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Abstract

Background The resources for critical care are limited in many settings, exacerbating the significant morbidity and mortal-
ity associated with critical illness. Budget constraints can lead to choices between investing in advanced critical care (e.g.
mechanical ventilators in intensive care units) or more basic critical care such as Essential Emergency and Critical Care
(EECC; e.g. vital signs monitoring, oxygen therapy, and intravenous fluids).

Methods We investigated the cost effectiveness of providing EECC and advanced critical care in Tanzania in comparison
with providing ‘no critical care’ or ‘district hospital-level critical care’ using coronavirus disease 2019 (COVID-19) as a
tracer condition. We developed an open-source Markov model (https://github.com/EECCnetwork/POETIC_CEA) to esti-
mate costs and disability-adjusted life-years (DALYs) averted, using a provider perspective, a 28-day time horizon, patient
outcomes obtained from an elicitation method involving a seven-member expert group, a normative costing study, and
published literature. We performed a univariate and probabilistic sensitivity analysis to assess the robustness of our results.,
Results EECC is cost effective 94% and 99% of the time when compared with no critical care (incremental cost-effectiveness
ratio [ICER] $37 [—$9 to $790] per DALY averted) and district hospital-level critical care (ICER $14 [—$200 to $263] per
DALY averted), respectively, relative to the lowest identified estimate of the willingness-to-pay threshold for Tanzania ($101
per DALY averted). Advanced critical care is cost effective 27% and 40% of the time, when compared with the no critical
care or district hospital-level critical care scenarios, respectively.

Conclusion For settings where there is limited or no critical care delivery, implementation of EECC could be a highly cost-
effective investment. It could reduce mortality and morbidity for critically ill COVID-19 patients, and its cost effectiveness
falls within the range considered ‘highly cost effective’. Further research is needed to explore the potential of EECC to
generate even greater benefits and value for money when patients with diagnoses other than COVID-19 are accounted for.

1 Introduction

Since detection of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) virus, large pandemic waves
of coronavirus disease 2019 (COVID-19) have occurred
throughout the world [1, 2]. These waves have resulted in
significant pressure on national health systems due to the
rapid influx of critically ill patients who require inpatient
care [3]. Demand for critical care has often outstripped exist-
ing supply, especially in lower-resource settings, resulting
in increased mortality and morbidity [4] The COVID-19

Extended author information available on the last page of the article

response has drawn attention to the large pre-pandemic gap
between critical care needs and availability in low-resource
settings [5].

Before the pandemic, increasing critical care capacity
(e.g., improving oxygen supply, procuring pulse oxime-
ters, or training healthcare workers), especially in lower-
resource settings, was largely neglected. This may be due
to a perception that investment in critical care may not be
cost effective, the significant complexity of scaling up health
systems, large upfront costs and lengthy time periods for
returns on investment [6—9]. Where critical care was docu-
mented, it was generally found in intensive care units (ICUs)
in referral hospitals, and was either not available or under-
resourced in primary and secondary facilities [8]. During
the pandemic, critical care received greater attention, with a
scale-up that initially focused on procurement of expensive,
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Key Points for Decision Makers

Essential Emergency and Critical Care (EECC) is
defined as the care that should be provided to all criti-
cally ill patients in all hospitals and includes such care as
vital signs monitoring, oxygen therapy, and intravenous
fluids.

The probability of EECC being cost effective in the low-
resource setting of a Tanzanian district hospital was over
90%, relative to a willingness-to-pay threshold of $101
per disability-adjusted life-year.

Implementation research is needed around the effective-
ness and costs of strategies for scaling up critical care in
low-resource settings.

resource-intensive and hi-tech equipment such as mechani-
cal ventilators [6].

Research is now showing that increasing critical care
capacity through the expansion of ICU bed capacity may
not be a cost-effective use of scarce resources [10]. Whether
to invest limited resources in basic or advanced critical
care (ACC) is a question of clinical, economic and ethical
dimensions [7, 11, 12]. Allocating limited resources towards
lower-cost essential care that can be delivered across all hos-
pitals as well as throughout each hospital could be a cost-
effective solution [6, 13, 14]. This is especially relevant in a
lower-middle income country such as Tanzania with under-
resourced district hospitals and a majority rural population
[15].

To improve outcomes for critically ill patients by means
that are feasible and low-cost, the Essential Emergency and
Critical Care (EECC) concept was devised [16, 17]. EECC
is defined as the care that should be provided to all critically
ill patients of all ages in all hospitals in the world. It is dis-
tinguished by three principles. First, priority to those with
the most urgent clinical need, including both early identifi-
cation and timely care. Second, provision of the life-saving
treatments that support failing vital organ functions. Finally,
third, a focus on effective care of low cost and low complex-
ity. EECC consists of 40 clinical processes with examples,
including vital signs monitoring, oxygen therapy, intrave-
nous fluids and patient positioning, plus the 66 requirements
for hospitals to be ready to provide that care, agreed in a
large global consensus [6, 16, 17]. However, although basic,
the coverage of EECC is often low [18-24].

EECC is unlikely to be sufficient for a subset of criti-
cally ill patients with extremely severe disease who will need
more ACC in combination with EECC. However, budgets
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for ACC are likely to be limited, emphasising the need for
evidence that demonstrates the economic implications of
different approaches to critical care provision [6, 16, 18].
We aimed to quantify the cost effectiveness of EECC and
ACC from a health provider perspective by developing a
de novo four-state Markov model. We considered typical
district hospital care in Tanzania as a case study of a low-
resource setting with observed gaps in critical care services,
and used COVID-19 as a tracer condition for critical illness
[13, 15, 25, 26]. Our results can contribute towards evidence
informed policy making and policy planning of critical care
services not only during the COVID-19 pandemic but also in
providing critical illness care across all conditions [15, 26].

2 Methods
2.1 Study Design

To determine the cost effectiveness of EECC and ACC for
treating critically ill patients with COVID-19 in Tanzania,
we developed a Markov model for a hypothetical cohort of
10,000 hospitalised critically ill adult patients (aged >18
years) with COVID-19 in Tanzania. EECC was defined as
using the 40 processes that include monitoring basic vital
signs, provision of oxygen therapy and intravenous fluids,
and positioning of unconscious patients to maintain a free
airway [17]. ACC was defined as EECC in combination
with the more advanced support of vital organs, such as
mechanical ventilation, that is usually provided in intensive
care units (ICUs) with specialised staff, facilities and tech-
nologies [27], as described by two critical care specialists
in Tanzania (See electronic supplementary material [ESM]
Note S1) [16]. The interventions are compared with two
alternative baseline scenarios. First, we assumed that no spe-
cific critical care services were available, although general
hospital care is in place. Second, informed by a systematic
review of critical care in Tanzania, we developed a scenario
to reflect critical care delivered in a district hospital with
limited critical care resources, typical of a low-resource
sub-Saharan hospital such as Tanzania [15, 26]. Such set-
tings do not have an ICU, and non-ICU critical care is also
limited (e.g. oxygen might or not might be available when
needed) [Table 1; ESM Note S1] [15, 16, 18, 26]. A health-
care provider perspective was selected to reflect decision
making at the hospital level and all direct costs incurred
for the inpatient episode were captured. Outcomes were
measured in terms of disability-adjusted life-year (DALY)
averted, as recommended, and to facilitate comparison with
willingness-to-pay thresholds [28].

We developed a four-state Markov model based on clini-
cal severity of critically ill COVID-19 patients. The four
mutually exclusive severity states were defined as ‘severe’,
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‘critical’, ‘death’ and ‘recover’ (Fig. 1), where severe and
critical COVID states are defined in line with World Health
Organisation classifications (see ESM Note S2) [29, 30]. A
Markov model allows for a hypothetical cohort of patients
to move in and out of, or stay within, each state over time,
thereby reflecting the course of critical illness [31]. In the
model, patients with ‘severe’ COVID-19 can deteriorate
and develop ‘critical’ COVID-19, and ‘critical’ COVID-19
patients can improve to ‘severe’ COVID-19. In this analysis,
we assumed that severe patients will always deteriorate and
become critical before they die. We also assumed that mod-
erate and mild patients are not hospitalised and do not incur
a critical care cost or health impact. In addition, we assumed
that patients who recover accrue minimal morbidity impacts
within the time horizon and cannot become severe or critical
again. Hence, death and recover become absorbing states.
The intervention, EECC, is provided to both ‘severe’ and
‘critical’ COVID-19 patients, whereas ACC is only pro-
vided to ‘critical’ COVID-19 patients. Patients with severe
COVID-19, in-line with WHO classifications, are those
in need of life-sustaining oxygen therapy and other non-
advanced clinical care, while those with critical COVID-
19 are those requiring “life-sustaining therapies such as
mechanical ventilation (invasive or non-invasive) or vaso-
pressor therapy”. Therefore, a patient who requires ACC,

Table 1 Comparator definition and assumptions

by definition, has critical COVID-19, and those with severe
COVID-19 do not require ACC.

The clinical effectiveness of EECC and ACC has not been
established in clinical trials. We assumed EECC reduces
clinical severity in severe or critical patients by reducing the
probability of severe patients becoming critical and increas-
ing the probability of critical patients improving and becom-
ing severe. On the other hand, the incremental effect of ACC
is assumed to only reduce mortality in patients with ‘critical’
COVID-19 (Fig. 1).

We evaluated the health impacts of COVID-19 in terms of
DALYSs over a time horizon equivalent to 28 days, to capture
an inpatient episode, with time cycles being a 24-h period.
Any longer-term health effects beyond hospital discharge are
not captured in the model; however, the majority of clini-
cal benefits were found to accrue within the in-patient epi-
sode [10, 27]. In addition, the clinical epidemiology of long
COVID-19 is still uncertain and heterogenous, thereby limit-
ing application to this analysis [32]. No discount rate is used
considering the short time horizon chosen. DALY's were cal-
culated as the sum of years of life lost (YLLs) and years of
life with disability (YLDs) as per the standardised methods
[33]. YLL were computed using age-standardised mortal-
ity rates from critically ill COVID-19 patients in African
high-care units or ICUs relative to a healthy life expectancy

Name Description

tions

Comparator scenario assump-

ACC intervention effect
assumptions

EECC intervention effect
assumptions

No critical care  No critical care is provided at
all to severe or critically ill

COVID-19 patients hospital

Other care is provided, as in
a typical Tanzanian district

EECC reduces the probability ACC reduces the probability
of severe patients becom- of critical patients dying
ing critical and increases Clinical effectiveness of
the probability of critical advanced critical care
patients becoming severe. is determined from the
EECC does not directly literature
reduce the probability
of mortality but does so
indirectly

Clinical effectiveness of
EECC is determined from
the nominal group exercise

District hospital-

level critical
care

Severe patients and critical
patients have access to only
limited non-ICU critical
care, as per a typical district
hospital in Tanzania

We assumed district hospitals
offer some non-ICU critical
care (e.g. some therapeu-
tics, oxygen therapy, pulse
oximeters, etc.) and refer
the patient to higher-level
hospitals for advanced ICU-
based critical care [14]

Other care is provided, as in
a typical Tanzanian district
hospital

EECC reduces the probability ACC reduces the probability
of severe patients becom- of critical patients dying
ing critical and increases Clinical effectiveness of
the probability of critical advanced critical care
patients becoming severe. is determined from the
EECC does not directly literature
reduce the probability
of mortality but does so
indirectly

Clinical effectiveness of
EECC is determined from
the nominal group exercise

ICU intensive care unit, EECC Essential Emergency and Critical Care, ACC advanced critical care, COVID-19 coronavirus disease 2019

ACC constitutes EECC in combination with more advanced organ support. EECC is delivered to both severe and critical COVID-19 patients,
whereas advanced critical care is only delivered to critical COVID-19 patients
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Critically ill hospitalised
patients with a positive
COVID-19 diagnosis

C

Fig. 1 Markov model structure. All admitted and hospitalised criti-
cally ill adult patients (aged >18 years) with COVID-19 in Tanzania
are triaged as severe or critical as per World Health Organisation clas-
sifications. Circular arrows represent the construct that a patient can
remain in the same health state for more than one cycle. *EECC is an
intervention that reduces clinical severity between severe and critical
patients. ACC constitutes EECC in combination with more advanced
organ support. "ACC only reduces mortality in critically ill patients.
EECC is delivered to both severe and critical COVID-19 patients,
whereas ACC is only delivered to critical COVID-19 patients. Severe
patients will, by definition, progress to the critical state before dying.
COVID-19 coronavirus disease 2019, EECC Essential Emergency
and Critical Care, ACC advanced critical care

for Tanzania [35, 36]. YLDs were computed by applying a
disability weight for hospitalised severe and critical COVID-
19 inpatient episodes. In the absence of current data on dis-
ability weights or quality of life for COVID-19 disease, we
used disability weights for severe respiratory infection from
the Global Disease Burden study (2013) for severe inpatient
episodes, and the disability weight for ICU admission for
critical inpatient episodes, as applied by Kairu et al. (see
Table 2) [27, 34]. We reviewed different willingness-to-pay
thresholds for Tanzania and chose to use the most conserva-
tive value of $101 per DALY as a low side estimate [35, 36].
Any intervention considered cost effective at this value will
be cost effective at higher thresholds. Details of the interven-
tion and comparators are reported in Table 1. All analyses
were conducted using R. [37]

2.2 Clinical and Epidemiological Data

A comprehensive review of existing databases on critical
and COVID-19 care was carried out to identify clinical and
epidemiological parameters for the model. However, while
there are studies describing the outcomes of critically ill
patients, it is not known whether those patients received
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EECC, and hence the effectiveness of EECC cannot by
elicited from any of these studies and valid empirical data
are lacking for critical care effectiveness in the study set-
ting. We therefore used expert elicitation in the form of a
nominal group to quantify the probability of patients mov-
ing between each of the states for each comparator scenario.
The nominal group technique is a structured small-group
discussion for reaching consensus [38]. We invited seven
experts to the nominal group, all with expertise in the care of
critically ill patients with COVID-19 from settings of differ-
ing resources, including those with a detailed understanding
of the EECC concept, ACC and Tanzanian district hospital
care (see ESM Note S3). The nominal group was convened
and asked by a moderator to discuss and reach consensus
around the expected outcomes of patients with severe and
critical COVID-19 under our predefined scenarios (‘no criti-
cal care’, ‘district hospital-level critical care’, ‘EECC’ and
‘ACC [including EECCT’). Table 2 provides a detailed list of
economic and epidemiological parameters, including those
generated by the nominal group.

2.3 Costing Methodology

A systematic review of resource use and costs of critical care
was carried out to inform the costing [15, 26]. Baseline criti-
cal care costs were zero under the ‘no critical care’ scenario.
The baseline costs for treating COVID-19 patients for the
‘district hospital-level critical care’ comparator were derived
from the literature, with the costs of inpatient pneumonia
treatment used as a proxy [39].

To calculate the incremental costs of delivering EECC
and ACC to severe and critical COVID-19 patients in Tan-
zania, we employed a normative costing approach, and the
methods are reported elsewhere [15, 26, 40, 41]. All costs
were inflated from their valuations in earlier years to 2020
Tanzania Shillings (TzSh) and then converted to 2020 US
dollars (US$) at the 2020 exchange rate of TzSh2309 to
US$1 (https://www.bot.go.tz/).

2.4 Cost-Effectiveness Analysis
2.4.1 Cost-Effectiveness Acceptability Curves

Incremental cost-effectiveness ratios (ICERs) were simu-
lated with probabilistic sensitivity analyses using a Monte
Carlo procedure [42]. A total of 10,000 parameter sets were
drawn from each parameter’s individual distribution to
assess the probability of EECC or ACC being cost effec-
tive. As most estimates were not derived from sampled
observations, triangular distributions were used for which
the central, minimum and maximum values were used to
characterise the distribution. In the case of the transition


https://www.bot.go.tz/

541

Cost Effectiveness of Essential Emergency and Critical Care

OLIBUQDS IBD [

CIeLe 0¢°L6t S9've -huId ou, e ul DOV Yira Jusned [ednLd e Sunear) Jo S0 Iup)
OLIBUQDS I8d [BD
G967 IT°€T 7801 -NLID ou, & Ul D)V Y juanjed 919A3s & Sunean Jo 1sod i
OLIBUQDS 918D [BONIID
°6'eEL ¥8CE °6'LT ou, e ur DOHH YIM Juaned [edNLIO € Suneax JO 1509 Ju[)
OLIBUQDS 218D [
[¥v] cI'ee €801 L8 -LID ou, & Ul DDA Yim Judned 210A3s € Sunearn Jo 1509 U
(ourpeseq) oLIBUdOS
89'L€ LS'ST P .2Ied TRONLIO OU, © ul juaned [eonLod e Junean Jo 15090 U
(ourpaseq) oLIRUAIS
[zp] 89°LE LS'ST P (AIed [RONIIO ou, © ul Juaned a10A9s  Sunean jo 1509 yun)  (sed1d 0ZOT ‘$SN) SIS0D
[jeap 0) 9els
[eonwo ay) woiy Jurssardoid jo Aiqeqord oyy Suronpar ut
[01] 00'T +¥€0 00°0 18D [BONLID OU, YA uosLIedwod ur DDV JO SSSUATINT
J)B)S 9I9A3S ) O} LIS
[eonto ay) woij urssardord jo Ayiqeqord oy Sursearour ur
00T 0S°0 00°0 2IeD [eONLIO ou, Y)m uosLredwod ur DD)HH JO SSOUIATIORYH
9)e)S [BONLID JY) O} Je)S
Q10435 9y} woiy Jurssargoid jo Aniqeqoid ay) Suronpar ur
00T 8€0 000 (2IBD [ONLIO ou, Y)IM uosLIedwod ur D) JO SSOUATIOINH — SSOUIAIIIJJO UOTIUSAIAUL
91e)S JOA0DI
000 000 000 9y 0y Surssar3oxd de)s [eoNLId 9y ut Juaned e Jo AIqeqoid
J1e)s Yreap
08°0 0L0 0S°0 9 03 Surssar3oxd aje)s [eonId 9y ut Juaned e Jo AIqeqoig
918)S 9I9AS
SI'0 SO0 000 oy 03 SurtuInjax 9jess [eonLId Yy ur Jusned e Jo Ajiqeqolid
91e)S JOA0DI
SZ0 020 01°0 9y 03 Surssardord are)s 219As oy ur Juaned e Jo AIIqeqoid
J1e)S [BONIID
as1019%9 dnois [euTwWoN 0L’0 0%°0 01°0 o 03 Surssar3oad aye)s a10A9s oy ur juaned e Jo Ajiqeqoid  q seniiqeqoid uonisuely, QIeD [BONILID ON
¥0'0 ¥1°0 Y20 61-AIAQD Teonto s uonendod pasifendsoy jo uoniodord
l62] 96'0 98°0 9L0  6I-ATIAOD 212r0s yitm uonendod pastresrdsoy jo uontodoiq (e8ern) uonemndod [opo nv
2omog punoq 1addn  onfeA  punoq remor 191oWeIed ad£y 1010weIRg OLIBUIS

s1o1owered [9pOJN T 3]qelL

A\ Adis



H. A.Shah et al.

542

10019

LL'8

1s°08

[¥] S6'c

€9'9¢

[yl §9°9¢

[or] 00T

00°1

00T

000

0L0

010

0€0

3s1019%2 dnoid [euTwoN 8¢°0

¥E88C

%

88°¢C

L8'1

8L°9C

8L°9¢

€0

050

8¢°0

000

€50

L00

§co

0¢€0

19'6¢

LSO

8C'¢

9T0

89°¢

89°¢

000

000

000

000

0s°0

S00

cro

S0

OLIBUQDS 2TBD [BONLIO [9A9[-Testdsoy
101ISIP, B Ul DDV M Juaned [eonio e Sunean Jo 109 jiun

OLIBUQDS 2TED [BONLIO [9AS[-TelIdsoy
1OLISIP, B Ul DDV YA Judned 910A9s & Sunean Jo 109 Jiun

OLIBUQDS ,0IBD [BOIILID [oAQ[-[ejidsoy
1OISIp, B ur DI Y Judned [eontd v Suneen Jo 1500 Jrun

OLIBUQDS ,9IBd [BOIILID [oAJ[-[ejIdsoy
3JOISIp, B ur DI UM Juaned 010A3s © Sunjean Jo 1500 J1un

(QuI[eseq) OLIBUQDS 218D [BONLID [9AJ]
-reardsoy 3o1ns1p, ® ur jusned [eonIIo B SuneaI) Jo 1500 Jun)

(QuI[aseq) OLIBUQDS 21D [BONLID [9AJ]
-readsoy 3o1nsIp, & ur juaried 910A9S ® JunjeaI) JO 1500 JIuN)

[Jeap 0} 9Je}s [eONLID 9y} WOIJ
Surssar3ord jo Lpiqeqod oYy Suronpar ur aIed [BONLID [9A]
-readsoy 301IsIp YIm uosLredwod ur DIV JO SSQUIANIYH

9)e)S QIAIS AU} 0 JB)S [BONLID Y} WOy Ful
-ssa13o1d jo Ayiqeqoid oYy JuTSLAIOUT UT 918D [BOTLID [9AI]
-reardsoy 101ISIp YIM uostredwiod ur DDHH JO SSOURANOYH

9)e)S [BO1ILIO d) 03 JB)S AIGAAS I} WOIJ
Surssar3ord jo Lpiqeqod ayy Suronpar ur 2Ied [BONLID [JA]
-reardsoy 1010sIp Y3M uostredwod ur DDHHH JO SSOUAANOIPH

9Je)S JOA0IAI
9y 03 Surssar3oxd ae)s [eonLId oY) ut Juaned e Jo AIqeqoig

qe)s Yreop
oy 03 urssar3oxd aye)s [eonLId oy ur Juened e Jo AIIqeqoid

9)BIS QIAS
Q) 0) SuTuIN}aI 9J8IS [RONLIO Y ur Judned e Jo A)jIqeqoid

918]S JOA0DAI
9y 0y urssar3ord are)s 219As oy ur Juaned e Jo AIqeqoid

J)e3S [BONLID
9 03 Surssar3oxd a1e)s 919A3s 2y ul Juaned e Jo AIqeqoid

(seo1id 0ZOT ‘$SN) $180D

SSQUAAT)OJJO UOTJUSAIAU]

qsanIIqeqoid uonIsueI], dIed [BONLID JO [9AYT [eridsoy 1otnsIq

9omos punoq raddn

AN[BA  pUNOQ IOMO']

Iglowrered

ad£) 19)10weIRg

OLIRUIS

(ponunuoo) zsjqey

A\ Adis



543

Cost Effectiveness of Essential Emergency and Critical Care

Surkp 210§9q 91e3s [RINLIO Y 03 $321501d ‘wonIUYIP Aq ‘[Im sjudned 919A3G

Kouapue) [e)USd JO AINSLAW € ST ON[BA YL,

QIED [BOIILID PIDUBADE )V ‘Te)) [BONII)) pue AouaSIowy [enudssg DDFT ‘610 9SeasIp SNIIABUOIOD 67 -JIA0D

OLIBUDS 218D [e31dSOY JOLNSIP Y} PUE OLIBUIS 9JBD [BONILID OU o) YIIM uosLiedwod ur ‘pardjsiurupe s1 DDHH Uaym 90§ JO J0Joe] & AQ PISBIOUI ST 91B)S QIIAAS ) 0] 9)e)s [BINLIO oY)
woly Surssar3oid jo Anpiqeqord oy pue %8¢ JO 1030B] B AQ PIONPAI SI [BONLID 0] 219A3S woly Suruonisuen syuaned Jo Aijiqeqoid oy 1ey) pAJEWNS?  SUBIDIUID AIAYM 951010x2 dnoi3 [eurwou ay)
JOO[JAI SONBA SSQUIATIORJJH "TUIAp 210Joq 91els [eoNLId oY) 0) ssardoxd ‘uontuyep Aq ‘Iim sjuaned 919A9§ OLIeuads Jojeredwiod oY) 0) dATIR[RI DDV 10 DDHH Surpraoid Jo JS0O [BJUSWIAIOUT A} SB
Parews? aIe $1509 1un ‘syuaned ¢1-AIAQD [BONIIO 0] PAISAIRP AJUO SI DDV seatoym ‘sjuaned ¢1-JIAQD [EONLID PUB QIS [10q 0} PAIAAI[SP ST DDHH HModdns ueSIo paoueApe 2I0W YIIM Uon
-BUIqUOD Ul DDHHFH $AIMNsuod DOV "eiep o[dwres Jo 2oussqe ue pue sjewns? juiod punore A)I[IqeLieA Jo Jor[ B 0] anp suonnquisip re[nguels) pousIsse 21om SIsA[eue Ino unym siojourered [y

[cel
uonduwmnssy
[62]
[62]

1€0

wo

€0

€e0

L0
610

10

o

14\

€co

00°0L

99°0
€ro

7o

o

¥1I'0

€10

860
600

s1eak (001 pue
89 u2am)aq pade syuaned ur sy1eap 61-dIAOD Jo uontodoig

sIeok /9 pue
LG uaamiaq pase syuened ur sy1eap ¢T-qIAOD Jo uontodoig

SIB9A 9G pue
9 usamiaq pase syuaned ur syreap ¢1-qIAOD Jo uoniodoig

sIeak G pue
{1 uaamjaq pasde syuaned ur syjeap 61-qIAOD Jo uoniodoig

Koueyoadxo oIy
aposida ared Teond € 10§ WYSTom AJIqesi(q

9posida a1ed 219A9s © 10} JyS1om A)I[Iqesiq

9J11 Jo Aenb pajerar-yiresy

oomog punoq roddn ,en[eA punoq Iomo]

REIIULALR |

ad£) 1910weIRg

OLIRUIS

(ponunuoo) zsjqey

A\ Adis



544

H. A.Shah et al.

probabilities, the central value was taken from the nominal
group’s consensus estimate and the minimum and maximum
values were taken from the lowest and highest estimates of
individual experts in the nominal group [43]. In addition, in
recognition that no clinical effectiveness data exist on EECC
or ACC, all clinical effectiveness parameters were given an
uncertainty range between 0 and 100, thereby capturing all
possible uncertainty in clinical effectiveness.

We present mean, lower, and higher range ICER values
to show the spread of cost-effectiveness results. We then
constructed cost-effectiveness acceptability curves (CEACs)
to represent the probability that EECC or ACC is cost effec-
tive relative to different threshold values, which we set at
$US101 per DALY averted [35, 36]. For each threshold
value, the probability was calculated as the proportion of
each simulated sample of cost and effect pairs that represents
a net health benefit (for example, see Stinnett et al., Wilson,
and McCabe et al. [44-46]).

2.4.2 Probabilistic One-Way Sensitivity Analysis

In addition to generating CEACs, we explored the sensi-
tivity of the results to each individual model parameter
using a conditional net health benefit approach. For each
parameter, we systematically selected a set of values from
its distribution, covering the full range of possible values
and using equal intervals between values. A full probabil-
istic analysis of the model using a Monte Carlo simula-
tion was then run for each of the selected values, holding
the parameter of interest constant, and the expected costs
and outcomes were recorded. The process was repeated
for all parameters, for both interventions and both sce-
narios. The conditional expected cost and outcome data
were then used to generate the conditional expected net
health benefit curves, relative to the selected values, from
the distribution of the given parameter [45, 46]. Finally, a
sensitivity analysis was performed where uniform distri-
butions were applied instead of triangular distributions, to
see the impact of the type of distribution on the range of
cost effectiveness.

3 Results
3.1 Cost Effectiveness

The model outputs and results of the cost-effectiveness
analysis are presented in Table 3. EECC in comparison
with no critical care resulted in a mean ICER value of $37,
with a range of —$9.46 to $791 per DALY averted. Com-
paring ACC with no critical care resulted in an ICER value
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of $186 (range $8.61-$3085) per DALY averted. ICER
values for EECC and ACC relative to district hospital-
level critical care were $14 (range —$200 to $263) and
$144 (range —$20 to $1294) per DALY averted, respec-
tively. The mean ICER value suggests EECC is cost effec-
tive in both scenarios when compared with the willing-
ness-to-pay threshold (i.e., $101 per DALY averted). As
the ranges of these ICERs extend outside the threshold
value, the CEACs provide a more intuitive interpretation
by providing the probability of the ICER being below the
threshold value.

The incremental costs and health outcomes generated
by the model in a ‘no critical care’ scenario were 3.45
(range 0.11-14.09) DALY being averted per person at an
incremental individual cost of $86 (range —$17 to $284)
for EECC. In the same scenario, ACC resulted in 4.32
(range 0.23-17.25) DALY s being averted per person at an
incremental individual cost of $582 (range $110-$4405)
(Table 3).

In the Tanzanian district hospital scenario, the model
estimates implementing EECC may avert an estimated
3.58 (range 0.20-13.22) DALYs at an incremental cost of
$39 (range —$98 to $208) per person, and ACC can avert
4.61 (range 0.42-15.70) DALY s at an incremental cost of
$532 (range —$41 to $3932) (Table 3). Further results are
reported in ESM Note S4.

3.2 Sensitivity and Uncertainty Analysis

The CEACs show that at a willingness-to-pay threshold of
$101, the probability of EECC being cost effective is esti-
mated to be 95.7% and 99.1% when compared with ‘no criti-
cal care’ and ‘district hospital-level critical care’, respec-
tively (Fig. 2). The probability of ACC being cost effective
in the ‘no critical care’ or ‘district hospital-level critical
care’ scenarios was 31.9% and 44.6%, respectively. The
cost-effectiveness planes can be viewed in ESM Note S5.

The sensitivity of the net health benefit of EECC or ACC
to each model parameter for each comparator is shown in
Figs. 3 and 4. Net health benefit values were most sensitive
to changes in the following parameters: the clinical effec-
tiveness of EECC in reducing the probability of a severe
patient becoming critical, and the unit cost of treating a
critical patient with ACC in a ‘no critical care’ or ‘district
hospital-level critical care’ setting (Fig. 3). The cost effec-
tiveness of EECC and/or ACC changed as each parameter
was increased.

Net health benefit values were slightly sensitive to the
effectiveness of ACC in reducing the probability of progress-
ing from the critical state to death, effectiveness of EECC
in increasing the probability of progressing from the critical
state to the severe state, proportion of COVID-19 deaths
in patients aged between 18 and 56 years, probability of
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Table 3 Cost-effectiveness results

Comparator Intervention Incremental DALY's averted Incremental costs (USS$, 2020 ICER (US$/DALY averted)
prices)
Mean Lower Upper Mean Lower Upper Mean Lower Upper
No critical care EECC 345 0.11 14.09 85.63 -17.02 284.20 36.69 -9.46 790.53
ACC 4.32 0.23 17.25 581.89 109.62 4404.91 186.26 8.61 3084.61
District hospital- EECC 3.58 0.20 13.22 38.57 —-98.30 207.83 14.45 —200.25 262.56
level critical care  AcC 4.61 0.42 1570 53211  —41.01 393227 14448 -19.86  1294.19

All results are presented at the individual level; ‘lower’ denotes the lower range and ‘upper’ denotes the upper range

Costs are reported in US$

All incremental results are relative to a ‘no intervention’ base-case within each comparator. ACC constitutes EECC in combination with more
advanced organ support. EECC is delivered to both severe and critical COVID-19 patients, whereas ACC is only delivered to critical COVID-19

patients

DALYs disability-adjusted life-year, /CER incremental cost-effectiveness ratio, EECC Essential Emergency and Critical Care, ACC advanced

critical care, COVID-19 coronavirus disease 2019

being diagnosed as critical or severe, and all four transi-
tion probabilities. However, the net health benefit values
did not shift from positive to negative or vice versa when
increasing each of these parameters, and the overall cost
effectiveness remained constant. The net health benefit of
either intervention was not sensitive to any other parameters
in a ‘no critical care’ or ‘district hospital-level critical care’

Comparator = No Critical Care

091

Probability of being cost-effectve (%)
=3

02+ .
Intervention

— EECC
ACC

007

1000
Willingness-to-pay (USD per DALY)

Fig.2 Cost-effectiveness acceptability curves. Acceptability curves
delineating the probability that either EECC or ACC is cost effec-
tive in comparison with either ‘no critical care’ or ‘district hospital-
level critical care’ scenarios. Each curve depicts the probability that
an intervention, in comparison with a comparator, would present the
greatest net health benefits across a range of cost-effectiveness thresh-
olds, estimated by the proportion of simulations in which that inter-

comparator scenario (Fig. 4). Finally, when assessing the
cost effectiveness of EECC or ACC compared with ‘no criti-
cal care’ using uniform distributions as opposed to triangu-
lar distributions, we found that using a uniform distribution
lowers the probability of cost effectiveness for EECC and
ACC compared with ‘no critical care’ by approximately 10%
(ESM Note S7).

Comparator = District Level Critical Care

1.0 ,
09+ ’ :

Probability of being cost-effectve (%)
=3

02+ .
Intervention

— EECC
ACC

00+

0 500 1000
Wilingness-to-pay (USD per DALY)

vention was cost effective at each threshold level. Black dotted lines
depict a conservative willingness-to-pay threshold range for Tanzania
($101). ACC constitutes EECC in combination with more advanced
organ support. EECC is delivered to both severe and critical COVID-
19 patients, whereas ACC is only delivered to critical COVID-19
patients. COVID-19 coronavirus disease 2019, EECC Essential Emer-
gency and Critical Care, ACC advanced critical care
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«Fig.3 Conditional net benefit curves for the most sensitive param-
eters. Each conditional net benefit graph shows how sensitive the con-
ditional net benefit is to the value of the respective parameter. The
lower the gradient of each curve for each intervention vis-a-vis com-
parator, the less sensitive the conditional net benefit is to that param-
eter. ACC constitutes EECC in combination with more advanced
organ support. EECC is delivered to both severe and critical COVID-
19 patients, whereas advanced critical care is only delivered to criti-
cal COVID-19 patients. COVID-19 coronavirus disease 2019, EECC
Essential Emergency and Critical Care, ACC advanced critical care

4 Discussion

Our analysis indicates that EECC, including simple physi-
ological monitoring and timely life-saving interventions, is
likely to be highly cost effective in low-resource settings,
and is comparable with other highly cost-effective interven-
tions identified by the Disease Control Priorities Programme
(2018), such as treating malaria with artesunate, or emer-
gency obstetric care [47].

4.1 Data Sparsity

Systems for care of critically ill patients, at advanced and
essential levels, are set up to cater for severely ill patients
regardless of their underlying diagnosis. This heterogeneity
is an in-built challenge to studying critical care. For prag-
matic reasons, we used COVID-19 as a tracer condition for
this first economic evaluation of EECC. At the time of analy-
sis, COVID-19 clinical data from low-resourced hospitals,
such as district hospitals in low- and middle-income settings,
appropriate for the model were sparse. In Tanzania, there
was only one study reporting mortality rates from a private
not-for-profit hospital in Tanzania and not reflective of all
healthcare providers in Tanzania [48]. Initiatives such as
the International Severe Acute Respiratory and emerging
Infections Consortium (ISARIC) partnership and the Afri-
can COVID-19 Critical Care Outcomes Study (ACCCOS)
have resulted in large, standardised collections of compre-
hensive individual-level clinical data from hundreds of ICU
and other critical-care facilities across dozens of countries
[49-51]. However, there is still under-representation of data
from low-income countries and lower-resourced facilities,
such as general wards and district hospitals, that represent a
major share of health care utilisation in sub-Saharan Africa.
The gap in COVID-19 clinical data from Tanzania and sub-
Saharan Africa has led to a cautious approach in this paper
in the identification of parameters and the uncertainty ranges
used in our three baseline scenarios.

Information on clinical effectiveness of critical care inter-
ventions is even more sparse. For example, in the case of
oxygen, some studies compared the relative effectiveness or
cost effectiveness of different modes of oxygen therapy in
substitute scenarios (e.g., children with pneumonia), while

other studies focused on oxygen therapy in comparison with
no oxygen therapy [52-54]. Any measure of clinical effec-
tiveness likely includes substantial heterogeneity as oxygen
delivery is in combination with other treatments, processes,
and procedures, depending on a range of factors (i.e., differ-
ing modalities of oxygen therapy, constant supply, back-up
electricity, trained staff, observation frequency, treatment
modifications and, notably, all other care delivered). Due
to this lack of evidence, the heterogeneity and the fact that
EECC is more than just the effective delivery of oxygen, we
estimated the likely clinical effectiveness of EECC using a
nominal group technique [55].

4.2 Cost Effectiveness of Essential Emergency
and Critical Care

In a typical ICU of a high-income country, critical care is
conducted with expensive equipment, high-quality labora-
tory support and numerous highly trained staff [6]. Through-
out the pandemic, low- and middle-income countries con-
sidered investment in such high-resource care models.
However, when critical care capacity is low, an ACC model
is usually impractical as the required resources are unavail-
able, too expensive, or not clinically effective [10, 56]. Our
results support this finding and suggest that investing in
EECC could be a highly cost-effective solution.

4.3 Financing

Prioritising EECC in settings where there are currently lit-
tle or no critical care services has a very high probability
of being cost effective (>90%). We used a conservative
threshold of $101 per DALY averted, which was estimated
while Tanzania was still a low-income country, and there-
fore this threshold is likely to have increased, implying that
EECC will have a greater probability of being cost effec-
tive. In addition, this threshold may vary depending on the
provider. Financing of Tanzania’s network of health facili-
ties, including non-governmental organisation (NGO) pro-
viders, is derived from a mix of sources, including govern-
ment, donors and prepayment schemes such as the National
Health Insurance Fund [56, 57]. The resulting heterogeneity
in critical care funding and healthcare priorities can result in
variations in the willingness-to-pay threshold across differ-
ent purchasers of healthcare. Specifically, public providers
will likely have low willingness-to-pay thresholds, whereas
more autonomous institutions may have significantly higher
willingness-to-pay thresholds.

For providers who have a higher willingness-to-pay
threshold (i.e. >$1000 per DALY averted), ACC has a
higher probability of being cost effective. However, as
the findings show that the probability of ACC being cost
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«Fig. 4 Conditional net benefit curves for all insensitive parameters.
Each conditional net benefit graph shows how sensitive the con-
ditional net benefit is to the value of the respective parameter. The
lower the gradient of each curve for each intervention vis-a-vis com-
parator, the less sensitive the conditional net benefit is to that parame-
ter. ACC constitutes EECC in combination with more advanced organ
support. EECC is delivered to both severe and critical COVID-19
patients, whereas advanced critical care is only delivered to critical
COVID-19 patients

effective is substantially less than that for EECC, starting
such a scale-up by ensuring high hospital-wide effective cov-
erage of EECC could result in a substantially better return of
investment and lives saved.

However, financing is not enough. EECC is designed
to be simple, but implementation research on horizontal
approaches to care, such as EECC, ACC and integrated man-
agement of childhood illness (IMCI), suggest that changes
to health system processes, additional staff, training, stake-
holder engagement and political buy-in would be needed
to achieve the human resources and institutional change
required. [58-60]

4.4 Limitations

There were several challenges and limitations in perform-
ing this analysis. First, the novel nature of EECC, the
urgency to inform decision making, and restrictions on
primary data collection necessitated a reliance on scarce
secondary data and nominal group methods as well as flex-
ibility in model building. To address these concerns, a
comprehensive review was carried out to ensure that all
the available information was used and probabilistic analy-
sis was performed to allow full exploration of uncertainty
[15, 26, 45, 46].

Second, our analysis did not include moderate patients or
the limits in critical care capacity and barriers to healthcare
access. While, EECC has a significant role in identifying
which moderate patients become critically ill, we focused
on severe and critical patients, as EECC treatments are only
provided to these populations. In addition, the findings are
not generalisable to situations in which critical care capac-
ity (e.g., number of beds or oxygen masks being used) is
constrained, such as during surges in COVID-19, as we
assumed all patients receive either care regardless of capac-
ity constraints. However, our model is fully adaptable and
capacity constraints, once measured, can be included in the
form of costs, while equity parameters can be added prior to
hospitalisation to account for barriers to access.

Third, critical care infrastructure, such as human
resources, consumables, equipment, training, and labora-
tory support, is highly variable across the healthcare system.
District-level facilities deliver only non-ICU-based critical
care, if at all, whereas referral or regional hospitals are more

likely to provide some ICU and non-ICU-based critical care
[15, 26]. This analysis did not focus on care provided in
regional or referral hospitals. Further research on the costs
and cost effectiveness of critical care delivery in regional
or referral hospitals could provide greater insight into the
optimal allocation of new investments in critical care.

Fourth, one of the limitations of our approach is that we
opted to employ a Markov cohort approach over a 24-h cycle
and a 28-day time horizon due to severe data constraints.
Based on expert consultation from the nominal group, if
patients die as severe, they have been critical between 1 min
and 23 h 59 min (i.e., within a 24-h period). During this
time, the severe patients may have received different lev-
els of care and the level of care delivered will affect their
chance of survival. To capture this, an alternative modelling
methodology would be required, such as individual-based
modelling or discrete event simulation, which would have
different data requirements.

Finally, we employed the use of triangular distributions
to perform our probabilistic sensitivity analysis. Tradition-
ally, cost data are given gamma distributions, and probabili-
ties are given beta or log-normal distributions. However, as
many parameters were based on expert opinion and others
were point estimates, the use of triangular distributions was
considered appropriate for this analysis [43]. Although we
did perform a sensitivity analysis using uniform distribu-
tions, future research should aim to comprehensively assess
the impact of alternative distributions on the cost effective-
ness of EECC and ACC once more improved clinical effi-
cacy or effectiveness data are available.

Despite these challenges, our model structure provides
a first step in generating evidence on the value of different
models of critical care delivery for lower-resource settings
using real-world data [48, 49, 61-67]. Our model structure
can be adapted with further country-specific real-world evi-
dence to parameterise early health technology assessments
of critical care interventions.

Future primary research on the cost effectiveness of
EECC and critical care strategies more generally must
explore and implement pragmatic or step wedge interven-
tion trials focusing on different strategies for the expansion,
scaling up or improving of critical care services to generate
data that can combat the limitations in the analysis. This
should include ensuring the consistent reporting of mortal-
ity rates for critically ill patients across various geographies,
using standardised clinical categorisation and controlling
for intervention delivery. In addition, we recommend car-
rying out primary data collection on EECC, including the
effectiveness of and resource use required for EECC and
ACC, exploring methods for improving nominal group
techniques to parameterise economic evaluations, and the
use of Bayesian approaches that could fit Markov models
to reported mortality rates, improve model calibration to
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quantify unknown parameter values, and potentially conduct
Bayesian meta analyses of elicitation data [67].

5 Conclusion

EECC could be a highly cost-effective investment for pro-
viding care to critically ill patients with COVID-19 in set-
tings where little or no critical care is available. The findings
indicate that EECC is more cost effective than ACC. While
investing in EECC will benefit all critically ill patients, fur-
ther data are required to provide more robust findings, and
further development of the model will be required to explore
this beyond the treatment of COVID-19 patients.
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