Triage (FEAST-PET) and FEAST-Paediatric
Emergency Triage and Laboratory (FEAST-PETaL)
scores, which showed good discrimination (AUROCs
of 0.86 and 0.82).* Two other Fast African studies used
combinations of simple clinico-demographic variables to
derive a number of prediction models, four of which had
AUROCs 20801 *

One North American study derived a model to predict
hypotensive shock in unselected children presenting with
suspected sepsis, which showed good discrimination in
an external geographic validation (AUROC {}_87}_"” The
Yale Observation Score also showed high discrimination
for mortality (AUROC 0.97) and mechanical ventilation
(AUROC 0.89) in India, however, the small sample size
(n=100) renders the results difficult to in[erpret..gg In
general, models assessed against ‘softer’ outcomes (eg,

a
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Figure 2 Prognostic factors identified as having rule-in (PLR 25.0) or rule-out (NLR =0.2) value for severe disease in at least
one study — laboratory tests. mM, millimolar; MLR, negative likelihood ratio; PICU, paediatric intensive care unit; PLR, positive

likelihood ratio.

persistence of symptoms or length of stay) had poorer
discrimination, and a more distal temporal relationship
between measurement of predictors and ascertainment
of outcome.

Quality assessment

Only one prognostic factor study was at low risk of hia_i,ﬁ:_'
while another was judged to be at low risk of hias in all
but one domain.® The domains at highest risk of bias
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were study confounding, related to omission of impor-
tant covariates; study participants, often due to require-
ment for the measurement of specific laboratory param-
eters (eg, leucocyvte count); and statistical analysis, as a
result of inadequate reporting or inappropriate exclu-
sion of participants from the analysis (figure 6).

Each clinical prediction model/outcome pair was
assessed independently and all judged to be at high risk
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Figure 3 Prognostic factors identified as having rule-in (PLR 25.0) or rule-out (NLR =0.2) value for severe disease in at least
one study —cardiovascular, respiratory or neurological signs. in the study by Costa et al. *sepsis’ was defined according to

the systemic inflammatory response syndrome (SIRS), requiring measurement of heart rate, respiratory rate, temperature

and leucocyte count. In the study by Kwizera et al, ‘sepsis’ was defined according to the gSOFA Score in children aged =15
years, and using a combination of temperature, mental status, respiratory distress, prostration and seizures in children aged
<15 years. AVPU, alert, voice, pain or unresponsive; BCS, Blantyre Coma Score; bpm, beats per minute; CRT, capillary refill
time; GCS, Glasgow Coma Score; HR, heart rate; LLTG, lower limb temperature gradient; NLR, negative likelihood ratio; PICU,
paediatric intensive care unit; PLR, positive likelihood ratio; gSOFA, quick Sequential Organ Failure Assessment.
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Figure 4 Prognostic factors identified as having rule-in (PLR 25.0) or rule-out (MLR =0.2) value for severe disease in at least
one study —historical, anthropometric and metabolic variables. *Children with visible wasting or nutritional cedema were also
classified as having severe malnutrition. In the study by Elshout et al, ‘comorbidity’ was defined as being under routine care
of a paediatrician or ENT specialist. ENT, ear, nose and throat; MUAC, mid-upper arm circumference; NLR, negative likelihood
ratio; PICU, paediatric intensive care unit; PLR, positive likelihood ratio; WAZ, weight-for-age z-score.
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Figure 5 Discrimination of clinical prediction models to identify children at risk of severe disease. Individual studies evaluated
different clinical prediction models using datasets with varying numbers of children with severe disease, depending on the data
available. The outcome prevalence reflects the proportion of children with severe disease in the dataset used to evaluate that
particular prediction model/outcome pair. This may be different from the overall prevalence of children with severe disease in
the study, which is listed in table 1 and used to classify studies into low, moderate or high prevalence settings. Mo Cls were
provided for the AUROC estimates in the study by Walia et a/. AQUAMAT, African Quinine Artesunate Malaria Trial; AUROC,
area under the receiver operating characteristic curve; FEAST-PET, FEAST-Paediatric Emergency Triage; FEAST-PETaL, FEAST-
Paediatric Emergency Triage and Laboratory; LODS, Lambaréng Organ Dysfunction Score; PEDIA, Paediatric Early Death Index
for Africa; PEWS, Paediatric Early Waming Score; PICU, paediatric intensive care unit; PRISM lIl, Paediatric Risk of Mortality;
gPELOD-2, quick Paediatric Logistic Organ Dysfunction; gS0FA, quick Sequential Organ Failure Assessment; SICK, Signs of
Inflammation in Children that Kill; SIRS, Systemic Inflammatory Response Syndrome; YOS, Yale Observation Score.
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“

Variables used in the clinical prediction Included study Original study

Clinical prediction model model in the included studies evaluating the model  developing the model

ELSHOUT model Sore throat, palpable lymph nodes, Elshout®® Elshout™®
duration of fever before consultation, C-
reactive protein

FEAST-PETaL FEAST-PET with the addition of lactate, — George™' George™'
pH, blood urea nitrogen

KWIZERA model 2 Age, respiratory rate, heart rate, capillary  Kwizera®' Kwizera®'
refill time, altered mental state

KWIZERA model 4 Age, respiratory rate, capillary refill time,  Kwizera®' Kwizera®'
altered mental state

LODS Deep breathing, coma, and prostration  George®'; Conroy™ Helbok®™®

LOWLAAVAR model 2 Conscious level, HIV, mid-upper arm Lowlaavar*? Lowlaavar'?
circumference

PEDIA-i Anasmia, jaundice, indrawing, deep George™' Berkley™'
breathing, conscious level, prostration,
convulsions/seizures, temperature

PEDIA-| Histary =7 days, conscious level, George”' Berkley™'
prostration, convulsions/seizures,
temperature, wasting, kwashiorkor

PRISM liif Heart rate, temperature, conscious George™' Pollack®
level, systolic blood pressure, glucose,

potassium, PCO,, pH, acidosis, pupillary

gqSOFA Respiratory rate, altered mentation, van Massau™® Seymour™?
systolic blood pressure
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‘!

Variables used in the clinical prediction Included study Original study
Clinical prediction model model in the included studies evaluating the model developing the model
SCOTT model Systolic blood pressure, diastolic blood  Scott™ Scott*”

pressure, temperature, age, respiratory
rate, heart rate, arrival via emergency
medical services, oncological comorbidity,
indwelling central line on arrival,
hospitalised in the last year

SIRS Heart rate, respiratory rate, leucocyte van Nassau™ Goldstein®™

count, temperature

“Kwashiorkor was not included in the PEDLA-2 score in the Conroy ef al study.

TReceipt of oxygen therapy and respiratory effort included in the original PEWS but not measured in the Geonge af al study.
fPupiliary reflexes, pH, total CO,, arterial Pa0,, creatinine, urea, white blood cells, prothrombin time and platelets included in the original

PRISM Il score but not measured in the George et al study.

ACQUAMAT, African Quinine Artesunate Malaria Trial; FEAST-PET, FEAST-Paediatric Emergency Triage: FEAST-PETaL, FEAST-Pasediatric
Emergancy Triage and Laboratory: LODS, Lambaréné Organ Dysfunction Score; PEDIA-e, Pasdiatric Early Death Index for Africa (early
death score); PEDIA-I, Paediatric Early Death Index for Africa (immediate death score); PEDIA-I, Paediatric Early Death Index for Africa (late
death score); PEWS, Paediatric Early Warning Score; PRISM-1Il, Pasdiatric Risk of Montality: gPELOD-2, quick Paediatric Logistic Organ
Dysfunction; gSOFA, quick Sequential Organ Failure Assessment; gSOFA-L, quick Sequential Organ Failure Assassment-Lacate; SICK,
Signs of Inflammation in Children that Kill; SIRS, Systemic Inflammatory Response Syndrome; YOS, Yale Obsarvation Score.

of bias (figure 6). Most often this was due to inadequate
reporting of model performance (studies reporting
discrimination but not calibration), circularity between
predictors and outcomes or having fewer than 100} partic-
ipants with severe outcomes for model validation. It is
noteworthy that one study which externally validated
three models included 99 children who died.”” Another
study which derived and/or validated nine models

Ak ol Wy

[T e —— rery——

Figure 6 Risk of bias and applicability assessments for
included studies using (A) the QUIPS tool (n=11 studies) and
(B) PROBAST {n=33 clinical prediction model/outcome pairs
from seven studies). All studies evaluating clinical prediction
models were assessed using PROBAST, except for the study
by Elshout et al, which was primarily a prognostic factor
study and was therefore assessed using QUIPS. PROBAST,
Prediction Model Risk of Bias Assessment Tool; QUIPS,
Quality In Prognosis Studies.

undertook an additional external validation in a popu-
lation of acutely unwell but non-febrile children (and
thus not eligible for consideration in this review), which
included more than 100 children who died.™

In all but one study there was high concern regarding
applicability to the review quesr.iﬂn.":' This was largely
due to the majority of studies including only children
requiring hospitalisation, with recruitment occur-
ring after the decision to admit had been made by the
treating physician. Full details on risk of bias and appli-
cability assessments are provided in online supplemental
appendix 56.

DISCUSSION
This systematic review of prognostic factors and clinical
prediction models assessing severity of disease in febrile
children highlights that few wellconducted smdies
address this important public health question, particu-
larly in unselected children presenting from the commu-
nity. One of its main strengths is the inclusion of studies
from a wide geographic context, aiding understanding of
how predictive performance can vary across settings. By
focusing on prognosis, we identified features that predict
the likelihood that a child’s illness might progress,
rather than features associated with illness severity at the
moment of assessment.

Most prognostic factors identified as valuable for
predicting severe childhood febrile illness (PLR 25.0)
overlapped with individual components of the most
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promising clinical prediction models (AUROC =0.80):
nutritional and HIV status, hypoxia, altered conscious-
ness, and markers of acidosis (raised venous lactate or
deep breathing) and poor peripheral perfusion (weak
pulse, limb-core temperature ﬁradient or prolonged
capillary refill t.ime}.?‘ 338 MM Hypoglycaemia was
a useful prognostic factor identified in our review, but
omitted in most clinical prediction models. Many of
these features, however, indicate a child that is already
very unwell, reflecting the fact that most studies included
only hospitalised children and focused on predicting
mortality. Few prognostic factors adequately ruled-out
(NLR =0.2) the possibility of progression to severe
disease, a finding consistent with a previous systematic
review evaluating the diagnostic utility of clinical features
for serious bacterial infections.'”

The major limitation of our work arises from the hetero-
geneity of studies, which precludes comparison of effect
estimates. Second, it 15 difficult to determine if studies
included children presenting to first-line health workers.
We did not exclude studies solely based on the designated
‘level’ of a health facility: concerned parents in all settings
use primary, secondary and tertiary care facilities as their
first point-of-access. Third, most studies included only
hospitalised children. This is a major barrier to under-
standing the potential for prognostic factors and predic-
tion models to guide referral or admission decisions.
Follow-up of children assessed as ‘low-risk” (ie, those
managed in the community) must be a priority for future
studies seeking to determine the validity of prognostic
factors and prediction models in outpatient sett.ings."':!'
Fourth, in line with other reviews we found most studies
o be of low qualiq.'."'" Recent guidance may help address
this."” Finally, we framed the review around ‘febrile
illness’, rather than, for example, ‘clinicallvsuspected
infection’. Our rationale was to ensure the findings
were as relevant as possible for lessertrained commu-
nity health workers in resource-constrained settings, for
whom a presumptive diagnosis of suspected infection can
be challenging. Febrile illness is an accepted ‘pragmatic
point=of-entry’ in these SET.[-IHES_.'IE however, we acknowl-
edge that some children (particularly younger infants)
may not mount a fever in response to serious infection.
Therefore, despite our deliberately broad definition of
febrile illness (documented abnormal temperature and
history of fever), and the inclusion of studies of children
with *suspected sepsis’, relevant studies may have been
missed. Of note, in view of a suggestion arising during
the peer-review process we also performed a second
MEDLINE search, using alternate search strings, which
did not vield any additional eligible articles (online
supplemental appendix 57).

Thirty out of 200 {15%) prognostic factors met our pre-
specified threshold for clinical relevance (PLR 25.0 or
NLR =0.2). This may reflect the difficulty of identifying
parsimonious predictors for all febrile children. While
common pathophysiological pathways for severe disease
have been identified across a spectrum of microbial

aetiﬂlog‘ies,'“" ¥ certain predictors may perform better
for specific syndromes or pathogens, compared with all-
cause febrile illness. Five studies in our review reported a
high proportion of children as being either slide-positive
or rapid diagnostic test-positive for malaria. Notwith-
standing the issues of co-infection and/or concomitant
incidental parasitaemia in settings of high malaria ende-
micity, it is possible that the findings of these studies are
more pertinent to children with malaria. However, four
of these studies compared the prognostic performances
of hyperlactaemia, hypoglycaemia and the prediction
maodels SICK, LODS and PEDIA, and found them to be
broadly consistent between children with malaria, non-
malarial fever and invasive bacterial disease.™ ¥ ¥ *
Furthermore, as can be seen in figures 2-4, a number
of predictors identified in malaria endemic regions also
demonstrated prognostic utility in contexts where malaria
is not endemic (eg, venous lactate, impaired peripheral
perfusion, hypotension and altered consciousness). This,
in conjunction with the subgroup analyses performed in
the original siudies, gives us a degree of confidence that
the prognostic factors that we have identified are gener-
alisable across different infecting pathogens. Nonethe-
less, future reviews using search strategies developed to
retrieve syndrome-specific or pathogen-specific studies
should explore this.

Another potential explanation for the relatively few
valuable prognostic factors identified is work-up bias. In
most studies, predictors were available to the treating
clinicians: abnormal values are likely to have been acted
on and predictive performance underestimated. For most
predictors, particularly clinical signs, this is unavoidable
as blinding is often neither possible nor ethical. When
feasible, randomisation is required to definitively assess
their potential impact.'m This is particularly important
for new tests proposed in resource-limited settings. For
example, both lactate and hypoxia were identified as
potentially of value in this review but introducing tests for
these parameters at all first-line health facilities across the
tropics would incur substantial cost, and as their predic-
tive value may vary in different settings, could result in
unnecessary or missed referrals. Randomisation can help
determine whether new tests such as these add value to
simple clinical assessment. ™

Clinical prediction models performed better when
derived and validated in similar pnpulat.innsﬁ: in East
Africa LODS and PEDIA-e (both derived in sub-Saharan
Africa}'-’” 5 were superior to SICK (originally derived
in India) H Model performance also improved when
predicting the same outcome as the derivation study:
quick Sequential Organ Failure Assessment and quick
Paediatric Logistic Organ Dvsfunction, derived to predict
maortality, performed poorly when predicting prolonged
length of s‘.tzq.r'.'-:iR 55 These findings highlight the impor-
tance of deriving prediction models using populations
and outcomes appropriate to the clinical question.
While mortality is a ‘hard’ outcome, it seldom occurs
in primary care. Furthermore, its reflection of disease
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severity is influenced (mediated) by the level of care. It
is striking that in Tanzania a raised lactate conveyed a
post-test probability of in-hospital mortality comparable
to that of ‘organ dysfunction within 24 hours of arrival’
in a similar prevalence setting in the USA ™™ Rather
than relying on models derived in secondary care to
generalise to outpatient settings across different epidemi-
ological landscapes, alternative ways to quantify disease
severity, which consider local context vet avoid circularity
between predictor variables and outcome definitions, will
be important to facilitate comparisons across settings and
explore generalisability of risk prediction tools. Finally,
the fact that most studies summarised model perfor-
mance using only the AUROC means that is difficult 1o
appreciate what the impact might be on clinical decision
making.'—f’

In LMIC pmnar}r_care contexts, many variables are not
feasible to collect,™ and as noted above, some may incur
substantial cost. Interestingly, HIV and nuiritional status
were both identified in our review and represent the only
prognostic factors meeting our threshold for clinical
relevance that may not necessarily reflect a child that is
overtly very unwell. While biological plausibility for the
prognostic utility of these two variables is high, it should
be noted that the study which identified them was small
and correspondingly the CI for the PLR is wide." The
WHO's Integrated Management of Childhood Illnesses
‘Danger Signs’ are recommended to guide referrals from
community healthcare providers in resource-constrained
w:tt.ings.'-ﬁ Of these, only altered consciousness was widely
represented among included studies, and most found it
to be a good predictor of severe disease 23731 3234 16304142
History of convulsions was examined in two studies while
other ‘Danger Signs’ were not evalnated. ™

CONCLUSION

Our findings emphasise the limitations of individual prog-
nostic factors. Performance varies widely across settings
and clinicians must be cognisant not to over interpret indi-
vidual predictors. While prediction models can support
clinical decision making, they must be derived and vali-
dated using appropriate methodology, and populations
and outcomes relevant to the clinical problem. For the
identification of children at risk of severe febrile illness,
this will require multiple, large, collaborative, research
initiatives across different settings, which collect harmo-
nised data on predictors and ontcomes, ™ " and include
unselected children presenting from the community.
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Abstract

Electronic clinical decision support algorithms (CDSAs) have been developed to address
high childhood mortality and inappropriate antibiotic prescription by helping clinicians
adhere to guidelines. Previously identified challenges of CDSAs include their limited

scope, usability, and outdated clinical content. To address these challenges we developed
ePOCT+, a CDSA for the care of pediatric outpatients in low- and middle-income settings,
and the medical algorithm suite (medAL-suite), a software for the creation and execution of
CDSAs. Following the principles of digital development, we aim to describe the process and
lessons learnt from the development of ePOCT+ and the medAL-suite. In particular, this
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work outlines the systematic integrative development process in the design and implemen-
tation of these tools required to meet the needs of clinicians to improve uptake and quality of
care. We considered the feasibility, acceptability and reliability of clinical signs and symp-
toms, as well as the diagnostic and prognostic performance of predictors. To assure clinical
validity, and appropriateness for the country of implementation the algorithm underwent
numerous reviews by clinical experts and health authorities from the implementing coun-
tries. The digitalization process involved the creation of medAL-creator, a digital platiorm
which allows clinicians without IT programming skills to easily create the algorithms, and
medAL-readerthe mobile health (mHealth) application used by clinicians during the consul-
tation. Extensive feasibility tests were done with feedback from end-users of multiple coun-
tries to improve the clinical algorithm and medAL-reader software. We hope that the
development framework used for developing ePOCT + will help support the development of
other CDSAs, and that the open-source medAL-suite will enable others to easily and inde-
pendently implement them. Further clinical validation studies are underway in Tanzania,
Rwanda, Kenya, Senegal, and India.

Author summary

In accordance with the principles of digital development we describe the process and les-
sons learnt from the development of ePOCT+, a clinical decision support algorithm
(CD5A), and medAL-suite, a software, to program and implement CDSAs. The clinical
algorithm was adapted from previous CD)SAs in order to address challenges in regards to
the limited scope of illnesses and patient population addressed, the ease of use, and limited
performance of specific algorithms. Clinical algorithms were adapted and improved based
on considerations of what symptoms and signs would be appropriate for primary care
health workers, and how well these clinical elements predic a particular disease or severe
outcome. We hope that by sharing our multi-stakeholder approach to the development of
ePOCTH+, it can help others in the development of other CDSAs. The medAL-creator soft-
ware was developed to allow clinicians without IT programming experience to program
the clinical algorithm using a drag-and-drop interface, intended to allow a wider range of
health authorities and implementers to develop and adapt their own CDSA. The medAL-
reader application, deploys the algorithm from medAL-creator to end-users following the
wsual healthcare processes within a consultation.

Introduction

Electronic clinical decision support algorithms (CDSAs) have been implemented in low- and
middle-income countries (LMICs) in order to address excessive mortality due to poor quality
of health care [1], and antimicrobial resistance due to inappropriate antibiotic prescription [2-
5]. Such tools provide guidance through every step of the outpatient consultation to ultimately
suggest the diagnosis and management plan based on the entered symptoms, signs and test
results [6]. CDSAs have shown to help clinicians better adhere to guidelines [7-9], which
resulting in improved quality of care and, for some, more rational antibiotic prescription
[10,11]. This has led the World Health Organization (WHO) and its Member States to priori-
tize the scale-up of digital health technologies [12,13].

PLOS Digital Health | https:/fdoi.org/10.137 1/joumnal pdig. 0000170 January 19, 2023 2M7

PhD ThesisRainer Tan

46 |Page



PLOS DIGITAL HEALTH Development of ePOCT+ and the medAL-swite

& g i _ & liﬁ

Dedine scope ” Dﬂahp abgoridems Expart review Digitalization Filotrg & Tesing
+ Saiting: Prirpry cons haniih . + Desslcpmant cansl mseacnal il L-crilon 10 St Hiru il wabekiion I
Tocilides in krwe ang rickile-noome ® -m-mmwdcm and incal chinicians win sperdisn in L=l * Limaririerinos
e Ihres char Eookist COSAs ard Soidion gustelis ' medAl-rmedar e spp +  Lsarasparonce
*  Limor: Mosfy nurss and nore + Mabongl chnical g +  Exiemal neview: Clincal axpers mna BHBCULING e SO0 e o v Cliniesl appicasdiy /
phywician dincane - Drwnhmmluﬂcalmdelm haskh auitariies bom implsmanting the peamt of care mooapiah iy
= Pl popslation. Fasliaic Paar-roesd i COTT
vulgsrsants sged 015 ywars . n-gnqnmlq
Syrafromes | Diseases: Aoule Exahabon of feasiiity. soosseidty and
medhal conaitione based on il ralkatdity of dirical g ard symglons
npdemichgy +  Evahoyion of degooetc and prognestin

vl ol peedoion
v Sarsittaly and spaciicly is relabon I
poe-lesd probabiy and severty o ilness
+  Inopoeaing owerall chrécal impression
Fig 1. Overall development process of ePOCT+ requiring multiple feedback loops. The development process of ePOCT+ was an iterative process. We first
defined the scope, then developed the algorithm (decision tree logic). followed by expert review with relevant stakeholders, the digitalization, and finally
piloting and testing. Each stage resulted in multiple feedback loops to refine the end product.

hitps:/fdoi.org/10.1371/journal.pdig 0000170.9001

Current CDSAs are not standardized, and concerns have been raised about their limited
demographic and clinical scope [14,15], their usability [15,16], and their static and generic
logic based on outdated guidelines that are unable to adapt to new evidence, evolving epidemi-
ology, or changing resources. These challenges may contribute to variable uptake of CDSAs
[16=18], and suboptimal performance when implemented [9,1%].

In order to address these challenges, and build on the experience of previous CDSAs by our
group [10,11], and others [6,9], we developed the CDSA ePOCT+, and a supporting digital
software to create and execute CDSAs, the medAL-suife. ePOCT+ is currently being imple-
mented in over 200 health facilities within the context of implementation studies in Tanzania,
Rwanda, Senegal, Kenya and India. Following the principles of digital development and guid-
ance on CDS8As [20-22), we aim to transparently share the rationale, strategy, and lessons
learnt from this development process (Fig 1).

Methods

Scope

Compared to our previous generation CDSAs [6,10,11], the target level of care (primary health
care facilities), and target users (mostly nurses and non-physician clinicians) remain the same.
However, the target patient population was expanded from 2 months to 5 years, to also cover
young infants below 2 months, and in some countries children 5 years up to 15 years.

The expanded target population age group adds young infants (<2 months) who are at high-
est risk of maortality (23], and children aged 5-15 years who are often neglected in international
and national policies resulting in a slower decrease in mortality in LMICs compared to children
under 5 years [24]. This expanded age group may help address the challenge of uptake by avoid-
ing the need for clinicians to change tools when managing children of different age groups.

The scope of illnesses covered was also expanded in response to the frustration of clinicians
using CDSAs who were not able to reach specific illnesses [14,16). Expanding the scope
allowed for the integration of common illnesses covered by other national clinical guidelines
to which clinicians are expected to adhere, and to provide more opportunity for antibiotic
stewardship when providing management guidance for specific illnesses.

Three major criteria were considered when expanding the scope of illnesses: 1) Incidence
of presenting symptoms and diagnoses; 2) Morbidity, mortality, and outbreak potential; and
3) Capacity to diagnose and manage specific conditions at the primary care level.
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Additional conditions were identified through: 1) national guidelines; 2) fever aetiology
studies; 3) national health surveys; 4) chief complaints from primary care outpatient studies; 5)
clinical expert review teams from the implementation countries; &) interviews with end user
clinicians; and &) observation of consultations at primary health care facilities (Table A in 51
Appendix). Examples of notable additions for the Tanzanian algorithm include trauma, uri-
nary tract infection, and abdominal pain that can account for 4.3-21.6% [25], 5.9-19.7% [25-
27], and 4.6-23% [11,26] of outpatient consultations respectively.

Clinical algorithm

The target users (mostly nurses and non-physician clinicians), and setting (primary health
care facilities) were important considerations when identifying the guidelines and evidence to
develop the algorithm. Previously validated algorithms [11], and the WHO Integrated Man-
agement of Childhood Illnesses (IMCI) chart booklets formed the backbone of the algorithm
[28]. To support the expanded clinical scope, we turned to national guidelines to ensure adap-
tation to the local epidemiology, resources, and setting, If there was not sufficient detail in
order to derive decision logic from these national guidelines, a brief review of literature was
conducted to identify peer-reviewed literature and other international guidelines.

In order to transform narrative guidelines into Boolean decision tree logic algorithms, con-
siderable interpretation was needed. The guiding principles for this process were derived from
the properties to consider in the screening and diagnosis of a disease by Sackett and colleagues
[29], the target product profile (TPP) for CDSAs as defined by experts in the field [21], and
guidance on appropriate diagnostic and prognostic model development [30]. These include
consideration of: a) the feasibility, acceptability, and reliability of clinical elements assessed at
the primary care level, b) the diagnostic and prognostic value of individual and combined pre-
dictors, c) the sensitivity and specificity in relation to the severity and pre-test probability of
the condition in the target population, and d) the overall clinical impression of the patient by
the clinician.

a) Feasibility, acceptability, and reliability of predictors

If clinical algorithms are to be adequately utilized, the signs and symptoms used to reacha
diagnosis must be feasible, acceptable and reliable when assessed by end-users. These proper-
ties were evaluated based on the results of several assessments: primarily an international Del-
phi study on predictors of sepsis in children [31], a systematic review on triage tools in low-
resource settings [32], signs and symptoms included in established guidelines for primary
health care workers such as IMCI [28], interviews with clinicians, observation of routine con-
sultations, a Delphi survey among 30 Tanzanian health care workers (52 Appendix), as well as
subsequent feasibility tests observing clinicians using the CDSA on real and fictional cases.
Notable findings from this process led to us not adding a pain score, capillary refill time, the
assessment of cool peripheries, and weak and fast pulse, as they were deemed neither feasible
nor reliable to be assessed at the primary care level. Importantly, these symptoms and signs are
also not included within IMCI, likely for similar reasons [28].

b) Diagnostic and prognostic value of predictors

In the absence of validated diagnostic models for each diagnosis, we assessed individual
diagnostic and prognostic factors to help guide the development of ePOCT+. Diagnostic stud-
ies derived from the population and setting of interest were preferred [33,34], as those devel-
oped from other settings often perform worse [35]. However, diagnostic predictors notably
those predicting ‘serious bacterial infection’, often have low sensitivity, lack reference tests to
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confirm bacterial origin, and ignore serious infections caused by viral diseases [36,37]. Prog-
nostic studies are often better suited to develop clinical algorithms in order to understand
which children are at risk of developing severe disease, regardless of the aetiology, to improve
patient outcomes and reduce resource misallocation [35-40]. A systematic review of predictors
of severe disease in febrile children presenting from the community helped identify useful clin-
ical feature to be integrated within ePOCT+ [35], however few studies occurred at the primary
care level. To address this gap we performed an exploratory analysis of clinical elements used
in two CDSAs evaluated in Tanzania to predict clinical failure (53 Appendix). This analysis
found IMCI danger signs, severe general appearance, mid-upper arm circumference < 12.5cm,
oxygen saturation < 90%, respiratory distress, and signs of anaemia and dehydration to be
good predictors of clinical failure. Specific subgroup analyses on our previous generation
CDSA provided further support for maintaining or modifying specific algorithm branches,
particularly the inclusion of C-reactive Protein (CRP) point-of-care tests that helped safely
reduce antibiotic prescription and improve confidence in management [41,42].

¢} Sensitivity and specificity of algorithm branches in relation to severity and pre-test probabil-
ity of condition

When constructing the algorithm, it was important to first identify children presenting
with a severe condition, and only then use more specific branches to distinguish conditions
requiring specific treatment from self-limiting illnesses requiring only supportive care (Fig 2).
Predictors of severe conditions need to be sufficiently sensitive to guide interventions to

Antibiotic prescription

2. Requires antibiotic?

Fig 2. Considering algorithm performance in regards to pre-test probability (disease prevalence) of the condition. Health care workers are confronted
with two major questions at primary care health facilities: 1) Does the child need to be referred? For which an algorithm must evaluate sensitivity and specificity
in relation to the severity of disease. 2) Does the child require specific treatment (most often an antibiotic)? For which the disease prevalence of a bacterial
illness needs to be considered when evaluating the sensitivity and specificity of such an algorithm.

hitps:/fdoi.org/10.1371/journal. pdig 00001 70.g002
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reduce morbidity and mortality. However if this high sensitivity comes at the cost of reduced
specificity, it can result in over-referral, misallocation of limited health care resources, and
excess antibiotic prescription [38]. While this concept was considered within the development
of the algorithm, most predictors and models studied lacked sufficient sensitivity and specific-
ity to appropriately meet these requirements at the primary care level, thus emphasizing the
need for better predictors and models [35,38].

Once a severe condition has been excluded, restricting antimicrobial prescriptions can be
more safely integrated given the lower risk of clinical failure. Understanding the pre-test prob-
ability (disease prevalence) of the disease guides us on the level of specificity needed for the
corresponding predictors to be included in the algorithm. In the outpatient settings, few non-
severe children above 2 months have a condition requiring antibiotics [11,27]. As such, using
the principles of Bayes' theorem [43], an algorithm for a condition of low prevalence requires a
higher likelihood ratio to have a similar post-test probability than a condition with a higher
prevalence. Within ePOCT+, C-Reactive Protein (CRP) test is integrated in several branches
of the algorithm to increase specificity/likelihood ratio when the pre-test probability of requir-
ing antibiotics is low. However, the pre-test probability of requiring antibiotics may increase
in a child with comorbidities, and therefore a lower CRP cut-off can be used to increase sensi-
tivity and reach the same post-test probability.

d) Integrating overall clinical impression

The overall clinical impression of a healthcare worker plays an important part in the diagnostic
process [44], and may sometimes better identify serious conditions compared to isolated symp-
toms and signs [45,46]. As blindly following CDSA recommendations runs the risk of neglecting
nuanced clinical observations or patient-initiated elements, we incorporated clinical impression
in the algorithm to better preserve these skills [47]. More generally, it also shows a respect and
consideration for the clinician’s judgment and allows the tools to be more participatory; including
the clinician in the interpretation and responsibility of the decision. As such, attempts were made
to combine multiple clinical elements into one question utilizing clinical impression. This
approach was used to help identify children who need a referral or antibiotics, such as “Severe dif-
ficult breathing needing referral”, a criteria similar to that proposed by the British Thoracic Soci-
ety [48], and “well unwell appearing child”, often used in children with fever without apparent
source [36,49]. Highlighting in the application that this response will result in a recommendation
of referral, aims to help clinicians understand the impact of their selection, and thus improve both
the sensitivity and specificity. Such composite elements reduce the number of questions prompted
by the CDSA, and speeds up the consultation process; an important consideration for uptake.
Nevertheless, the diagnostic and prognostic value of the overall clinical impression of primary
care clinicians in LMIC settings is not well understood, and further research is needed to under-
stand how helpful these types of elements are when integrated within ePOCT+.

Adapting and validating the medical content

ePOCT+ was first developed for Tanzania, where the prior generation of the algorithm was
validated in a randomized-controlled trial [11]. Following the expansion and adaptation of the
content described above, the algorithm was internally reviewed by 13 clinicians from 6 medical
institutions with good understanding of CD'SAs; 5 working in Tanzania, and the other 8 with
experience working in LMICs. The ePOCT+ algorithm for Rwanda, Senegal, Kenya and India
were then each drafted, with rounds of internal review, by small development teams composed
of clinical algorithm development specialists, and national child health experts based on coun-
try-specific objectives, guidelines, and epidemiology, using the first algorithm as a scaffold.
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In each country, the ePOCT+ algorithm was reviewed by a technical panel from the Minis-
try of Health or an independent clinical expert group (usually with Ministry of Health repre-
sentatives). The panels were asked to assess the algorithm in terms of clinical validity,
feasibility in primary care, scope of illnesses, and consistency with national policy and guide-
lines. The process of validation varied slightly in each country according to national decision-
making mechanisms, but all included written feedback, individual and group meetings.

Certain algorithm branches were highlighted for group discussion; especially those with
novel content, those for which significant interpretation was required from national guide-
lines, and any branches with queries or comments from panel members. For the algorithms
with more novel content, more formal decision processes were used. In Tanzania and Rwanda
a modified nominal group method was used, in which each participant one-by-one provided
their opinion on the presented branch of the algorithm, followed by a group discussion and
then an absolute majority vote for the final version.

Following the internal and external reviews, further modifications were made during the
digitalization process, and feasibility tests, including feedback and review from end-users. For
each proposed major change, the modification was communicated to the group to allow subse-
quent feedback and final approval by health authorities.

Digitalization of ePOCT+ and development of the med AL-suite

We performed a landscaping review of existing CDSA software with respect to user interface,
open source, data management, ease of programming and interpretation of clinical algorithms,
and operability in target health facilities. Since none of the available software packages met our
requirements, we developed the medAL-suite software following the requirements of the target
product profile for CDSAs [21]. medAL-creator allows clinical experts to design the clinical
content and logic of the algorithm, while med AL-reader is an Android based interface to exe-
cute the algorithm to end-user clinicians (Fig 3). Both software were developed collaboratively
between the clinicians, IT programmers, end-users via feedback from field tests, and health
authorities from the implementation countries.

The World Health Organization (WHO) have recently proposed the SMART guidelines to
provide guidance and structure to translate the narrative guidelines (Layer 1), to semi-struc-
tured “human readable” decision trees and digital adaptation kits (Layer 2), to computer/
machine readable structured algorithms (Layer 3), to the executable form of the software
(Layer 4), and finally dynamic algorithms that are trained and optimised to local data (Layer 5)
[50). Each “translation™ between layers is prone to interpretation and error, especially when
each layer is developed by different actors and continuously adapted. To reduce error in inter-
pretation, a major feature of med AL-creator is to allow the “computer/machine readable”
structured algorithms to be “human readable”, thus merging Layers 2 and 3. medAL-creafor
features a “drag and drop” user interface and automatic terminology/code set enabling the cli-
nicians with no programming knowledge to create and review the algorithm. medAL-reader is
then able to automatically convert the algorithm from medAL-creator for use at point-of-care.

medAL-reader, was designed based on our previous experiences of CDSA interfaces [8,11],
and expert guidance on successful strategies in order for the application to be intuitive to use
with limited training, to align with normal workflows at primary health care facilities, and
encourage user autonomy [21,51,52].

Validation tests and user-experience evaluations

Validation tests were performed for each diagnosis to ensure that the inputted data within
medAL-creafor were processed correctly into the expected output on medAL-reader. This
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included automated unit and integration testing, as well as automated non-regression testing
by medAL-creator, and manual verification of medication posology for all drugs according to
weight and age of the patient. All issues were reviewed by a clinical and IT team to correct the
problems. While such tests are encouraged by the CDSA TPP [21], since CD5As are not con-
sidered a “software as a medical device” by the Food and Drug Administration (FDA) [53] or
European Medical Device Coordination Group [54], these tests are not legally required.

The ePOCT+ tool underwent numerous types and rounds of testing. To start, over 500
desk-based review cases focusing on user interface and analytical validation were performed
by the various team members. Analytical validation tests ensured that the clinical content that
was programmed in medAL-creator had the correct output in the med AL-reader application.
End-user testing using fictional cases and supervised consultations concentrated on user expe-
rience, acceptability, and clinical applicability. Finally integrated testing in real-life conditions
were performed where feedback was sought regularly. All user experience feedback was
reviewed by a team including both clinical and IT specialists, while all clinical content modifi-
cations were approved by both the internal and external review panels.

Ethics

Activities related to the development and piloting of ePOCT+ and the med AL-suite were done
within the studies of DYNAMIC and TIMCI, for which approval was given from each country
of implementation. The study protocol and related documents were approved by the institu-
tional review boards of the Ifakara Health Institute in Tanzania (ITHI/IRB/No: 11-2020 and
49-2020), the National Institute for Medical Research in Tanzania (NIMR/HQ/R. 8a/Vol. IX/
3486 and NIMR/HQ/R.8a/Vol. IX/3583), the National Ethics Committee of Rwanda {752/
RNEC/2020), the Comite National d'Ethique pour la Recherche en Sante of Senegal (SEN20/
50}, the University of Nairobi Ethics and Research Committee in Kenya (UON/CHS/TIMCL/

PLOS Digital Health | hitps:/idol.org/10.1371/journal pdig.0000170  January 18, 2023 B/17

PhD ThesisRainer Tan 52|Page



PLOS DIGITAL HEALTH

Development of @POCT+ and tha medAL-suite

1/1), the King George's Medical College Institutional Ethics Committee in India (103rd ECM
IC/P2), the Indian Council of Medical Research (2020-9753), the cantonal ethics review board
of Vaud, Switzerland (CER-VD 2020-02800 & CER-VD 2020-0279%), and the WHO Ethics
Review Committee (ERC.0003405 & ERC.0003406). Written informed consent was obtained
from all parents or guardians of children involved in the piloting of ePOCT+ and medAL-
reader. No informed consent was obtained from health care workers involved in the develop-

ment and refinement of the tools.

The exploratory analysis of predictors from the 2014 ePOCT study received approval of the
study protocol and related documents by the institutional review boards of the Ifakara Health
Institute and the National Institute for Medical Research in Tanzania (NIMRrHQ,R.8a,/tr]'-
Voll. 789), by the Ethikkommission Beider Basel in Switzerland (EKNZ UBE 15/03), and the
Boston Children's Hospital ethical review board. Written informed consent was obtained

from all parents or guardians.

Results

The ePOCT+ clinical algorithm and supporting evidence for each country of implementation
can be found on the websites of the DYNAMIC and TIMCI studies that are implementing
ePOCT+. The major features of med AL-creator and med AL-reader are summarized in the
supplementary material {54 Appendix), including the requirements defined by the CDSA tar-

get product profile (55 Appendix).

The feasibility tests of ePOCT+ were conducted in over 200 patients in 20 health facilities,
leading to numerous modifications (Table 1). The improved algorithm was then piloted with
over 2000 consultations following 2 days of training and on-site support, before officially start-

ing the clinical validation studies in the five countries of implementation.

Discussion

ePOCT+ was derived from existing evidence and clinical validation field studies from previous
generation CDSAs [8,10,11]. Novel content in the algorithm compared to other CDSA include

Table 1. Example of modifications based on user-experience feedback and observations.

Issue

Description + context

Meodifications

CDSA impractical in emergency
situations

Child with convulsions was broaght into the consultation
room interrupting the current consultation. The clinician

stopped using the tablet and managed the child providing the

incorrect antibiotic class and dose

Emergency button integrated so that emergency
management guidance can easily be accessed at any point of

the algorithm.

Understanding algorithm branches

Why a patient reached a specific diagnosis was not always
well understood by clinicians

To improve understanding, and to have med AL-reader as a
learning tool. efforts were made to simply present the
decision tree logic for individual diagnostic and syndromic
branches of the algorithm.

Some medicines not available at health
facilities due to stock-outs

Sometimes medicines recommended by national guidelines
were not available

Provide alternative medicines for most conditions in case
the recommended one is not available.

Misunderstanding of the labelling of
some clinical elements

The labelling of some symptoms and signs were not well
understood by the clinician

Modification of labelling of some elements, clarification
provided in the information button, and translation to local

language

Some clinical signs not measured,
especially when patients are many

Many clinicians did not always measure required clinical
signs (anthropometrics, temperature, respiratory rate) and
could thus not continue with the algorithm

Provide options to not measure some clinical signs and
rather estimate the values {with warning that this is sub-
optimal) to limit clinicians being *stuck’, to discourage false
information to be entered, and to provide mentorship to
those not measuring these signs

No dear identification of symptoms and
signs that always result in severe disease

! referral

Clinicians selected variables that resulted in a severe
diagnosis, parenteral antibiotics, and referral, for which the
clinician did not agree with.

Elements that result in the diagnosis of a severe disease and
referral are highlighted

hitps-fdoLong 0.1371/journal pdig. 00001 70,1001
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decision logic for young infants less than 2 months, and in some countries decision logic for
children 5-15 years old, and expanded clinical content for diagnoses not included in IMCL It
is now being further validated in several large clinical studies. Following established develop-
ment protocols, attempts were made to ensure a transparent development process, multi-
stakeholder collaboration, and end-user feedback [21,22,55,56]. Specifically, aligning the devel-
opment process of ePOCT+ and specifications of medAL-reader to the requirements of the
Target Product Profile for CDSAs was helpful to better meet the needs of end users in terms of
quality, safety, performance and operational functionality [21]. The development of medAL-
creator, allows non-IT specialists to be able to program the clinical algorithms using a no-code,
drag and drop interface, a novel solution that democratizes the development of CDSAs. This is
a big advantage when compared to other CDSA tools that generally require advanced IT
knowledge to review and program the code of the CDSA. Nonetheless, there are several limita-
tions and challenges with the development process and the end-result of ePOCT+ and the
medAL-suite, for which ongoing modifications and improvements will be required.

First, while efforts were made to improve the performance of the algorithm, there was
often a reliance on clinical guidelines which may not always be founded on the best/latest/
highest quality evidence, or applicable to low resource primary care settings [57,58]. Further-
more, they require significant interpretation to transform into algorithms. Digital Adapta-
tion Kits (DAKs) to guide implementers in how to interpret narrative guidelines to
transform into digital platforms are currently being developed by the World Health Organi-
zation and should help address this challenge in the future [50,59]. Often supplementary evi-
dence was needed to complement national and international guidelines. This evidence
should ideally be identified through systematic reviews [60], however those are not always
feasible. Leveraging existing evidence databases as done by another CDSA may be a more
feasible method to avoid biases in identifying supporting evidence [61]. Among the support-
ing evidence identified, there was a paucity of evidence for conditions specific to older chil-
dren above 5 years, prognostic studies in the primary care setting, and diagnostic studies for
conditions other than serious bacterial infection and pneumonia. Evaluating the prognostic
and diagnostic value of predictors and models used in ePOCT+ during the ongoing valida-
tion studies will help to develop more efficient and better performing algorithms optimised
for the target population [50,62].

A number of considerations were taken into account when digitalizing and adapting paper
guidelines. Among the most important considerations were the feasibility, acceptability, reli-
ability, and diagnostic and prognostic performance of individual clinical elements, while also
considering the overall performance of the algorithms in relation to the pre-test probability of
the outcome or disease, and the clinician’s overall impression. Often conflicts can arise among
the various factors that must be considered, which leads to difficult decisions. For example the
Delphi survey among Tanzanian health care workers found that capillary refill time may not
be feasible in primary health settings, however it has been found to have good prognostic value
[35]. Such difficult decisions were often taken with input from clinical experts from the coun-
try of implementation. Additional training on clinical signs deemed not feasible, could poten-
tially allow for future modifications. Another difficult decision included the option of
estimating results when measurements are not possible (e,g, respiratory rate). Health care
workers often do not measure respiratory rate when following paper guidelines or using a
CDSA [7,19]. If the CDSA does not allow the option of not being able to measure respiratory
rate then health care workers may not be able to move forward using the tool, or may enter
false data if indeed respiratory rate measurement is not feasible. Allowing health care workers
to estimate the value is not ideal, but allows the health care worker to at the very least visually
assess respiratory rate, and provide an input in order for the algorithm to reach a diagnosis.

PLOS Digital Health | hitps:/idol.org/10.137 1/joumal.pdig. 0000170 January 19, 2023 10/17

PhD ThesisRainer Tan

54|Page



PLOS DIGITAL HEALTH

Development of ePOCT+ and the medAL-suwite

This data can then be used to mentor health care workers that do not measure respiratory rate.
Allowing clinicians to simply indicate that the respiratory rate was not possible to measure
without forcing an estimation could be an option to consider, but would complicate the deci-
sion on what diagnosis to reach when selecting this option.

Many modifications to ePOCT+ and med AL-reader compared to previous generation
CDSAs were implemented in order to help improve uptake, addressing previously shared con-
cerns such as limited scope, and ease of use. med AL-reader was specifically designed to follow
normal healthcare workflows, and incorporate more input from the healthcare workers. Com-
pared to other CD5As, med AL-reader includes new functions such as an emergency button,
and the ability to accept or refuse a diagnosis or treatment. The introduction of other digital
tools such as electronic medical records within the same health facilities creates challenges in
uptake and may result in duplication of processes. As an example, it is estimated that there are
over 160 digital health or health-related systems in Tanzania [63]. While efforts are currently
being made to harmonize processes so that different digital systems can complement each
other rather than creating additional work, this has not yet been achieved. It is important to
note, that while ePOCT+ and medAL-reader may address some challenges to uptake of
CDSAs, there are many extrinsic and intrinsic factors that are not addressed, such as the low
perceived value of following guidelines, and lack of motivation partly related to poor remuner-
ation [16,64].

The digitalization process allows for increased complexity in the algorithm compared to
paper guidelines. However, this complexity may limit the understanding by healthcare work-
ers. Understanding how a diagnosis and treatment plan is reached is fundamental to clinical
and patient autonomy, important for continued learning, and for fostering trust in any algo-
rithm. [65-67] Efforts were made to present simple decision tree logic for each diagnosis. Nev-
ertheless, the optimal method of presentation of algorithm branches to assure understanding
by primary healthcare workers should be further explored.

Conclusion

ePOCT+ aims to improve clinical care of sick children in LMICs, notably by reducing unnec-
essary antibiotic prescription. We hope that the strong stakeholder involvement, the expanded
scope of the clinical algorithm, and the novel software of the med AL-suite will result in high
uptake, trust and acceptability. Widespread implementation will provide opportunities for
dynamic and targeted refinements to the clinical content to improve the performance of the
algorithm. We further hope that the easy-to-use platform of the med AL-suite, and the frame-
work used to develop ePOCT+ will allow health authorities and local communities to be able
to take ownership of ePOCT+ or their own clinical algorithm for future adaptations and devel-
opments. Future success however, is contingent on the harmonization with national health
management information systems and other digital systems.
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Excesslve antiblotic use and antimicroblal reslstance are major global
public health threats. We developed ePOCT+, a digital clinical declsion
support algorithm In comblnatlon with C-reactive proteln test, hemogloblin
test, pulse oximeter and mentorship, to gulde health-care providersin
managing acutely sick children under 15 yearsold. Toevaluate the Impact
of ePOCT+ compared to usual care, we conducted a cluster randomized
controlled trial In Tanzanlan primary care facllitles. Ower 11 months, 23,593
consultations were Included from 20 ePOCT+ health facllitles and 20,713
from 20 usual care facllitles. The use of ePOCT+ InIntervention facllitles
resulted In a reduction In the coprimary outcome of antiblotic prescription
compared to usual care (23.2% versus 70.1%, adjusted difference -46.4%,
953% confidence Interval (Cl) —537.6 t0—35.2). The coprimary outcome of day
7 clindcal fallure was noninferlor In ePOCT+ facllitles compared to usual
care facllitles (adjusted relative risk 0.97, 93% C10.85to L.10). There was

no difference In the secondary safety outcomes of death and nonreferred
secondary hospltalizations by day 7. Using ePOCT+ could help address the
urgent problem of antimicroblal reslstance by safely reducing antiblotic
prescribing. Clinlcaltrials.gov ldentlfier: NCTOS5144763

Bacterlal antimicroblal resistance (AMR) was responsible for  InTanzanla and many resource-constralned countries, more than $0%
1.27 milllon deaths In 2019, with the highest burden Insub-Saharan  of sick children recelve antiblotics when visiting a health Facllity=®,
africa’. This s as many deaths as malaria and humanimmunodeficlency  with 80-90% of such antiblotics prescribed at the outpatient level ™"
virus (HIV) comblined. Inappropriate and excessive prescription  and most deemed Inappropriate®™ Y, Antiblotic use and AMR are pro-
of antiblotlcs represents one of the primary contributors to AMR™.  Jected toIncrease over the coming vears, Indicating the urgency to take
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259 he=alth Facilities
essessed for aligibilty in
eligible councils

19 ine=ligible
127 wrong type of health fagility
58 did not see snough patients per week

E8 eligible health facilities

40 health Facilitiss mndomized

20 clusters imthe 20 clusters in the control
intervention arm [=POCT=] arm [routine care)
ChilclHerwed infonmelirn = zczzrsssEcssEEss 5as CEEp e EEE Mo EEE CEE IS5 CESEEEEE SR EE EE CEEE IS N NI EEEEE TS5 NS SRS EEEEE EEEEEEEEE
32,865 children sorsensad 25,510 children sonssmed
3,372 excluded: 6,197 exchuded:
Wrong age (n=673) Wrong age [n = 461)
Mot an scute illness {n = T15) Mat an soute illness (r = 165}
DCF'“"'E':":" unable to corsent (o= 4,637} Declined ar unable to corsent {r=3.9337)
Child nat registered or dota ssue (p=3,44E) Child nat registered or dats issue (n = 11,6380
23 553 consultstions included 20, T2 consultations included
21,680 inttial corsultations 18, 783 instial corsultations
1.913 renttendance consultations 1.974 reattendance consuliations
5,604 consultations without

documented treatmsnt in 1,776 conmultations without
ePOCT+

documented treatment in «CRE
17.8B5 consultatiors managed 18,937 corsultations
using ePOCT= docwmented in eCRF
1,604 reatb=rdance 1,732 reattendsnos
consuliaticns oonsultations.
w i
16,281 initinl consultations managed 17,705 initial consultaticns
using ePOCT= {per protocol for documented in eCRF {per
day [ catoomes) pratocal for day 0 cutoomes)
3,230 |ovst to Follow-up |¢7 4*' 3.4 lost to follow-up
w w
20,355 consultations with day 7 data 17,792 consuliations with day 7 data
{intention to treat for dey 7 outcomes) [irbe=ntion to breat for dey T outoomae]
18,570 initinl consultations 16,561 initial consultations
1, EES regti=ndancs consultations. 1,631 reatt=radance consultations
4,527 not using «POCT+ 1,458 «CRF not filled

1,685 reattendance corsultaticns

1,621 reattendance corsultaticons

14,308 irstial corsultations 14,383 initial consuliations
in the day 7 outcomes per iin the day 7 cutoomss per
protocol and complete cese protocol and complste cose
population population

Fig. 1| Healch facility amd paclent flow diagram. Boxes highlighted In gray cormespond to the coprimary outcome populations.
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Tabla 1| Baseline characteristics of enrolled particlipants
and haalth facilitles

Table 2 | Presenting complalnts of Infants and children
under 15yaars old

Health facilfies ePOCT+(n=20) sl care{n=20) Presenting complaints, 3% BPOCT Uisueal care
Lewal of health facility, n Infants <Zmaonths n=T17 n=92a
Dispensaries 18 18 Faver, corvulsions, lethangy =T 131
Heglth centers 4 4 Raspiratory 437 468
Region, n Gastrointastinal pr i 197
Wiorogono 12 12 =kin 4.0 14.5
Mbeya B 8 Earfmouth 25 o8
Number of enrollad patients per 127 (101, 189) 138 (73;183) tye 7o 54
H;Lgh facility par month, median reading/weight = ]
service avallsbility and readiness Malformation o4 o4
ASEEGSMEent’ Injurles 0.4 o1
Zeneral Service Readiness sCOre, GOE+1008 53794 Cithear B4 18
% {mean+s.d.) o r— =
I t | 2 theto <15 =17.356 =1n0E2
Pediatric scors, € (mean+z.d) 55.8+10.8 54811008 e e e i i
= ] — = Fayar B1.6 oE9
- - - Respiratory (coughdifficulty breathing) 478 404
Sex: Famale, % (n) 51.2 (13,085 51.3 (10,075]
Zastrointesting] {diarrhea/vomiting) 234 3
Age, days, medizn BOR) 583 (363; 1,202) 555 (248, 1164
- Skin 125 na
Age group, % (r) o .
Eary ot 28 23
Oto <zmonths 40 (554) 5.001,038] il
E A 2]
2 to<60months 4.1 {19,845] az.0 (16 984) i
Zanitourl 14 31
5 to «15years T8 (2, 704) 13.0 [2.631) f i
- Meurclogical (headache, stiff neck) 3 12
Type of consultation, % (n) -
accidant/musculoskeletal (ncluding burns, 15 20
Mew consultstion .9 (21,680 07 fa.7am wounds, poison]
reattendance TE(1LE41) 2.2 [1,859) ithar 1 a7
Rafarral from snothar 03 01{25) Diata from patkerts for whom clinkssl nformstion was entared Into @POCT+ Inthe intansantion
health facility arm, and In tha eCRF in control haslth facilties [per peotooal populstion). Fatlants may have
Positivemalariatestamong  1B40LETENO02IS)  19.2 (18039376} multipl compiaints
those tested, % (n/N]
Hospitalized in the last 03 0es) 0473
14 diays, % {n) we developed ePOCT+, a new CDEA with polnt-of-care tests, to
Phone number avalable, %(nl  84.0(19,606] 83007186} address these challenges™, The scope of ePOCT+ was expanded from

Farticipant datz from all enralled paticnts. velues of standard doviations (s.d., aftar

maan values) ssa precedad by the 4 sign. 108, Intarguastils ranges fter madian valuas)
*Soones wane caloulsted basad on the proportion of prespaciied Indicators that warn
esant In each hazlth faclity during the sssessmant of health Facllties befors the start of

tha study™.

actlon™*. Accordingly, the World Health Organization has declared
AMR as “one of the biggest threats toglobal health, food security and
development today ™. In response, countries worldwide, Including
Tanzanla, have developed national actionplans on antimicrobial resist-
ance to address this iImportant problem's”,

Electronic clinical decision support algorichms (CDSAS) are
digital health or mobile health tools that gulde health-care providers
on what symptoms and signs to assess, advise on what tests to
perform, and propose the appropriate diagnoses, treatments and
management'® . Previousefficacy studles under controlled research
conditions have shown the potentlal for digltal CDSAS to reduce antl-
biotic prescription inchildren 2 to 59 months old™®, However, many
close-to-real-world studles have shown little to no reduction In anti-
blotic prescription™*. Inaddition, many of the close-to-real-world
studies have anumber of methodologleal imitations as healch facil-
Itles were not randomized and/or safety was not evaluated 2,
emphasizing the need for more evidence on the Impact of CDSAsSon
antlblotic prescriptlion. Finally, poor uptake remains a challenge with
previous and existing CDSAs™",

previous versions of the CDSA™ to Include Infants under 2 months
and children up to age 14 years, and to address syndromes and diag-
noses not consldered by other CDSAs™, The aim of this study was to
evaluate the Impact of ePOCT+ compared to usual care on antiblotic
prescription and day 7 clinlcal cutcome In a pragmatic, cluster rand-
omized controlled trial in acutely sick children under 15 years of age
presenting to Tanzanlan primary care facllitles.

Result

Baseline characteristics of health facllities and patients

A total of 68 out of 259 health Facilitles from the participating counclls
met the eligibility criteria (Fig. 1. One hundred twenty-twio health facill-
tles were Ineligible as they were elther hiospitals or private dispensary or
health centers, and &9 did not see enowgh patlents per week. A stratified
random sampling process Identifled 40 health Facilitles for Inclusion
Inthe study (24 In the Morogoro reglon and 16 In the Mbeya reglon),
which were randomized 1:1 to ePOCT+ (Intervention) or usual care
{control). Overall, 52 875 children were screened for incluslon between
1 December 2021 and 31 October 2022, and 44,306 (74%) consultations
wereenrolled (23,593 InePOCT+ health facilitles and 20,713 Inusual care
hiealth facilitiesy. The Arst health facilitles started enrolling patlents
on 1 Decemiber 2021, and the last health facilities started enrolling
patlents on 13 April 2022, Atotal of 28 243unique patlents were enrolled
with a mean of L6 consultations per patlent over the duratlon of the
study. among those enrolled Inthe Intervention health Facilioes, 17,985

Mature Medicina




Article

https:/fdoi.org/100038/s41591-023-02633-0

Table 3 | Antiblotic prescription and clinlcal outcomes among sick children Inthe DYNAMIC trial

af T, Usasal omirg, | it Luestasr Crsda adpusted Cruda Pvale  Adusted Pvalua
% {n/N) i{n/M) oormelation differanos differanca relativa sk relattearisk
Frimary outooma
Amtibiotio prescription st day O 3[R TOUR nz —4E.0% —2E A 03z =300 035 <00
(2, BOEME, 281 N2o058M7.208) (02 0.4) ~47.0% -400%) [F5PE%;-352%) (022,034 (020 0.43]
Clinical falkea by day 7 2TH 2.B% 004 -0 -0 ogs oa oar D50
[ e [maafa 353 DRoo; 200s] =00 DA% [~0E; 03] (0B L {0.BS: 1100
Seoondary snd axplomtony
ouboomes
Daszth by day 7 0% % =000 Loiln; ulas ez D.ES .55 043
[ia'nd 3] i1h4,363) L Pl A [T Qumed (034 LO7] (0.24, LB
SHHDD:h.Eh' worsg st day 7 035 (ol ooz UK ulas 3 102 g2 m 0S5
[#1M4,306) [#0M4,363) DRODD; Q00 0% L) (S Ml 4 (0EE; 1.58 oM 173l
Honreferred sacondary 4% L% [aln ] Lalln s nlay 3 1r48 ik | 114 D.a2
hospitzlizations by day 7 (514 30s] [50'14,363) (X0DD; 200 [ Ak 4] [-0r; 0] (078; LEE) (07T 1,600
Hospitalizations by day 7 1o% 0o oo Lol 0.I% m oas 1.43 DS
45M4,308) 214,353} Dok ODT) =% 03] [ DT (0B8;1.41) (DO 2.05)
Primary refarmsls ot day 0 1% 1.0% o3 Lok i OLE%. j el nln] Z.08 D2
no4fusa81) (1PM17.208) (O DU =029 D.3%) (Dot Lol (0.08; L47] LEs 34
lenrr:.rnﬂ.tﬂgln 1E.5% I0.I% ons -3.0% -21.5% uli- ] 44 0.85 0.55
hospitzlization I:I'|-'-:|='|-".|'t 2mhao] [lci e T B (Xoo; ouL) - B 124961 1189 LTl (0.5; 1.34) (0.53; 1.80)
Linplaninad reattond anod vishts 1E% 10% aluk] -11% -10% o0&l 000 OE 0.3
by cay T° [25EM14 03] [47mM14 723] DO DD =170~ 0] -2.8%; 0.0%) (0.52; a7 (032 1L44)
Addrionzl madicstion taken T T A00E -0 =05 uli+ix] ik} (. ] oIy
after Inklsl corsultation un 1005714, 248] (LoTah4,220) -0 L) 219 DA% (0.91; 1.07] (0.74; 105}
today T

&ll data showsn for day @ outcomss ars par profocol, and all data for day 7 oulcomes ame par profocol snd complata casa (day 7 outcomes assassad]. Clinkal Sailure by day 7 dafined =
‘not cured” and not Improvad”, or unschedisied hospitalizstion as raported by caraghens. Nonrafamad secondarny hospRalirstions by day 7 sre hospitalizstions at kesst a day sfar the initial
consuEation that wans not refenad by & health-cars prowidar. Unplanned reattendsnos vsits by day 7 sre neburn vishs babwoan day 1 snd 7 that wera not proposad by tha Inttial haalth-cans
prosader Adjusted relativa risks and differances were estimsbad using a random offects logistic regression modal ad|usting for clestaring (health facility and patiant), s well s Individusl
[age, sax, complaints, swallabilty of phone) and health facility ioouncil of haslth Facilty, lowel of haalth Facilfy, masn number of psbicnts secn per month at the haslth facilky] bascling
characteristios. Formal ad justments warns not paformed for multinla besting. *Post hoc explorstory owtcome not prespac ficd. "Danominator s basad on consuatians for which a primary
raforrad was proposed and day 7 hospralizstion dats wons sscertained, and s such may ba kass than tha total numbser of primary reforrals ot day 0. inclusding unplannad cutpatiant and

hempitaltzad roattondanca visks.

{7e.2%) consultations were manzged using ePOCT+, and day 7 outcome
was ascertalned In 20,355 consultatlons (86.3%). In usual care health
facilities, 18,937 (31.4% ) consultations had final treatment documented
In the electronic case report form (eCRF), and 17,292 consultations
{83.5%) had day 7 outcome ascertained. Information technology (IT)
problems and power outages were reported by research assistants on
respectively 293 (7.3%) and 245 (6.1%) health facllity days In ePOCT+
facilities, and 160{4.1%) and 245 (6.1%) health facilicy days Inusual care
facllitles. Both Issues contributed to children being prevented from
enrollment In the study.

Imtervention hiealth facilities saw similar numibers of consul-
tatlons, but had a shghtly lower Service avallability and Readiness
Assessment Pedlatric score (Table 17 Patlents Inboth study arms ware
similar in age, sex, type of consultation and previous hospicalization
{Table 1). Malaria prevalence among those tested was similar in both
study arms {Table 1}. Young Infants less than 2 months of age In the
Intervention health facilitles presented more frequently for fever,
convulsions or lethargy, and slightly less often for respiracory condi-
tlons, whereas patlents 2 months and above had a similar distribution
In presenting complaints (Table 2). Age, phone avallability and level of
hiealth facility differed among patients with and without day 7 outcome
ascertalned (Supplementary Tables 1 and 2). Patlents managed and
not managed per protocol were similar, except for the level of health
facllity (Supplementary Table 3).

Primary cutcomes: antiblotic prescription and clinical fallure
Owverall antiblotic prescription at Inltlal consultations for the per pro-
tocol analysls was 23.2% (3,806 of 16,381) In ePOCT+ health facilitles

and 70.1% (12,058 of 17, 205) In routine care health Facilities, which cor-
responds o an adjusted absolute difference of —46.4% (95% CI-57.6
to—35.2) (Table 3 and Fig. 2). The adjusted analysis found a 65% reduc-
tlon in the risk of prescribing am antibotlc acday O (adjusted relative
risk {aRR) 0.35, 95% C1 0.29 to 0.43, P < 0.001). UsIng a conservative
Impucation analysis approach inthe Intentlon-to-treat population by
considering that all patients whowere not managed per protocol were
prescribed an antitotic, antiblotic prescription remained lower (n
ePOCT+ health Facilities than In usual care, with an adjusted absolute
difference of -34.2% (95% C1 -42.1% to -26.4%) (Extended Data Table 1.
whenincluding reattendance cases, antiblotc prescriptlon reductlion
was similar, with an adjusted absolute difference of —45.0% (95% CI
-56.3%10-33.6%) (Supplementary Table 4).

The proportion of pattents with clinical fallure by day 7 was nonin-
fertor inePOCT+health facilites(3.7%, 532 0f 14,396 ) compared to usual
carehealth facilities (3.8%, 543014, 363), withan adjusted relativerisk
of 0.97 (95% CI 0.85 to 1.10) In the per protocol complete case popula-
tlon {Table 3 and FIg. 3). Clinical fallure by day 7 was also noninferior
In the Intentlon-to-treat complete case population (Extended Data
Table 1), when Including reattendance casas (supplementary Table 4)
and using unadjusted analyses (Table 3 and FIg. 2).

Secondary and exploratory clinlcal safety outcomes

There were no significant differences In the proportion of patlents
who died, were subjectively worse or, were hospitalized after the day
of the Intlal consultation without a referral inonreferred secondary
hospitalization), all hospitalizations by day 7 or unplanned reattend-
ance visits (Table 3). There was however asignificant reduction in
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Fig. 2| Coprimary outcomes. a, Proportion of antiblotic prescription n
ePOC T+ and usual care health facilities; data are presented asthe point
estimate and unadjusted 95% confldence Intervals. Sample slzes are as
follows: PP ePOCT= clustersn = 16,381, PP usual careclusters n = 17,205, ITT
PO T+ clusters n = 21,680, ITT usual care clusters n = 18, 78%. b, Relative risk

of day 7clinlcal fallure between ePOCT+ and usual care health facllitles, with
naninfericrity prespecified as an adjusted relative risk of <1.3. Moninfertority
plot shown onalogarithmic scale. ITT, Intentlon totreat; PP, per protocol; aRR,
adjusted relative risk.

unplanned reattendance visits by day 7 In unadjusted analyses. The
proportion of patlents who died (0.1%) orwere hospitalized (1L.0%) was
low In both study arms. Results in the Intentlon-to-treat populaton
and when Including reattendance visits were similar (Extended Data
Table 1 and Supplementary Table 4).

Additlonal medicatlons by day 7 and antiblotic prescription
over time

Atday7 (range &-14), additional medicines were taken arter the imiclal
consultation inasimilar proportion of patients In both study arms (7.1%
Versus 7.2% In intervention versus control health facilities, Table 3).
Whenevaluating evolution of mean antiblotic prescriptlon rates over
time, It appears to decrease over time In ePOCT+ health facilitles,
whereas no change was found In usual care facllitles (Supplementary

FIE. 1),

Referral and hospltallzatlions

Health-care providers Identifled 3.6% (382 of 15.799) of cases as
having a severe diagnosls in ePOCT+ facllities compared 1o 2.6%
{453 of 17,205) In usual care facilitles (per protocol InInitlal cases).
The proportion of cases referred for hospitalization was higher In
ePOC T+ facilitles {1.2%) than Inusual care facilitles (1.0%) (aRR 2.08,
95% C1L15t0 3.74) (Table 3). The proportlon of children referred that
resulted In hospicalization was low and similar in both study arms
{Table 3). The proportion of cases referred to speclalized outpatient
climics (malnuericion clinic, cuberculosis Investigation, HIV clinick

was |ow and similar between ePOCT+ and usual care health facilitles
{(Supplementary Table 5).

Subgroup analyses: sex, age, complalnts

The effect of the Intervention on antblotic prescription at day O
was more pronounced In children presenting with respiratory com-
plaints {absolute difference -62.1%, 95% C1-63.3% to —40.9%) and the
2-59-month age group (absolute difference —48.9%, 95% C1-49.9% to
-47.9%) (FIg. 3 and Extended Data Table 2). antiblotic prescription
was reduced by at least 25 percentage points In all prespecifled sub-
groups, with the smallest reduction found InInfants under 2 months
old iabsolute difference —25.5%, 95% Cl —30.3% to —20.6%). AMONg
post hoc subgroup analyses, patlents with a posltive malarlatest had a
lower reduction In antiblotic prescription between ePOCT+ and usual
care (adjusted absolute difference -18.8%, 95% C1 -25.1% o -12.6%)
{Extended Data Table 2). Younginfants less than 2 months old had the
largest reduction in day 7 clintcal fallure (aRR .61, 5% C10.37 to L00;
P=0.05) (FIg. 3and Extended Data Table 3).

Discussion

In this cluster randomized controlled trial Involving 44,306 sick
children under 15 years of age In Tanzanla, the use of the ePOCT+
digital clinical decislon support algorithm (CDSA) package resulted In
aclose-tothree-fiold reduction in the likelhood of a sick child recetving
anantiblotic prescription compared tochildren inusual care facilites.
Despite substantlally fewer antiblotic prescriptions, clinical fallure
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a Adjusted difference, %
(8% C1)
Sex (famale) . -48.50 (-567.60, -35.20)
Sex [male) —_—— -48.50 (-56.00, -40.90)
Age <2 manths —_—— =310 {-40.20, -Z2.00)
Age 2-1 manths —_— -50.20 (-57.90, -42.60)
Age12-58 manths —_— -49.50 (-57.10, -42.00)
Age B-14 years -45, 60 (5330, 3800}
Complain: fieyer I -48.90 (-54.30, -25.400
Complaint: respirstory —_— -63.60 (-69.50, -57.40)
Complaint: gastraimestinal —— -BE.40 (-B2.20, -4B.T0)
Complaint: skin R Y -60.90 (-57.40, -44.30)
Complsint: =ar, nose, mowth, throst -4520 (-52.80, -37.70)
Al cases -4 40 [-67.60, <3520}
T T T T T
=80 50 =40 =20 o
b
akR
(BE% O]
Sex (famale) —_— 1.06 (0,88, 1.25)
Sex (male) — 0.91 (0.77, 1.0E)
Age <2 manths -+ OUE1 (D37, 1.00)
Age 2-58 manths —— 1.0:0 {D.BE, 115}
Ape 514 years - 1.00{0.BE, 1.48}
Complaint: fever 0.95(0.79,1.14)
Complaint: respirstory I 0.96 [0.79, 1.14)
Complsint: gastrairestinal + 112 {0.85, 1.4
Complaint: skin -+ 1.06 (0.7, 1.45)
Complsint: =ar, nose, mowth, throst - 0036, 1.400
Al cases —— 0.97 (D.85, 1.0}
T T T T T
0 05 10 LG 0
ePOCT + betier Usual care betier

FIE. 3| AntiMoic prescripoion and clinkeal fallure by sex, age prowp and makn
complainis. a, Dara arepresented as adjusted differences with 95% Clof day D
antiblotic prescription between ePOCT+ health facllities and usual care health
facilitles. All data are from the per protocol populaton ininiial consultations.
Sample slzes for each subgroup are found In Extended Data Table 2. b, Data

are presented as adjusted relative risk with 95% Clof clinical fallure In ePOCT+
compared to wsual care health facilinles. All data are from the per protocol 2nd
comiplete case population among Initlal consultations. Sample stzes foreach
subgroup are found In Extended Data Table 3.

did mot Increase In Intervention facllitles. Such findings align with
Tanzanias Matlonal Action Plan to reduce antiblotic use” and are
In line with the Tanzanla digital health strategy to Improve quality
of care™,

The reduction of antiblotic prescription assoclated with the
ePOCT+ Intervention In our study 15 consistent with our previous
research with CDSAs In Tanzanla In more controlled research set-
tings™-", However, the results differ from other studies evaluating
Cosasimplemented Inroutine health programs In Kigerla, Afghanistan,
Burkina Faso and South-africa, and In a controlled study setting
InUganda, which foundsmaller and even no reduction in antibotic pre-
sCription™ *** There are anumber of differences that may explain the
divergent results. First and foremost, the clinical algorithm of ePOCT+
differs from other COsAs. It notably has awider scope Including addi-
tional conditions and polnt-of-care tests such as C-reactive proteln
{CRF}, not Included inthe Integrated Management of Childhood lliness
{(IMCI1Y*. Arandomized controlled trial comparing two different CDSAS
found differences Inthe Impact of antiblotic stewardship due to the
additlon of CRP and other algorithm modifications, demonstrating

that not all CD%As are equal®™. Other differences that may explain
the divergent results Include (1) differences In the supportive
tralning and mentorship provided, (2} disease epldemioclogy
(notably malarla prevalence) and {3) health-care provider skills and
adherence. The extent of the Impact on antiblotic stewardship Inour
study 15 also greater than that cbserved In other antiblotic steward-
ship studies that Included one single Interventlon rather than an
Intervention package™ ™. ePOCT+ Integrates multiple proven antibl-
otlc stewardship Interventions together, Including clinical declsion
support™™-_the use of point-of-care CRP tests, pulse oximeter™
and continuous quality Improvement mentorship support with
data feedback to health-care providers utllizing benchmarking of
health facilities ™,

Climtcal fallure was not higher In patients managed In ePOCT+
health facilitles, despite a significant reductlon In antiblotic prescrip-
tlom In line with other antiblotic stewardship studles™, Similarly the
proportions of children who died, were hospitalized wichout referral
or had unplanned reattendance visits were not higher. Whereas pre-
vlous CDSA studles were able to demonstrate significant reductlons
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In clinical fallure, the current trial was not powered to do so'02,
Nonetheless, the greatest benefit on clinlcal cure compared to usual
care was observed In the subgroup of Infants aged under 2 months,
Important results given that this population represents more than 50%
of mortality Inchildrenunder 5 years old*,

Although the present findings are encouraging, It 1s Important
to note that nearly 25% of patlents were not managed using ePOCT+
In the intervention arm. Lower uptake of the tool could reduce the
positive impactof antblote stewardship as seen in the lower reduction
In antiblotic prescription in the Intentlon-to-treat (ITT) population.
It 15 reasonable to assume that not all health providers use the digital
tool to manage all patients, Just as health providers do not consult
the IMCI paper chartbook every time they see a patlent. Indeed
CDSAs have been found to Improve adherence to IMCI gulde-
lines™*“* nonetheless many challenges In adherence to paper
guldelines remain for digital tools, notably low motivation, lack of
on-slte mentoring and cognitive overload**, The use of electronic
medical record (EMR) systems In some health facilities may also
explain poor uptake, as some providers were expected to Input clinkcal
data In ePOCT+, the EMR and a paper log, prolonging the consulta-
tion tme. Integration of clinical decision support within the EMR
system Instead of separate standalone systems could help and 15
currently being explored. In addition to harmonization of digical
health tools, numerous other factors must be considered and are
currently being evaluated Inorder for ePOCT+ and similar tools to be
adequately scaled up In Tanzanla and other countries. They include
a better understanding of why health providers did not use ePOCT+
and how the clinical algorithms of ePOCT+ can be further Improved,
how health providers can be better supporied to use the digltal tools,
the Impact of benchmarking and mentoring dashboards, cost and
greenhouse gas emission analyses, and acceptance by patlents and
COMMUMItY memiters.

Cr study possesses several stremgths that contribute to Its
robustness. First, we employed a cluster randomized controlled
study deslgn, whichwas adequately powered o assess noninferlorty
of climcal fallure, Second, the Implementation of our INtervention
encompassed a wide range of epldemiological settings, Including
bothrural and urban areas, with varving levels of malaria transmis-
slon and facilitles such as dispensaries and health centers. Moreover,
our study employed comprehensive patlent Inclusion criterla that
were designed to be Inclusive. By Incorporating these Inclusive cri-
teria, randomly sampling health facilities for inclusion, and obsery-
Ing consistent effects across subgroups at both the health facility
and Individual levels, our findings can be generalized to a broader
populatlon.

There are several limitations to our study. FITst, antiblotlc pre-
scription data relled on documentation by the health-care provider,
an approachoften used in pragmatic trials*™*, when using aconserva-
tive iImputation analysis approachinthe ITT population consldering
that all patlents for which treatment was not documented were con-
sldered to have been prescribed an antiblotic, ePOCT+ still reduced
antiblotic prescription considerably (Extended Data Table 1). Second,
desplte multiple phone calls and home visits, 15% of cases were lost
to follow-up, consistent with data from similar studies (13255450
To account for potential blases In loss to follow-up, we adjusted the
final model for baseline variables assoclated with missing outcome
data, analogous to performing multiple imputaton in the case of a
single endpoint. Third, the fact that a child has not iImproved after day
7 sometimes reflects the natural course of the disease, rather than the
poor quallty of care at the Inltlal consultation, and may not therefore
be expected o beInfluenced by the Intervention for all clinical situa-
tlons. Toshow an effect on more severe outcomes such as secondary
hospltalization, death or even clinical fallure at day 14 or 28 would
require avery large sample size owing o the rarity of the event at the
primary care level. Furcher complicating assessment of these severe

outcomes are the challenges linked to referral and quallty of care at
admitting hospicals.

In concluston, the ePOCT + electronlc clinical decislon support
algorithm (CDSA) Inassoclaton with point-of-care tests {CRP, hemio-
globin, pulse oximetery and mentorship support Informed by clinical
practicedata, safely and substantially reduced antiblotic prescription
In slck children less tham 15 years of age presenting to primary care
facilities In Tanzanla. widespread implementatlion of ePOCT+could
helpaddress the urgent problem of antimicroblal resistance by reduc-
Ing excesslve antiblotlc prescription nsick children while maintaining
climical safety.

Online content
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Methods

Study design and setting

The DYNAMIC Tanzanla study was a pragmatic, open-label, parallel-
group, cluster randomized rial conducted In40 primary health facili-
tles In Tanzanla. The health factlity was the unitof randomizaton, since
the Interventlon was targeted atthe health facilicy level.

Study sites were purposefully chosen to represent a varlety of
health-care and epldemiologlcal settings within five councils In the
Mbeya and Morogororegion, with a total population Inthose councils
of 1,701,717 (ref. 52). Twio counclls were semiurban {Mbeya clty and
Ifakara Town counclls), whereas the three others were rural {Mbeya,
Ulanga and Mlimba district counclls). Overall £2.8% of the Tanzanlan
population 1sless thanls yearsold™. The prevalence of malariain febrile
children aged - 59 maonths 15 5.8% In the Morogoro reglon and 3.4% In
the Mbeya reglon™. Inaccordance with the Tanzanlan national chinical
guldelines, all febrile patients should be tested for malarlausing arapid
diagnostic test atthe health facility of contact™. HIV prevalence among
childrenless than 15 years old 1s 0.5% In both reglons™, Health care for
acute llinesses at government or government-designated primary
health facilitles Is free of charge for children under 5 years, Including
the cost of medicatlons such as antblotics. For patients older than
syears, health-care expenses are charged to the patlent, unless they
have a health Insurance plani{around 10% of Tanzanlansy™.

First-level health facilitles Included In the DYMNAMIC Tanzanla
study Include dispensaries and health centers with the latter distin-
gulshed by several characterisilcs. Health centers are characterized
by multiple outpatlent consultatlon rooms, potentlal presence of
miedical doctors, occaslonal small Inpatient wards and a broader array
of diagnostic and therapeutic capabilitles compared to dispensaries.

Particlpants

Primary care health facilitles {dispensarles or health centers) were
eligible fior inclusion If they performead on average 20 or more consulta-
tions perweek with children aged from 2 months to 5 years, were goy-
ermment or government-designated health facilides, and were located
less than 150 km from the research Institutions. ACute cutpatlent care
15 routinely provided by murses and clinical officers in primary health
facilities, whereas medical doctors provide care occasionally at health
centers. Clinlcal officers, the principal health providers at primary
healthfacilitles, are non-physiclan health professionals with 2-3 years
of clinical trainimg following secondary school™,

Infants and children between 1 day old and 15 vears old seeking
carefor anacute medical or surgical conditlon at participating health
facilitles were eligible. Children presenting solely for scheduled consul-
tatlons fora chronic disease (for example HIV, tuberculosis, malnutre-
tion)or for routine preventive care (for example growth monicoring,
vaccinationywere not eligible. written Informed consent was obtalned
from all parents or guardians of partcipants when attending the par-
ticipating health facility during the enrollment period.

Sampling, randomization and masking

The 40 health facilitles were randomly selected from all eligible health
factlities in the participating councils following a 3:2 ratlo between
healthfacilities from the Morogoroand Mbeyareglon (to Include more
health facilitles in the higher malaria transmission areal. In addition,
to Include a representative sample of health centers compared to dis-
pensaries, four health centers per reglon were Includad.

The sampled health facilities were then randomized (1:1) to
ePOCT+ (Interventlon) or usual care (control). Randomizatlon was
stratified by reglon, council, level of health facilicy (healch center ver-
sus dispensary) and attendance rate. An Independent statisticlan In
Switzerland was provided with the list of all eligible health facilities
and performed computer-generated sampling and randomizatlon.
Intervention allocation by the study team was only shared with study
Investigators In Tanzanla once all councll leaders had confirmed the

participation of thelr selected health Facllitles. The nature of the Inter-
ventlon did not allow for masking of the Intervention to health-care
providers, patlents or study Implementers.

Interventlon

The Interventlon consisted of providing ePOCT+with the supportng
IT Infrastructure, C-reactive protein (CRP) semigquantitative |aceral
flow test, hemoglobin point-of-care tests (and hemogloblnometer If
not already avallable), pulse oximeter, training and SUpportive memntor-
ship (Extended Data Fig. 1. 1funavallable in health factlities, materials
to perform laboratory tests such as prickers, cotton swabs, glovesand
alcohol were provided. The declslon to perform tests {malarla, CRF,
hemoglobin, pulse oximeter), ke all clinical symiptoms and slgns, 15
determined by the clinical algorichm behind ePOCT+, and prompred to
the healch-care provider when required. The healch-care provider can
decide not to follow the recommendations of ePOCT+ as they see fL.
CRP polnt-of-care rapld tests and hemoglobin point-of-care tests were
Integrated as per usual laboratory procedures (that is, In health facilli-
tles where polnt-of-care tests are usually performed and Interpreted
In the laboratory by a laboracory techniclan, tests were performed
In the laboratory; in health facilities where tests are usually done in
the consultation room, they were done by the health-care provider).
The development process and detalls of the ePOCT+ CD5A and the
medAl-reader Androld-based applicationused to deployePOCT+ have
beendescribed In detall previously ™. In summary the clinical algorithm
of ePOCT+ Is based on previous-generatlon COSAs (ALMANACH and
ePOCT) ™ International and national clinical guidelines, and Input
fromnatlonal and International expert panels, and was adapted basad
on plloting and health-care provider feedback™. Mentorship by the
Implementation team Included visits to health facilities every 2 to
3 months and communication by phone call or group messages three
o four times per month, to resolve Issues and provide guldance and
feedback on the use of the new tools. Resules from quality-of-care
dashboards were shared through group messages (o give feedback
on the use of ePOCT+, a strategy often described as ‘benchmarking,
allowing health-care providers to compare thelr antblotic prescrip-
tion, uptake and other guality-of-care Indicators with other health
facilities™. Control health facilities provided care as usual, with no
access toclinical data dashboards.

All participating healthfacilities were provided with IT Infrastruc-
ture to support the tablec-based ePOCT+ CDSA or In the case of con-
trol health facilicies, to support the use of tablet-based eCRFs. The
IT Infrastructure Included a tablet for each outpatient consultation
room, router, localserver (Rasberry P, Internet and, Ifneeded, backup
power (battery) or solar power. Inaddition, welzhing scales, mid-upper
armcircumference bands and thermomerers were provided to health
facilities for both study arms If not already avallable. Health-care pro-
viders from both intervention and control bealth facilivies recelved
equivalent clinical refresher training based on the IMCI chartbook. In
addition, specific tralning was provided on the use of the ePOCT+ CD5A
In Intervention facilitles and the use of the eCRF Incontrol facilitles.

Study procedures

Children seeking care at Included health facilitles were screened for
eligibility by a research assistant between 08:00 and 16:00 on week-
days. If eligible, demographic Information was collected and entered
In the CRF (ePOCT+ for Interventlon health facilicles and eCRFs for
usual care facilitles within the data collection system medAL-reader).
Health-care providers In the control health Facllities managed the
patients as usual, but documented the main complaints, anthropo-
metrics and test results OF performed), diagnoses, treatments and
referral deciston Inthe eCRF. To harmonize data collection across the
Interventlon and control facilitles, the eCRF for the control facilities
was also programmed Into the medAL-reader platform, but no declsion
support was provided. Research questions were Included In the eCRF
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tocapture whether an oral or systemic antibotlc was prescribed, and
whether the patient was referred for Inpatient hospitalization or other
outpatlent Investigations. In Interventlon health facilities, Inadditon
to the same Information collected In the eCRF, symptoms and signs
of the patlents were recorded In the ePOCT+ COSA during the con-
sultation with the patlent. The symptoms and sIEns entered are used
by the ePOCT+ CDSA to gulde the clinical consultation. Health-care
providers who documented the final treatmient for a consultaton in
ePCCT+ or the eCRF were categorized as having been managed per
protocol, as recording of the final treatment Is required to complete
the ePOCT+ CDSA.

All patiencs were called or visited at thelr home by research assis-
tantstoassess clinical outcomes and thelr care and treatment seeking
behavior atday 7 (range &-14 days). Research asslstants performing the
phone calls were blinded to the Interventlon status and were not part
of the team enrolling patients at health facilitles. Home visits rather
than phone calls were conducted If the careglver of patlents did not
have a phone number or did not know somebody with a phone near
their home, or If research assistantswere not able to reach the provided
phonenumber after five attempts. The home visits were performed by
the research assistants enrolling patients from the same healch factlity,
and as such they were not blinded to Intervention allocatlon. Paclents
whowere still sick at follow-up were encouraged to returnto a health
factlity for follow-up care. Day 7 data were recorded using REDCap
web for phone calls and REDCap mobile application for home visiis.

Dutcomes

The coprimary outcomes measured at the Individual patlent level
Included: (1} antiblotlc prescripilon at the time of the Initlal consulta-
tlon as documented by the health-care provider (superiornty analysis);
and {2)clinical fallure atday 7 defined as motcured and “not improved,,
orunscheduled hospltalization as reported by careglvers (noninferior-
Ity analysis). Secondary outcomes Include unscheduled reattendance
visits acany health facilicy by day 7, nonreferred secondary hospicaliza-
tlon by day 7, death by day 7 and referral for Inpatlent hospltallzation at
Initial consultation. Additonal antiblotics prescribed on subseguent
days following the Initial consultation were not part of the coprimary
outcome of antiblotlc prescription; Instead this Is captured by phone
call on day 7, where all patlents are assessed for whether additlonal
miedlcation was taken after the inltlal consultation, and compared
between study arms as an exploratory outcome. Given patlents” and
careglvers’ difficulty in distmguishing antiblotlcs from other medica-
tions“*, we could not rellably assess antiblotic Intake based on the
caregivers report; the outcome thus looked atall medications, rather
than antiblotics specifically. The intervention was deemed asuccess If
ePOCT+ was noninferior in terms of clinlcal fatlure and reduced antl-
blotic prescriptlon by at least 25%. Prespecifled additonal outcomes
areputlined inthe stanstical analysis plan.

Sampleslze
The sample size was calculated for testing noninferlority of theclinical
fallure cutcome glven that It wouldrequire ahigher sample slze than for
the antiblotlc prescription Coprimary cutcome. We assumed acluster
slze of 200 patlents per health facility imean of 150 patlents per month
per health factliy mulaplied by & months, the minimum duratton of the
study) based on routine data within the national health management
Information system, anintraclass correlation coefficlent of 0.002 and
aclinical fallure rate of 3%. To have S0% power to detect an acceptable
noninferiority margin of a relative risk of L3, corresponding to 3.9%,
we required 19 clusters and 17,100 patlents per arm (total patlents
n = 37,620 assuming 10% loss to follow-up). Glven the uncertainty of
some of the assumptlons, the total number of health facilities was
rounded up to 20 clusters per arm.

Molnterim analysis was planned; however, owing to lower enroll-
mientthan expected, after 8 months of recrultment, we planned an ad

hocsample size recalculation by anindependent statisticlan to calcu-
late the expected power of the study based on updated parameters
(Supplementary Information Mote 1. The study team prespecifled
the specifications and approach, documented In an update to the
statistical analysis plan.

Statistical analysis

All sutcomes were evaluated using random effects logistic regression
maodels usingthecluster (health Facility) and patlent asrandom effects,
with further adjustment using fixed effect terms for randomization
stratiflcation factors™, and baseline characteristics hypothesized to
be assoclated with the outcome, Imbalances between armsand imbal-
ances between characteristics among patlents for whom day 7 data
were avallable and not avallable {lost to follow-up). These Included
the patlent characteristics of age, sex, presenting complaints (fever,
resplratory, gastrointestinal, skin) and phone avallability, and the
health facility characteristics of care provision level (dispensary versus
hiealth center), attendance rate per month and council. A partition-
Ing method was used o separate within-cluster and between-cluster
effects to account for confounding by cluster™ . in the case of too
few events, and small vartance among healeh facilitles, which did not
allow the model to converge, the health facilicy was incorporated in the
maoded as a fixed effect. Adjusted relative risk and absolute differences
were estimated based onthe computed marginal probabilivies of the
conditional probabilitles®*. Formal adjustments were not performed
for multiple testing, as adjustmients would likely be overly conservative
glven that the outcomes are not allindependent™, and varlable selec-
tlon was not based onstatistical tests of significance®™. Mo adjustment
for baseline characteristics or for within-health-care-facility correla-
tlons was used for the calculation of crude confldence Intervals for
relative risk and absolute differences.

Moninferioricy was determined If the upper limic of the 95% Clof
the aRR was below1.3. All analyses based on outcomes fromday 0 were
performed in the per protocol population, and cutcomes determined
at day 7 were performed In the per protocol and complete case popu-
lation {only In those for which day 7 outcomes were ascertained) and
displayed accordingly unless stated otherwise. The primary analyses
were performed on the first visit for an lliness, with reattendance vis-
Its (a second visit to a health factlity for the same lliness) Included In
exploratory analyses. Prespecifled analyses to assess the effect of the
Intervention In different population groups were performed by sex, age
group and consultation complaint categorles (respiratory symptoms,
fever, gastrointestinal complaine, skin problem, ear, nose and throat
problam). all analyses were performed using Statav.16 and v.17 {ref. 70).

Incluslon and ethics

Ethical approval was obtained In Tanzanla from the Ifakara Health Instl-
tute (IHI/IRE,/No: 11-2020), the Mbeya Medical Research Ethics Com-
mittee (SFEC-2439/R.A/V.1/65) and the Natlonal Instltute for Medical
Research Ethics Committes (NIMRHOQ/R.Sa/Vol. /3486 and NIME/
HOQ/R.8a/vol. 1%/3583), and In Switzerland from the cantonal ethics
review board of Vaud (CER-VD 2020-02800), The study was reglstered
on Clintcal Trials. gov number NCTO5144753, where the trial protocol
and statistical analysis plan can be found (statistical analysis plan also
found In Supplementary Information Note 2). The study design and
Implementation was developed collaboratively between the [fakara
Health institute, Mbeya Medical Research Centre, Swiss Troplcal and
Public Health Institute and the Centre for Primary Care and Public
Health, University of Lausanne, based on feedback from stakehold-
ers, patlents and health-care providers Involved In our similar trials
In Tanzamla™*=, In additlon, previous work from Tanzanla was used
to gulde the design of the study and to develop ePOCT+, and other
work from Tanzanla was taken Into account In the citatlons for this
manuscript™**, ePOCT+ and the medAl-sulte was developed col-
laboracively by an international group of digital and global health
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experts from Tanzanla and other LMICs™. Specifically a Tanzanian
clinical expert group Including representatlives designated by the
Ministry of Health made the final decision on climical content, and
primarycare level health providers gave Important feedback to develop
and iImprove ePOCT+, Including a Delphl survey among 30 Tanzanlan
health providers™. Over 100 community engagement meetings with
over 7,000 participants were conducted before and during the study,
Including numerous meetings with Community and Reglonal Health
Management Teams Inthe Mbeya and Morogoro reglons of Tanzanla.

Reporting summary
Further Informatlon on research deslgn is avallablein the Nature Port-
follo Reporting summary linked tothis article.

Data availability

De-ldenilfled data can be found at hitps://dol.org/10.5281/
Zenodo 2043523, Including case, patient and health facility identifl-
catlon number, study arm allocation, baseline characteristics and all
OULCOMmEs,

Code availabilicy

The code for the medAL-reader application used tocollect data entered
by health providers (including demographic, clinlcal, diagnosis, pre-
scription and referral daca of the consultations) can be found at hotps://
github.comMWavemind/liwi-medal-reader.
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ePOCT+ Intervention package
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Extended Data Fig. 1| Descriptlon of e OCT+ and supportve mentorship
Intervention. The Intervention Included the provision of the ePOCT= Clinlcal

Decision Support Algorithm (COSA), C-Reactive Proteln & Hemoglobin polnt-
of-care tests, and pulse cximeter. The wse of these additional tests and tools are

support Inthe form of messages, phone calls, and visits wereconducted to
answer gquestions and support the useof ePOC T+, Both Interventlon and control
health facilities recelved eguivalent Integrated Management of Childhood Hiness
(IMCT) tralning. and Information Technology (1T) support. 1f required the health

proposed within the ePOC T+ COSA. The Intervention alse Included the sharingof  fadllitles also recelved 3 welghing scale, mid-upperarm circumierence (MILAC)
quality of care Indicators within dashboards which allowed healthcare providers band, and thermometer.

vosee thelr performance compared to other health facilitles. Finally mentorship
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Extended Data Table 1| Primary, sacondary and exploratory outcomes In Inltlal cases In the Intentlon-to treat population

aPOCT+ % Usual Care, % | Adjusted Crude Relative | pvalue | Adjusted pevalug
] n/N) Difference Risk [95% C1) relative risk
[95%C1) [a5%Cl)
Primary outcomes
Antibiotic prescriptionat 4% T1.6% -34.2%(- 058 (057,059 | «0.001 | 0.55(0.47.0064) | <D.001
day0* [9,105/21 680) | (136421878 | 42.1% ;-
) 265.4%)
Clinical fallure by day 7 IE% 1.8% 01%(-06%; | 0.99(0.89;1.10) | 0.8 0.97 [0.B6,1.09) | 060
(708/186700 | {599/15661) | 0.3%)
Secondary outcomes
Death by day 7 0.1% 0.1% 0.0%(-01%; | 0.69(0.28;1.66) | 0.40 0.59 (0.21;1.65) | 0.31
[9/18,670) {11/15,661) 0.0%)
Exploratory outoomes
Subjectively worseby day | 0.3% 0.3% 0.0%(-0.1%; | 1.14(0.78:1.69) | 0.50 1.08(0.73;162 | 069
L (60/18,670) | {44/15.561) | 0.1%)
Hospitalizations by day 7™ | 1.0% 0.9% 0.2%{-0.1%; 1.09(0.88;1.36) | 042 1.26(0.86;1.85) | 0.25
(189/186700 | {145/15661) | 0.6%)
Acleiti onal medi cation 7.0% T.2% L.7%(-1.9%; | 0.99(0.91;1.08] | 0.70 0.90(0.77:1.06) | 0.21
taken afterinitial (1,301/18,473) | (1,108/15,512) | D.4%)
consultationup today 7

Secondary and explomtony cutoamas that saly on data collected on day 0 are not shaown s this infomistion is not avellabla for sl T patients inon-refemed secondary hosoRalizstions by day
T. complatad rafamal, primary reforrals st day D). All cetoomas that rely on day 7 outcomes anecomplote casa anzlyses. Adjusted ralstiva risks and difforen cos wars estimated using @ mndom
aifects lngistio regrassion model adjusting for clustering thealth faclity, and patlentt, and indiidual and haalth facllky baselina chamotenstios that weea availlabla for all T cases (aga. sax,
arauilability of phone, oouncil of haalth facilky, lewal of health facilky, sseraga numbar of patiants sean parmonth at tha health fagiity). Formal adjustments wers not perfiormed for multipls
testing. *Considering that all cases that wena not managed par probocol wesa prascribad an snbbictlc; *Post-hoo axploratory outoomes
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Extended Data Table 2 | Stratifled subgroup analysis for antiblotic prescription at 00 In Inltlal consultations In the per

protocol population

Subgroup ePOCT+, % Usual Care, % Adjusted Crude relative [ Adjusted pvalue

] /) Difference [05% CIj | risk [95% CI) value relative risk
[@5% Cij

Al cases 23.2% 70.1% -4E.4% (-57.6%; - 0.33(0.32; =0.001 | 0.35(0.29; =(1,001
{(3,B06/16,381) | (12.058/17,205) | 35.2%) 0.34) 0.43)

Sex ffemale) 23.4% 70,1% 48,5 |56 0%; 0.33[0.32; <0.001 | 0,32(0.28; 0,001
(1,971/8,429) (6,194,8,835) 40.9%) 0.35) 0.38)

Zex [Male) 23.1% F0.1% -4B.5% (-56.1%; - 0.33[0.32; «l.001 | 0.32(0.27; <01.001
(1,B35/7,952) (5,864/8,370) 40.9%) 0.34) 0.38)

Age < 2 months 34.7% 60.2% (524/871) | 31.1% (-40.2%: - 0.58 [0.51; 1001 | 0.56(0.47; 0,001
(233/672) 22.0%) 0.65) 0.66)

Age 2-11 months | 18.0% F0.0%H 50.2% (-57.9%; - 0.26(0.24; A1.001 | 0,28 (0.23; 0,001
(BO1/4,945) 13.,817/5,456]) 42.5%) 0.27) 0,34}

Age 12-58 months | 23.5% 70.7% 48 5% (-57.1%; - 0.33(0.32; «0.001 | 0.31(0.26; =0,001
(2,056/8,743) (B.06E%E 579) 42 0% 0,35) 0,37)

Age 5-14 years 31.0% 71.7H -45.6% (-53.2%; - 0.43 [0.40; <1001 | 0.40(0.34; 0,001
(626,/2,017) {1,6409/2 299] 38.0%%) 0.45) 0.47)

Complaint : Fewer | 27.3% 74,99 46,0% 54 3% - 0,35 [0.35; <0001 | 0.3%[0.32; <0,001
(2,654,/9,729) (7.053/9,458) 39.9%) 0.338) 0.44)

Complaint : 1B.6% A0.7% -63.5% (-59.5%; - 0.23[0.22; «a0.001 | 0.25(0.21; =01,001

Bespiratory (1,450/7,809) (6, TE4/8,407) 57.4%) 0.24) 0.29)

Complaint : 22.9% F0.6% 55.4% (-52.2%: - 0.32 (0.30; 1.001 | 0.30(0.26; <0001

Gastraintestinal (884/3,867) {2,707/2,837] 48.7%) 0.34) 0.35)

Complaint : Skin 29.5% 67.84% -50.9% (-57.4%; - 0.43 [0.40; a).001 | 0.39(0.34; «(1,001
(598/2,02E) (1,390,2,043) 44.3%) 0.47) 0.45)

Complaint : Ear, 40.7% 80.0% [304/205) | 45 2% (-52.8%;- 0.53[0.47; a.001 | 0.48(0.42; <0.001

Mose, Mauth, (1754300 37.7%) 0.56) 0.56)

Thraat

Bhone numbar 22.9% 70.8% -4E.3% (-55.8%; - 0.32[0.31; «1.001 | 0.33(0.28; =1,001

availablgt {3,116/13,583) | (10034714, 168) | 40.8%) 0.33) 0. 38)

Phone numbsar not | 24.7% 66 6% 49, 2% (-56.9%: - 0.37 (0.35; al.001 | 0.31(0.26: <0001

availabla® (6912, 798} 12.024/3,037) 41.0%) 0.40) 0.37)

Health Facility 23.3% 71.5% AR, 2% (49, 3%; - 0.33(0.32; 001 | 0,32(0.27; 1,001

{Dispensary) (3.047/13,078) | (10.262/14,346) | 47.2%) 0.34) 0.38)

Health Facility 23.0% 62.8% -10 8% (-42.1%; - 0.37 [0.34; a0.001 | 0.34(0.22; <0001

{Health Centre}® | (759/3,303) {1,796/2 854) 17.6%) 0.34) 0.55)

Low malaria risk 21.2% 70.6% -41.9% (-56.4%; - 0.30(0.29; <1001 | 0.41(0.29; =0,001

health faciliey @ {2,004/9,463) {7 GGE0,864) 27.4%) 0.31) 0.58)

High malaria risk | 26.1% 69.2% 55.7% [-67.7%; - 0.38 [0.35; <0001 | 0,24 [0.15; <0001

healthfacilipy = (1,802/8,912) {4,390/6,341) 43.6%) 0,39) 0.35)

Positive malaria 1E.6% 1A% -1E.8% (-25.1%: - 0.59 [0.53; 1001 | 0.37(0.27; =01.001

o5t (347/1,870) (565/1,802) 12.6%) 0.57) 0.50)

Ad|usted relsthe rsks and dffarences wana estimated wsing a random effects logistic regression modal adjusting for chustering (health facility and patientl, and Individual and haalth
Facility bassling charmctaristics (aga. sax, complaints, phana avalsbility, council of health Facility, lewal of health Facility, awerage numbar of patlants sean per month at the health
Facility). Formal adjustments weea not parformad for multiphs testing. "Post-hoao exploratory subgeroup snalysas *Malsriz risk defined =5 per IMCE Low risk = <% malara posEivity rata in
Falrile childran; High risk > = 5 malsra positivity rate In fobella children
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Extonded Data Table 3 | Subgroup analysls for clinlcal fallure at day 7 In the per protocol, complete case population among

Initial consultations
Subgroup ePOCT:, % Usual Care, % Adjusted Crude relative B Adjusted B
A} i/ Difference risk {95% €I] value | ralative risk value
(955 CI) {95% 1)
All cases 378 38 OiK{-05%; | 0880ET 1100 | 070 [ 0.87{0.85 1.10) | O.55
[532/14,396) (543/14,353) 0.4%)}
Gex (female] 1.6% 35% (158/7,360) | -0.2% [0.5%; 1.04[0EE; 1.73) | 0.61 | 1.05|0.88;1.25) | D50
[27047,375) D.8%)
Sex{Mala) 1. 7% A 1K {2R5T.003) | -0.3% [-1.0%; 0,92 (0. 78; 1.08 0.20 [ 092077 1.08) | 0,31
[FE3ST7,021) 0.3%)
Age = 2 manths 4.1% (2405000 | 6.5% {46,/708) 2.2% [.4%; - | 0.63(0.3%; 101 | 0.05 | D.ELYD.ET;1.00) | 0.0S
0.0%)
Age &-11 manths 4,58 450 2004465 | 0,3% (0.6%; 10051, 2.33) | 035 | 1.07{0.881.31) | Das
[207/4,222) L.2%}
Age 12-59 months | 3.3% 3.4%(243/7.145) | -0.1% (0. 7% D96(0EL; 1.15) | 0.68 | 0.97|0.81;1.16) | 0.70
(253/7,717) 0.55%)
Age 5-14 years 1.B%(48/1,867) | 2.7% ({542,041} | -0.0% [-1.0%; D87 (0.66;1.42) | 0.88 | 099|067, 1.47) | 0598
1.0%)
Complaint : Faver 1.0% 3.1%{2407.E42) | -0.2% [-0.E%; DEE[DEL, 116} | 0.79 | 0.85|0.79;1.14) | D.5E
[2RE8,561) 0.4%)
Complaint : 31.4% 36M 537042} | -0.2% (-0.8%; 0,94 (0759 1,12 | 049 | 096|079 1.16) | D64
Respiratary [233/6,896) 0.5%)
Complaint : 4.0% 36% (11431600 | o.4%0.6%; 111(0E7;142) | 041 | 112y0.85;1.47) | D41
Gastrointastinal [133/3,326) 1.4%)
Complaint : Skin 5.6% 5% (891,712} | 02w 0% 1.07(0.81; 1.42) | 061 | 1.05(0.76;1.45) | 0.76
(101/1,508) L.7%}
Complaint : Ear, IEX[15/308) | 5. 7% {1%/336) -1.5% |-1.5%; DET(D.34;1.20) | 0.23 | O.71|0.36;1.40) | 0.32
Moge, Mouth, 1.5%)
Throat
Fhone number 4,14 4.3% £1.0% [0, 6% 0.5%(0.88; 1,11} | 0.84 | 0.99(0.36;1.12) | 0.23
available? [504/12,146) 1513/12.211] 0.5%)
Phone numbernoe | 1.2% [28/2,250] | 1.4% {30/1,152) 0.2% {-1.0%; 055054, 1.45) | 068 [ 0.85(0,50;1.43) | 0.54
available? 0.5%)
Health Facility 3.3% 3.5% 0.1% [-0.6%; D92 (0.E1; 106} | 0,25 | D.87 (0.4, 1.12) | B.71
[Dispensany) ? (3B4/11,735) 125/11,995) D.4%)
Health Facility 5.6% 50%{118/2,367) | -0.0%(-1.4%; 1.12(0E88;141) | 036 | 1.00§0.75;1.33) | pos
[Health Centre)? [148/2,661) 1.4%)
Loow malaria risk 3.9% 4.3 (396/9,114) 1. 0K [0, 7%; 0.50(0.78; L.04) | 0,17 | LOD|D.B3; L.20) | 099
health faciliny® [32B/E,345) 0.7%}
High malaria risk 1.4% 2AN(147/5,245) | -0.2%[-1.4%; 1.20(0.08; 1.48) | 0.08 | 0.04|D.62;1.29] | 0.7D
health facilipyd [304,%6,051) 1.0%)
Positive malaria 1.B%(29/1,573) | 2.1%{30/1,40%) | -0.7% [-2.4%; D.ET(0.52; 1aa) | 058 | 0.B1{D.48;1.36) | D42
bagt? 1.0%)
Megative malaria 1.7% 3.0% [P086,424) | o7%e0.1%; 1.14(0.85;1.36) | 0.15 | 1.20|0.97;1.49) | oo
tagtd [274/7.434) 1.5%)
Mo malaria test 8.5% 4 8% (3B6/8,006] | 0.9% [-1.6%; - | 0.94 (0.1, 1.0%) | 0.40 | D.B0(0.67;0.97) | 0.0Z
perlormed? [309/6,826) 0.1%)
Region: Marogaro® | 3.4% 36% [33005,282) | oo%0.7%; D.OE[DE83; 1.11) | 0.57 | 1.00|D.BL 1.23) | 0.87
[RE710,484) 0. 7%}
Region: Mbeya® 4,58 4.2%{213/5,081) | -0.9%(-1.6%; 1.07{0.EE;1.30) | 0.52 | 0.93|0.69;1.25) | D63
(175/3,912) 1.0%}

Clinical Fallure by day 7-defined as 'not cwad” and ‘not Improved”, or unschaduled hospitzlization as reported by careghams. Adjusted nelative risks wera estimated using a random affects
Ingistic regression modal ad|usting for clustaring theakh facility and patiant), and indhviduzl and health facility besebing charactaristics (aga. sex, complsints, swailabilky of phana, counoll
of haalth Facilry, lesal of haalth facilry, sverage numbar of patlents sean par month at tha health faclity) but omitting tha varizbla &5 an sdustmant variabls in the model far the subgeoup
aralyzad. Formal adjustmants wens not pariamed for mukipla testing. *Post-hoo explorstary subgroup snalysas "Walsris risk defined s par IMICH: Low risk - <% malara poskhdty rmha in
fabrile childsan; High risk * = 5% malsris posithvty rta in fobrila children
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6. Discussion

The present thesis sought to evaluate how to improve quality of care and reduce antibiotic
prescription using digital clinical decision support algorithms at primary care level health facilities for
the management of sick children less than 15 years old. More specifically this thesis outlined new
evidence on the improved identification of febrile children at risk of severe disease, developed a
novel clinical decision support algorithm based on a new software platform for implementation in
primary care settings and finally evaluated the impact of this digital tool (ePOCT+) on antibiotic

prescription and clinical outcome.

This work contributes to helping improve quality of care and reduce antibiotic prescription at
primary care level health facilities using digitaltools. However, careful interpretationis required

considering limitations and additional needs in order for this evidence to be successfully applied.

6.1. Identification of children with severe disease

The systematic review in chapter 5.1 identified individual predictors and models to identify febrile
children atrisk of severe outcome. Findings from this study, helped inform the clinical algorithms for
ePOCT+ described in chapter 5.2, can help in the development of other clinical algorithms and
guidelines, and help clinicians assessing febrile children. In addition, prognostic data collected in the
frame of the cluster randomized-controlled trial described in chapter 5.3 also provide insight into
how to better identify children at risk of severe illness. If well implemented prognostic models and
individual predictors with proven efficacy can reduce morbidity and mortality, while allowing for
better allocation of limited healthcare resources (McDonald et al, 2018; Molyneux et al, 2006).
Integrating such evidence atthe primary care level is complex and must consider a number of

elements.
Appropriateness of predictors for primary care level health facilities

The appropriateness of individual predictors to integrate within clinical guidelines must be assessed
in regardto the setting of implementation. Some individual predictors may not be routinely
collected, or even feasible to assess depending on the context. In chapter 5.2 (supplementary
material) | describe a Delphi survey we performed among 30 Tanzanian health care providers that
found that some clinical predictors are not appropriate for primary care level health facilities in
Tanzania. Specifically, we looked at the feasibility, acceptability and reliability of different clinical

predictors, and found that capillary refill time, the assessment of cool peripheries, and weak and fast
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pulse, were not appropriate for primary care level health facilities, despite being helpful predictors
to identify children with severe disease. While subjective, appropriateness of predictors considered
results of the Delphi survey on feasibility, acceptability, and reliability. As such models identified in
the review, such as, AQUAMAT (George et al, 2015; von Seidlein et al, 2012), FEAST-PET (George et
al, 2015), Kwizera models (Kwizera et al, 2019), PEWS (Parshuram et al, 2009), and SICK model
(Kumar et al, 2003), could not be integrated at primary care. While specific training could be
provided in order toallow current health providers to reliably and feasibly assess for such signs, this
must be considered within the global training curriculum of health providers and weighed in

importance based on prognostic value and incidence.

Other individual predictors may simply not be feasible at primary level health facilities based on
available human and material resources and costs. Examples identified in the review include oxygen
saturation, blood pressure, and laboratory tests such as lactate, glucose, and potassium. As such,
models identified in the review that would not be applicable for primary care settings include
AQUAMAT (George et al, 2015; von Seidlein et al, 2012), FEAST-PETal (George et al, 2015), ELSHOUT
(Elshout et al, 2015), PEWS (Parshuram et al, 2009), g-SOFA (Seymour et al, 2016), g-SOFA-L (van
Nassau et al, 2018), SCOTT (Scott et al, 2020), SICK (Kumar et al, 2003), and SIRS (Goldstein et al,
2005). Nonetheless, some have demonstrated high prognostic value (Robinson et al, 2019), which
merits evaluation on cost-effectiveness and pertinence of such tests for integration at the primary
care setting. The introduction of point-of-care testscan also help address challenges relatedto
healthcare provider training and reliability. Indeed, clinical scores integrating point-of-care tests
often perform better than with clinical signs alone (Keitel et al, 2019a). As such the scale-up of
diagnostics at the primary care level is an essential process that mayincrease the feasibility of

integrating important predictors at the primary care level (Fleming etal, 2021).
Need and challenge of prognostic studies at the primary care level

The aforementioned limitations reflect the hospital level bias of studies evaluating the prediction of
severe disease. Indeed only 2/18 studies identified in the systematic review, and 765/24 530 (3.1%)
of children were from the primary care level. More prognostic studies at the primary care level is
essential to better help guide clinical guidelines at this level of care. Not only would such studies
better provide evidence on predictors more frequently available or more feasible/reliable to be
assessed by the health providers at the primary care setting, but it would better contextualize the
performance of such predictors in this setting. Indeed, the performance of predictors may differ

substantially when evaluatedin a hospital setting compared to primary care level setting.
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The lack of primary care level prognostic studies may not be solely due to alack of researchers

interested in this setting, but likely also to the complexity of conducting research at this level.

Primary care level health facilities generally see much less severe patients comparedto hospitals, as

such one would have to include sometimes more than 20 times more primary care health facilities

than hospitals in order to include the same number of patients with the sought after endpoint of

death or prolonged hospitalization. Coordinating data collection in numerous health facilities, that

are often in more rural and hard to reachlocations is certainly more challenging than at a centralized

hospital. Severe outcome definitions often include criteria such as prolonged hospitalization, in-

hospital mortality, admission to intensive care units, or progression to organ dysfunction, which

requires hospital data. Linking this data with primary care level health facility data further

complicates data collection and interpretation. Finally, severe outcomes and predictors of severe

disease arerare at primary care level healthfacilities. In the cluster randomized trial described in

chapter 5.3, we found only 20/34,331 (0.1%) of patients in 40 primary care level health facilities died

by day 7, and only 334/34,331 (1.0%) were hospitalized. Developing a prognostic model based on

the widely used criteria of 10 events per variable (Moons et al, 2015), would meanthat only 2

variables could be included from a dataset of 40 health facilities over 11 months. Developing a

prognostic model including 5 variables would thus require around 28 primary care facilities

collecting data over one year. External validation of such a model, for which the generalrule of

thumb requires at least 100 events (Collins et al, 2016; Vergouwe et al, 2005), would againrequire

56 health facilities over one year. Finally, if one were to evaluate the benefit on mortality reduction

in a prospective individual or cluster randomized trial, the studies would require respectively 392

and 1,238 healthfacilities recruiting patients over one year (table 2).

Table 2: Sample size requirements for different type of studies evaluating mortality at primary

care level health facilities*

controlled trial

reduction in mortality
(80% power, alpha 0.05

Research study type Samplesize Required sample Number of health

requirement size facilities overone
year

Prognostic model 10 Events Per Variable | 50,000 28

development predicting x 5 variables

mortality

Externalvalidation of a 100 events 100,000 56

prognostic model

predicting mortality

Individually randomized Demonstrate a 20% 705,760 392
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Cluster Randomized- Demonstrate a 20% 2,228,400 1,238
Controlled trial** reduction in mortality

(80% power, alpha

0.05)

* Assuming mortality of 0.1%, mean cluster size of 150/month = 1800/year based on the DYNAMIC
TZ cluster RCT (Tan et al, 2023)

**Assuming intracluster correlation coefficient of 0.001, and coefficient of variation of cluster size of
0.7

Mortality may thus not be the most relevant clinical outcome for the primary care level. Indeed
mortalityis a useful prognostic outcome in order to identify those requiring admission to intensive
care units, at the primary care level the clinical question pertains more to the necessity of
hospitalization or not. As such less severe outcomes that remain somewhat objective could include
persistent fever (Elshout et al, 2015), prolonged hospitalization (van Nassau et al, 2018), and
secondary hospitalization (Barbara et al, 2013). While previous attemptsat developing clinical
prediction models with less severe outcomes resulted in low predictive performance, most were
done in high-income settings (Chandna et al, 2021b). Evaluating predictive performance and
derivation of a clinical model to predict severe disease using data from the DYNAMIC project, may

help fill this important clinical gap (Miauton et al manuscript in preparation).

Opportunities and challenges for better clinical prognostic data

Digital healthtools such as CDSAs and electronic medical records (EMRs) provide an opportunity for
addressing the dearth of clinical prognostic data atthe primary care level. The documentation of
clinical symptoms, signs, and test results of primary care consultations can be collected in a more
standardized manner, ensuring consistent and comprehensive collection of information, enabling
more accurate prognostic assessments. Using data from the DYNAMICTanzania study described in
chapter 5.3, and data from other studies using ePOCT+, we are in the process of evaluating the

prognostic value of clinical predictors and developing a clinical model to predict severe illness.

However, to fully harness the potential of digital health tools for developing and validating clinical
prognostic models, it is crucial to link data from primary care health facilities, and data from
hospitals and/or death certificate. This is addressed in part within Tanzania's Digital Health
Investment Road Map, but not yet implemented (Government of Tanzania, 2017). Inthe DYNAMIC
Tanzania study presented in chapter 5.3, we collected such data via phone call 7 days after their
initial consultation. While this is possible in a clinical study context, collection of this data through

routine mechanisms via data linkage would be ideal. Despite the benefits, linking such data
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introduces legal and ethical challenges. Patient privacy and data security must be protectedto
ensure compliance with healthcare regulations and maintain patient trust. Data sharing agreements,
consent mechanisms, and stringent data anonymization techniques must be implemented to
address these concerns. Moreover, interoperability among various digital health tools and systems is
necessary to facilitate the seamless exchange of information while maintaining data integrity and
privacy. This introduces a significant amount of work and coordination that should be considered at
the start of any digital health project in order to succeed. Specifically, data governance frameworks
should be planned with established roles, responsibilities, and processes for data linkage and

maintenance, in addition to standardization of data formats, terminologies, and protocols.

6.2. Lessons learnt and future improvements based on the
development and implementation of ePOCT+

Chapter 5.2 described the development of the CDSA ePOCT+ based on the medAL-suite digital
platform for CDSAs. At the time of conception ePOCT+ was piloted in just over 2000 patients in 20
health facilities. Since then ePOCT+ and the medAL-suite has been used for over 300,000
consultations in Tanzania, Rwanda, Kenya, Senegal and India (Beynon et al, 2023), including over
16,000 consultations within the cluster randomized-controlled trialin Tanzania described in chapter

5.3. Here | will describe lessons learnt and future perspectives on improving ePOCT+.

Improving ePOCT+ algorithms and uptake through use logs of health providers

The WHOQ'’s Standards-based, Machine-readable, Adaptive, Requirements-based, and Testable
(SMART) Guidelines provide advice on the digitalization of clinical guidelines (Mehl et al, 2021). The
framework of these guidelines is structured around knowledge ‘layers’ based on previous work by
Boxwala et al (Boxwala et al, 2011). The different layers of the SMART guidelines include the
clinical/narrative guidelines (Layer 1), semi-structured “human readable” decision treesand digital
adaptationkits (Layer 2), computer/machine readable structured and agnostic algorithms (Layer 3),
the executable form of the software (Layer 4), and finally dynamic algorithmstrained and optimized
to local data (Layer 5). The final layeris also reflected within the principles of digital development in

order to be data driven (Waugaman, 2016).

In line with these principles, in addition to the other principles for digital development; “Be
collaborative”, “Design with the user”, and “Reuse and Improve”, the next section will explore how
findings based on the experience of ePOCT+ since development could help improve ePOCT+ and
other CDSAs for better antibiotic stewardship, improved quality of care, and improved clinical

outcome. A number of approaches canbe used to understand how ePOCT+ was used and how it can
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be improved. First, qualitative and mixed-method approaches can be used by conducting in-depth
interviews, focus group discussions, and surveys; second, evaluate use logs to understand how the
use of ePOCT+ can inform modifications; and third, evaluate uptake in association to

implementation.

One method ePOCT+ sought to integrate health providers’ judgment in order to render the tool
more participative, wasto allow them to “accept” or “reject” diagnoses reached by the algorithm,
and to indicate if they truly referred a patient. This allows health providers to integrate other clinical
information not incorporated in the algorithms, while allowing data analysis to understand which
diagnoses are rejected more often. This data could help identify which sub-algorithms require

modifications.

A preliminary analysis from ePOCT+ use logs from the cluster randomized-controlled trial described
in chapter 5.3 combined with in-depth interviews and surveys, found three main group of diagnoses
that were rejected at high frequency (Manuscript in preparation). The first, are diagnoses related to
malnutrition such as complicated or uncomplicated severe acute malnutrition, or very low weight -
for-age. To reachthese diagnoses, a child must meet specific objective anthropometric measures
based on z-scores or absolute measures in the case of mid-upper arm circumference (MUAC),
sometimes in combination with clinical signs. These algorithms arein line with IMCl and training
provided, as such it is indeed surprising that such diagnoses would be highly rejected. In-depth
interviews found that health providers rejected these diagnoses for a number of reasons. First, many
acknowledged that anthropometric measurements were not always measured the same day of
evaluation, as such if indicating past measurements or estimated measurements, thereis a
possibility of afalse diagnosis of malnutrition. Indeed it is very common for health providers in
primary health facilities to not measure anthropometric measures, so not surprising that many used
past or estimated measures. Second, health providers felt there was a discrepancy in termsof the
anthropometric measurements of malnutrition, and their visual assessment. Such an approach has
been found to be less accurate (Hamer et al, 2004; Mogeni et al, 2011), and results in worse clinical
outcomes (Tanet al, 2020). Third, there was sometimes a misunderstanding of malnutrition
diagnoses, such as the difference between complicated and uncomplicated severe acute

malnutrition.

Another group of diagnoses frequently rejected were severe diagnoses that would require referral,
including diagnoses such as severe pneumonia, very severe disease (IMCl danger signs), and
complicated severe acute malnutrition. The rationale for rejection of severe diagnoses and rejection

of referralto hospitals are many. One reason could be relatedto cases of false positives, for which
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the algorithm may have identified the child as having a severe disease; however the reality may be
that it is not a true severe case, and the child does not truly need to be hospitalized. Within the
cluster randomized trial described in chapter 5.3 agreement toreferral for hospitalization by ePOCT+
was low, healthcare providers only referred 20.5% (119/582) of children for whom ePOCT+
recommended a referral. However clinical failure in cases for which ePOCT+ proposed a referral that
was rejected by the healthcare provider compared to cases where the referral was accepted were
similar (4.6% vs 4.3%). Health providers maythus be correctly rejecting referraland severe
diagnoses. The systematic review on predictors of severe disease described in chapter 5.1, supports
this theory, for which it wasfound that the specificity of IMCI danger signs were relatively poor. In
addition, the incorporation of health provider clinical gestalt or overall impression often helps
identify children who indeed do not require referral (Meredith et al, 2019; Van den Bruel et al,
2012). These types of rejections may be helpful to avoid over-referral of patientsto conserve limited
health resources. Future work to identify how algorithms can be adaptedin order to avoid over-
referral, while maintaining a minimum sensitivity to ensure the algorithms are safe should be

pursued.

Another reason for a high proportion of rejection of severe diagnoses may be due to the socio-
economic and health system challenges of referring a child to a hospital. Such rejections could be
due to refusal by patients/caregivers, and/or health providers perceived hesitancy/aversion of
patients to be hospitalized (Chandna et al, 2021a). While care for children under 5 years is often
provided for free in most low- and middle- income countries, there are many additional costs that
are not free, especially in those hospitalized. This was most recently demonstrated in randomized
trials in Nigeria, Democratic Republic of Congo, and Uganda, where they found the use of pre-
referralrectal-Artesunate increased mortality compared to parenteral Artesunate, due to
incomplete referral of patients receiving rectal Artesunate (Hetzel et al, 2023). Similar challenges
have been found in attending health consultations in patients with HIV, where food and fare were
major barriers (Hodgson et al, 2014). Better understanding on why health providers and
patients/caregiversreject severe diagnoses and/or referralthrough qualitative analyses could help

identify how these challenges can be addressed.

Finally, a number of diagnoses may have been rejected due to misunderstanding of the algorithm.
While efforts were made to train health providers on the use of ePOCT+, it was not possible to
review every single diagnosis. Diagnosessuch as “Suspected malaria”, “Suspicion of Tuberculosis”,
and “Prevention and Screening”, are likely examples of diagnoses that were misunderstood. In-
depth interviews confirmed this hypothesis, where when asked why some of these diaghoses were

rejected, it was often clear that the goal/intention of the diagnosis was not understood (Manuscript
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in preparation). For some problems the problem maybe due to inappropriate labelling of diagnoses,

while in other situations it may be due to inadequate training.

In all situations, better understanding on rejection of diagnoses and referrals can help improve
ePOCT+ and subsequently improve uptake of ePOCT+, improve resource allocation by better

identifying sick children who truly require hospitalization, and improve adherence to guidance.

Data driven improvements for improved quality of care: example of diagnostic models

The abundance of granular data collected via the use of CDSA have great potential to improve
clinical care, as each symptom, sign, test result, diagnosis and treatment planis documented as
independent variables. In chapter 5.1, improvements to ePOCT+ and generating new evidence based
on data collected from CDSAs was discussed in the context of prognosis, notably better identifying
severe disease. In addition to developing new evidence and clinical models using clinical outcome
data, data driven evaluations could help the development or evaluation of diagnostic models. Such

analyses can help improve ePOCT+ and clinical practice more widely.

The development and evaluation of clinical models requires an objective reference standard to act
asthe “gold standard”. In the case of ePOCT+, the use of laboratory tests can act as useful reference
standards for certain diagnoses. For example C-Reactive Protein (CRP) is used to distinguish bacterial
versus viral pneumonia, hemoglobin to identify anemia, and malaria rapid diagnostic test for

malaria.

The use of ePOCT+ in the cluster randomized trial described in chapter 5.3 found that the use of a
point-of-care hemoglobinometer increased the proportion of children with mild/moderate and
severe anemia. These results however come at an increased monetary cost, and increased
greenhouse gas emissions (Karlen et al. Manuscript in preparation). Evaluating the predictive value
of other clinical signs in identifying anemia based on hemoglobin values, could thus help improve the
identification of anemia without the use hemoglobin measurement. While previous efforts have
shown the limited value of clinical signs such as pallor to detect anemia, most previous studies have
been limited to the hospital setting, and smaller sample sizes (Chalco et al, 2005), justifying the value

of such analyses within the ePOCT+ dataset.

Distinguishing bacterial versus viral pneumonia is challenging with radiographicinfiltrates often used
as a reference standard for bacterial pneumonia despite its limited predictive value (Rees et al,
2020). However, x-rays are rarely available in primary care level health facilities. CRP has been

shown to be a relatively good predictor of radiologic pneumonia (Erdman et al, 2015). Within the
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DYNAMICTanzania cluster randomized controlled trial dataset, CRP data could thus be used as a
reference standard to explore the predictive value of clinical variables, or to develop a new model to

predict bacterial pneumonia.

Finally, the DYNAMICTanzania and Rwanda dataset canalso be used to validate previously derived
models. Using malaria test results, we evaluatedthe accuracy of the IMCl malaria algorithm in low
risk areas (defined by IMCl as <5% malaria prevalence in febrile children age 2 to 59 months). Our
analysis found that the IMCI strategy of only testing for malaria in children with fever without an
obvious cause of fever or recent travel had a sensitivity of 27.0% (Cattaneoet al. Manuscript in
preparation). Results that have important implications for Ministries of Health deciding on national

adaptations to IMCI, and to the WHO evaluating changes to IMCI.

Understanding the impact of implementation measures on uptake and adherence to ePOCT+

The implementation of ePOCT+ within the DYNAMICTanzania cluster RCT included mentorship
activities including: regular monitoring calls, health facility visits, and the use clinical dashboards
which allowed health providers to compare their performance compared to other health facilities
(also known as “Benchmarking”). Such mentorship activities are similar to what is done with other
CDSAs including ALMANACH in Nigeria (Schmitz et al, 2022), and leDA in Burkina Faso (Sarrassat et
al, 2021). The use of benchmarking has been shown to improve antibiotic stewardship strategiesat
the primary care level in some high-income countries (Gulliford et al, 2019; Hallsworth et al, 2016;
Schwartz et al, 2021), with little to no impact in other high-income settings (Aghlmandi et al, 2023;
Hemkens et al, 2017; Marwick et al, 2022), and little to no studies in LMICs (Willmington et al, 2022).
Understanding the overall impact of the ePOCT+ CDSA compared to the impact of mentorship
activities of ePOCT+ (including clinical dashboards), in the form of a cluster randomized-trial, will be
important to understand whether such mentorship activities are required when implementing
CDSAs such as ePOCT+. More specifically this could inform us if such mentorship activities and

clinical dashboards help increase uptake, reduce antibiotic prescription, and improve quality of care.

Scale-up and uptake of ePOCT+: mobilizing government support and ownership

One of the most important factors to be considered for scale-up and uptake of tools such as ePOCT+
for routine use in primary care level health facilities is government ownership and support. Such
support is required for all aspects of implementation, digital health harmonization and integration,
and wide-scale implementation through local government actorsfor IT system installation, training

and on-going mentorship of health providers, and monitoring and evaluation on the outputs and
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outcomes. The example of the Integrated e-Diagnostic Approach (leDA) CDSA, which is implemented
in 86% of primary care health facilities in Burkina Faso by a collaboration between the Ministry of
Health of Burkina Faso and the non-governmental organization Terre Des Hommes, provides good
framework on how government ownership can be achieved. The scale-up of leDA has been a long
endeavor involving stakeholder mapping to assure all essential stakeholders are involved in the
project, the development of a multi-stakeholder steering committee, and successful funding
acquisition led by the government (Lampariello & Ancellin-Panzani, 2021). Lampariello et al. notably
highlight the need for multi-sectorial engagement not limited to the healthsector, and the
identification of local champions that have political weight and interest to be able to push for wide
scale implementation of the CDSA. With over 160 digital health tools in use in Tanzania, the
Tanzaniangovernmentis actively trying to coordinate, harmonize and limit the digital tools being
implemented in primary care health facilities (Watts, 2020). This strategy was outlined within the
Tanzania National Digital Health Strategy 2019-2024, where the government specifies how they
want to take control in a coordinated and interoperable manner (Tanzania Ministry of Health, 2019).
As such government support, acceptance and ownership will likely be the deciding factor on the

future of ePOCT+ and similar tools.

Expanding the scope of ePOCT+

Drawing from the lessons learned from past generation CDSAs, a prominent modification introduced
in ePOCT+ wasits broadened scope. Notably, ePOCT+ expanded it demographic scope to include
young infants less than 2 months, and older children 5 to 15 years old. Furthermore it expanded the
range of syndrome and diagnoses. This extension in age coverage allowed for further improvements
to quality of care and antibiotic stewardship in these new age groups. While the expanded scope of
diagnoses we hope increases uptake as it meets the need of health providers as often requested.
Embracing a similar expansion in the scope of ePOCT+ and other CDSAs to include adolescents and
adults would help meet an unmet need, further improving quality of care and antibiotic stewardship.
Indeed, only one CDSA that managed acutely sick adolescents and adults was identified by two
recent structured and systematic reviews (Agarwal et al, 2021; Keitel & D'Acremont, 2018). This
study was however limited to managing only three conditions — fever, diarrhea, and respiratory

problems (Gauthamet al, 2015).

6.3. Reflexivity statement
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| ama Swiss, Canadian, Malaysian, bi-racial (White-Asian), heterosexual cisgender male, educated
and raised in high-income countries (Canada and Switzerland). | recognize that such a status comes
with privilege, and puts me in the group of the oppressor in our patriarchal, racist and unequal
society. As a bi-racial individual, | have been racialized as Asian, and thus understand the
multifaceted ways in which racial identity can shape one’s experiences and opportunities. While |
have faced discrimination due to my Asian “race”, | also acknowledge the advantagesand privileges

that come with being identified as white.

My personal identity and status in the group of the “oppressor” is of particular relevance in the
context of the work of this PhD, categorized as “Global Health” or “Tropical Medicine” research.
Racism, colonialism, and post-colonialism are all firmly imbedded concepts in the historical roots of
research practices in low- and middle- income countries, and continues to be perpetratedtoday
(Birn, 2014; Hirsch, 2021; Kim et al, 2019; Kwete et al, 2022). During my researchin Tanzania, | have
very likely perpetrated, andfacilitated such structures, inadvertently upholding inequities and

reinforcing colonial narratives.

| stand committed to self-reflection and continuous education, understanding that acknowledging

my privilege, and the role | play in such structures as only the first step towards the decolonization
of researchin global health and more widely researchin low- and middle- income countries. In line
with this commitment it is important for me to acknowledge the personal gain, recognition, and

career progression, | have benefited from the research | have conducted within these structures.

Initial drafts of this reflexivity statementincluded efforts done by our research group and more
specifically what | have done to limit/fight against the racist and colonial structuresof global health.
However it is important to recognize that even well-intentioned efforts can inadvertently perpetuate
harmful dynamics. Furthermore, focusing on past actions or limited accomplishments, can merely

perpetuate a sense of complacency. As such, | will only concentrate on future actions.

Based on the work of Khan et al. and Costello et al. (Costello & Zumla, 2000; Khan et al, 2021) |
specifically commit to the following concepts in order to limit my role in perpetuating inequities and

contributing to the decolonization of global health:

e Engagein early, meaningful, and cooperative engagement with researchersand
beneficiaries from the country of implementation in all stagesof global healthresearch
projects

e Ensure ownership of research projects by researchers from LMICs

e Direct resources and employment opportunities to LMICs
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e Support training opportunities for collaborators from LMICs
e Direct resources towards sustainability and generalizability of research findings
e Assure opportunity for research outputs by collaborators from LMICs

e (Cite and promote research produced by LMICresearchers
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7. Conclusion

The development of the ePOCT+ clinical decision support algorithm integrated multiple clinical
guidelines, considering the latest evidence on the prognostic value of clinical signs from a systematic
review, and health care provider feedback on usability, user experience, and needs. Evaluated in a
cluster randomized trialin 40 primary care healthfacilities in Tanzania, ePOCT+and its
implementation package significantly reduced antibiotic prescription without compromising clinical
cure. Such findings are encouraging and helps provide close to real-world evidence on the benefit of
digital clinical decision support algorithmsfor antibiotic stewardship. If scaled, ePOCT+ could truly

help tackle the urgent public health problem of bacterial antimicrobial resistance.

The systematic review on predictors of severe disease in febrile children outlined helpful predictors
that should be considered in future clinical algorithms to assure safety and performance.

Nonetheless the lack of studies from primary care settings is a limitation that needs to be addressed.

The development of ePOCT+ took a rigorous approachto improve usability, uptake and safety. Such
an approach complemented by the recent SMART guidelines by the WHO could help inspire the
development of other CDSAs. Nonetheless findings from the pragmatic cluster randomized trial
demonstrates that uptake was not optimal. One known limitation wasthe limited age scope, which
means some patients can be managed using ePOCT+, while other patients managed using paper
guidelines. As such future expansion of clinical algorithms to manage adolescents and adults would
be beneficial. Understanding the reasons for lower uptake, and adherence will be important,
evaluating not only individual factors, but also systemic internal and external factors that may

influence this.

The significant reduction of antibiotic prescription and non-inferior clinical outcomes are indeed
measures of quality of care, nonetheless further investigations are required to better understand the
impact on specific quality of care measures. Furthermore the specific impact on the mentorship
package including clinical dashboards, and the specific impact of point-of-care diagnostic tests
compared to the use of ePOCT+ alone are needed. Such findings can help refine future
implementation strategiesand help public health stakeholders strategize scale-up. The future
success of ePOCT+ and similar digital health strategies depends on the handover and eventual
ownership of the digital health tool by the Ministry of Health. Only then canthe harmonization and
integration of ePOCT+ within the digital health landscape in primary care level health facilities be

achieved.
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8. Recommendations

e Malnutrition, hypoxia, altered consciousness, and makers of acidosis and poor peripheral
perfusion are good clinical predictors of severe disease that should be considered in clinical
guidelines and algorithms when evaluating a sick child

e Careful interpretationis required when using prognostic data from the hospital setting for
implementation at the primary care / community setting, notably by considering reliability
and feasibility of clinical predictors, availability of diagnostic tests and tools, and pre-test
probability of severe disease

e More evidence is required on how best to identify severe disease in febrile children from the
primary care level, including the use of novel inflammatory marker diagnostic tests.

e Recognizing the large sample sizes required to identify severe disease in settings of low
prevalence, novel approaches to collecting data including large scale collaborations and the
use of digital healthtools, in addition to more appropriate primary care level clinical
outcomes are required.

e Datagovernance frameworks, data standardization, and coordination of digital health tools
can help optimize the collection of data in order to generate findings that will be helpful for
clinicians and public health expertsto improve the health of patients.

e Multi-stakeholder engagement from multiple sectors is important at all stages of
development of CDSAs to facilitate handover and ownership by Ministry of Health

e Further investigations are needed to understand the added value of diagnostic tests
integratedin ePOCT+, and whether clinical models can adequately predict their results, to
reduce the monetaryand greenhouse gas emission cost of individual point-of-care tests.

e Future CDSAs should also help manage sick adults and adolescents in addition to children, to
further reduce antibiotic prescription and improve quality of care at primary care health

facilities.
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