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Background. Dexamethasone and remdesivir have the potential to reduce coronavirus disease 2019 (COVID)-related mor-
tality or recovery time, but their cost-effectiveness in countries with limited intensive care resources is unknown.

Methods. We projected intensive care unit (ICU) needs and capacity from August 2020 to January 2021 using the South African
National COVID-19 Epi Model. We assessed the cost-effectiveness of (1) administration of dexamethasone to ventilated patients and
remdesivir to nonventilated patients, (2) dexamethasone alone to both nonventilated and ventilated patients, (3) remdesivir to nonventilated
patients only, and (4) dexamethasone to ventilated patients only, all relative to a scenario of standard care. We estimated costs from the
health care system perspective in 2020 US dollars, deaths averted, and the incremental cost-effectiveness ratios of each scenario.

Results. Remdesivir for nonventilated patients and dexamethasone for ventilated patients was estimated to result in 408
(uncertainty range, 229-1891) deaths averted (assuming no efficacy [uncertainty range, 0%-70%] of remdesivir) compared with
standard care and to save $15 million. This result was driven by the efficacy of dexamethasone and the reduction of ICU-time re-
quired for patients treated with remdesivir. The scenario of dexamethasone alone for nonventilated and ventilated patients requires
an additional $159 000 and averts 689 [uncertainty range, 330-1118] deaths, resulting in $231 per death averted, relative to standard
care.

Conclusions. The use of remdesivir for nonventilated patients and dexamethasone for ventilated patients is likely to be cost-
saving compared with standard care by reducing ICU days. Further efforts to improve recovery time with remdesivir and dexameth-

asone in ICUs could save lives and costs in South Africa.
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As of September 2020, there were over 29 million confirmed se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infections worldwide and over 939 000 reported coronavirus
disease 2019 (COVID-19)-associated deaths [1]. South Africa
has the eighth highest number of confirmed cases worldwide,
with more than 653 000 confirmed infections and 16 000 con-
firmed COVID-19 deaths [2]. During the surge in cases, inten-
sive care unit (ICU) capacity was reportedly breached in some
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locations and much-needed oxygen supplies were running
low [3]. While increased mortality is associated with several
individual-level factors including older age, male sex, and pre-
existing comorbidities, systems-level factors such as being ad-
mitted to a hospital with fewer ICU beds also play a role [4].
Considering interhospital variation in treatment and outcomes,
the mortality rate among those in ICUs has ranged between 40%
and 50% [4-6]. To mitigate the mortality impact of COVID-19
in South Africa and other low- and middle-income countries
with scant intensive care capacity, efforts to reduce mortality
and duration of hospital stay among the more severe cases in
ICUs are paramount. Recently, 2 therapeutic agents, remdesivir
and dexamethasone, have been demonstrated in randomized
clinical trials to reduce COVID-related mortality and recovery
time in ICUs [7, 8].

Dexamethasone has been shown to decrease mortality by
35% (95% CI, 18%-49%) and 20% (95% CI, 8%-30%) in ven-
tilated ICU patients and nonventilated patients with oxygen,
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respectively, and there has been no clear evidence regarding its
impact on recovery time [7], while remdesivir has been shown
to reduce recovery time from 15 (95% CI, 13-18) to 10 (95%
CIL, 9-11) days among ICU patients who are not ventilated [8]
with no clear evidence regarding its impact on mortality [9, 10].
In low- and middle- income countries, not only is ICU capacity
limited, but so are budgets for COVID-related care. There has
been an additional budget allocation of $1.14 billion for the
health response to COVID-19 in South Africa [11], though this
budget does not yet include remdesivir or dexamethasone. We
therefore conducted a cost-effectiveness analysis to determine
the incremental cost per death averted of providing dexametha-
sone and remdesivir relative to the standard care of critically ill
patients in South African ICUs from a health systems perspec-
tive. The cost-effectiveness of these regimens is going to become
increasingly important for the eventuality of a COVID-19 re-
surgence in South Africa. Additionally, given the recent uncer-
tainty about the clinical benefit of remdesivir, this analysis can
further serve as a proxy for any intervention or treatment that
reduces overall mortality, initiation of ventilation, and duration
of hospital stay to determine cost-effectiveness up front.

METHODS

In South Africa, there were a reported 3318 public (1178) and
private (2140) ICU beds available in total [12], and it was re-
ported that only 70% (2309 beds) were available for COVID pa-
tients as of May 31, 2020 [13]. Using the South African National
COVID-19 Epidemiology Model (NCEM) [14] and govern-
ment data on the number of currently available ICU beds in
the public and private sectors by province [12], we projected
the number of people requiring ICU admission and total ICU
person days by province by month between August 2020 and
January 2021 (Supplementary Tables 1 and 2). We then pro-
jected costs and COVID-related mortality for 4 scenarios: (1)
remdesivir administered to nonventilated patients (ie, those re-
ceiving supplemental oxygen in an earlier stage of disease ill-
ness) and dexamethasone administered to ventilated patients
(ie, in an advanced stage of disease illness), (2) dexamethasone
alone administered to both nonventilated and ventilated pa-
tients, (3) remdesivir administered to nonventilated patients
only, and (4) dexamethasone administered to ventilated patients
only, all relative to standard of ICU care (without remdesivir
and dexamethasone).

Our effectiveness measure was expressed as COVID-19
deaths averted. The mortality impact for all patients in ICUs
between August 2020 and January 2021 was estimated by ap-
plying the treatment impact of remdesivir and dexamethasone
on mortality from the results of recent randomized controlled
trials [7-9], and impact on mortality that remdesivir could
have was estimated through decreasing the average length of
stay of patients (from 15 to 10 days) [8], when ICU capacity

is expected to be breached (such that fewer people would die
waiting for an ICU bed when those in the ICU are treated with
remdesivir). Based on South African COVID-19 hospitaliza-
tion data and treatment guidelines [15], we assumed that 42%
of patients in the ICU require mechanical ventilation, while the
remaining (58%) patients do not yet require mechanical ven-
tilation (though they might require supplementary oxygen).
A course of dexamethasone (oral/intravenous administration)
is assumed to be 10 days long, and a course of remdesivir (intra-
venous) is assumed to be 5 days long (Table 1).

We estimated resource use from the perspective of the pro-
vider, the South African health care system, for all ICU days
accrued by COVID-19 patients from August 2020 and January
2021 for each scenario. Note that since COVID-19 patients
will be accommodated in both the private and public sector,
depending on need and availability, and contracting arrange-
ments toward that end were in place in all provinces at the
time of writing, we combined both sectors for the purpose of
this analysis. We calculated health system operational cost (ex-
cluding drug costs) based on the latest NCEM outputs (ie, re-
quired total ICU beds and days) with and without remdesivir
and/or dexamethasone. We used an ICU cost per person day
of $1128 ($665-$1172) based on an ingredients-based costing
analysis including capital equipment, current South African
ICU staffing norms and salaries, and overhead costs repre-
sentative of South Africa public hospital settings (Edoka et al.,
Unpublished data). Capital assets (eg, ventilators) were annu-
alized based on the relevant years of useful life (eg, 10 years)
and discounted at a 5% annual rate based on the South Africa
pharmacoeconomic guidelines [20].

For the scenarios including novel therapeutics, we assumed
the additional cost of a full course of remdesivir ($55 per
100 mg IV, corresponding to $330 per patient course) [21] and/
or dexamethasone ($3.13 per 4 mg, corresponding to $31 per
patient course) [22] for the respective scenarios that include
these therapeutics (Table 2). Costs were converted from South
African Rands (ZAR) to US dollars (USD) at the average ex-
change rate over the period August 2020 to January 2021 (1
USD = 16.95 ZAR) [23]. Incremental cost-effectiveness ratios
were calculated as the incremental cost in 2020 USD of each
therapeutic scenario over standard care per death averted.

We performed 1-way and 3-way sensitivity analyses on all
model parameters to describe the robustness of the primary re-
sults, expressed as incremental cost per death averted, to un-
certainty in individual model parameters. Parameters for the
3-way sensitivity analysis were selected as the most influential
parameters in 1-way sensitivity analysis. Under our baseline as-
sumptions, we also investigated whether and to what extent the
benefit of a reduction in the length of ICU stay with remdesivir
may differ by assuming (1) capacity being breached for all
months in all provinces vs (2) capacity never being breached.
To explore the combined effect of uncertainty in our model
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parameters, we conducted a probabilistic sensitivity analysis
(PSA). All model parameter values were randomly sampled
over prespecified distributions (Table 2), and 1000 simulations
were performed to produce cost-effectiveness acceptability
curves. The model was constructed in Microsoft Excel using an
Excel Visual Basic Macro to run the simulations.

RESULTS

The estimated total health systems operation cost of COVID-
19-related ICU care in South Africa excluding drugs during
August 2020 to January 2021 was $83.9 million without
remdesivir (standard care) and $68.3 million with remdesivir
due to the reduction in required total ICU person days. In terms
of drug costs, we estimated $995 000 required for remdesivir
administered to nonventilated patients, $67 000 for dexametha-
sone administered to ventilated patients, or $159 000 when dex-
amethasone is administered to all patients in the ICU across all
6 months (Supplementary Table 3).

Overall, the scenario with a combination of remdesivir and
dexamethasone could save $14.6 million relative to standard
care and avert a total of 408 deaths (Table 3). Of these, 26 deaths
would be averted due to remdesivir (by decreasing the average
length of stay of patients when ICU capacity is expected to be
breached), and 382 deaths would be averted due to the direct
effect of dexamethasone on mortality. Similarly, the scenario of
only administering remdesivir to nonventilated patients could
save $14.7 million relative to standard care due to a reduction
in ICU days, but would result in fewer total deaths averted
(26) when assuming 0% reduction in mortality. The scenario
with dexamethasone alone administered to ventilated and
nonventilated patients requires additional $159 000 but averts
689 deaths ($231 per death averted) relative to standard care.
Therefore, as remdesivir becomes available and should it reduce
recovery time in the ICU, the use of remdesivir in combination
with dexamethasone is recommended given the substantial cost
savings and similar health benefit.

Our 1-way sensitivity analysis reveals that the uncertainty in
the length of stay reduction from remdesivir, number of months
ICU capacity is breached, and efficacy of remdesivir and dexa-
methasone have the greatest impact on the ICER (Figure 1). The
3-way sensitivity analysis (Figure 2A) reveals that, assuming 0%
remdesivir efficacy, if the ICU capacity is not expected to be
breached at all, then the remdesivir and dexamethasone com-
bination scenario could save up to $15 million (mainly due
to the reduced total ICU days and health systems costs from
remdesivir) and avert 383 deaths relative to standard care. But
if ICU capacity is expected to be breached in all months and
in all provinces, a scenario that includes the combination of
remdesivir and dexamethasone would result in an additional
drug cost of $12 million but avert 10394 deaths (5773 from ex-
cess death and 4621 from dexamethasone efficacy), resulting
in $1141 per death averted relative to standard care. Even if

Table 3. Total Costs, Health Outcome, and Incremental Cost-effectiveness Ratios of COVID-19 Treatment Scenarios in South Africa From August 2020 to January 2021 (With 95% Uncertainty Ranges Reported as

the 2.5th and 97.5th Percentiles of the Corresponding Distributions)

Deaths Averted®

Cost per Death

Averted

Incremental Cost, in Thousands USD
(Ref: Standard Care)

Ref

Total Costs, in Thousands

usb

Total

Dexamethasone

Remdesivir

Scenarios

Ref Ref

Ref

Ref

83937 (43612 to 104 632)

Reference: standard care

1

Cost saving

408 (229 to 1891)

382 (140 to 679)

26 (21 to

Cost savings: -14591 (-59 027 to 29878)

69346 (41327 to 99623)

Remdesivir for nonventilated patients & dexamethasone

1497)

for ventilated patients

689 (330 to 1118) 689 (330 to 1118) 231 (80 to 647)
Cost saving

n/a

n/a

Cost increase: 159 (61 to 307)

84 096 (53093 to 119 164)

Dexamethasone for nonventilated & ventilated patients

26 (21 to 1497)

26 (21 to

Cost savings: —14 657 (-59 087 to 29778)

69279 (41301 to 99492)

Remdesivir for nonventilated patients (58%) only

3

1497)

382 (140 to 679) 382 (140 to 679) 174 (59 to 555)

n/a

Cost increase: 67 (26 to 130)

84 003 (53058 to 118988)

Dexamethasone for ventilated patients (42%) only

4

Abbreviations: COVID-19, coronavirus disease 2019; ICU, intensive care unit.

“Each scenario is compared with standard care. The number represents death averted by remdesivir assuming 0% reduction in mortality. If we assume 30% reduction in mortality of remdesivir, the total number of deaths averted by scenario 1 (dexametha-

sone for ventilated patients & remdesivir for nonventilated patients) would be 882 (averting 382 deaths by dexamethasone and 500 deaths by remdesivir due to decreasing the average length of stay of patients when ICU capacity is expected to be breached

(474) and drug efficacy (26). Accordingly, the total number of deaths averted by scenario 4 (remdesivir for nonventilated patients; 58%) would only be 500.
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remdesivir reduces mortality by 0% and only has a 1-day reduc-
tion in hospital stay, the scenario of remdesivir and dexameth-
asone combination would avert between 383 deaths, with a $2
million cost savings, and 5446 deaths, with a $8.6 million cost
increase ($1577 per death averted) from 0 to 6 months across all
provinces of ICU capacity being breached, respectively.

The results of the PSA, displayed in cost-effectiveness accept-
ability curves, show the probability of the intervention being
cost-effective under different willingness-to-pay thresholds.
We used the threshold value of $3015 per DALY averted in
South Africa [24], which can be translated to $36 000 per death
averted, assuming the average discounted life expectancy at
time of COVID death in South Africa to be 17 years (12 DALY
per death). Our findings show substantial cost savings for the
intervention that included remdesivir and a cost of <$300 per
death averted (uncertainty range, $80-$647 per death averted)
for the intervention of dexamethasone (Table 3); these values
fall far below any plausible threshold. For example, at an a
priori willingness-to-pay threshold of $1000 per death averted,
it is highly likely that the use of dexamethasone alone (to both
nonventilated and ventilated patients or ventilated patients
only) will be cost-effective (as shown, almost 100% of simula-
tion estimates fell below the threshold) compared with standard
care in South Africa (Supplementary Figure 1). The scenarios
that include remdesivir show that almost 75% of simulations
fall below the cost-saving threshold (ie, incremental cost is <$0)
with more variability, mainly due to the uncertainty around the
reduced length of ICU stay, which is associated with high hos-
pital costs per day.

DISCUSSION

This analysis explores whether and to what extent remdesivir
and dexamethasone might be considered cost-effective for criti-
callyill COVID-19 patients in South Africa. We find that treating
nonventilated and ventilated patients with dexamethasone is
expected to maximize the number of deaths averted (689) at
an incremental cost of $159 000, but treating nonventilated pa-
tients with remdesivir and ventilated patients with dexameth-
asone could avert 408 deaths, with substantial cost savings of
$15 million relative to standard care between August 2020 and
January 2021 by reducing ICU days for the estimated COVID-
19 patients being admitted to the ICU. This cost savings would
offset all of the remdesivir- and dexamethasone-related costs,
and the scenario including remdesivir would also help to al-
leviate already highly constrained ICU capacity. Despite great
uncertainty in both efficacy and length of stay reduction for
remdesivir [8-10], our results could be applied to any drug or
intervention that reduces the duration of ICU stay. An interven-
tion or drug that costs the same or less than the cost per ICU
day (ie, 3 times the current remdesivir cost, $330) and reduces
ICU stay just by 1 day could likely achieve cost neutrality.
These results extend earlier findings regarding the mor-
tality impact of remdesivir alone by reducing length of ICU
stay and treating more COVID-19 patients in the ICU [14]
using the months of the first peak (June—August 2020) of the
COVID-19 epidemic in South Africa, when resources were
severely constrained. The number of deaths averted due to
increasing ICU capacity in this analysis differs from our
previous findings [14]. This is due to 2 factors. First, in this

-$66K —$56K 46K —$36K 26K —$I16K 6K

<«— Cost savings

-$16K

Length of stay reduction due to remdesivir (1-9 days)

Number of months ICU capacity is breached (1-6 months)

T
1
1
1

Mortality rate reduction due to dexamethasone (18%-49%)

Mortality rate reduction due to remdesivir (0-70%)

5

i

i

|

|

]
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|
Mortality rate of those in ICU (40-85%) |
|
Proportion of ventilated patients in ICU (34-49%) i
|
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I

Cost per ICU stay (8665-$1172) |
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Cost of remdesivir ($165-$330) |
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Figure 1.
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One-way sensitivity analyses of incremental cost-effectiveness ratio assessing the use of remdesivir for nonventilated intensive care unit patients and dexa-

methasone for ventilated patients compared with standard care (assuming 0% efficacy of remdesivir in directly reducing mortality). Abbreviation: ICU, intensive care unit.
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A Remdesivir to nonventilated patients and dexamethasone to ventilated

patients (relative to standard care)

I1CUs always at capacity

Remdesivi 70% $377 $342 $313
e 30% $667 §570 $496
Yo% [ $157r §1141 $888
1 days 5 days 9 days
ICUs at capacity of modeled results
.. 70% —$1424 —$9629 —$16533
Remdesivir =
) 30% $2459 —$16535 —$28 087
efficacy
0% —$5400 $35786
1 days 5 days 9 days
ICUs never at capacity
Remdesivir 70% —$1524 ~$10584 —$19643
30% $2627 ~-$18238 —$33 848
efficacy
0% $5740 | $39850 | =$78061
1 days 5 days 9 days
Reduced length of stay

B Dexamethasone to ventilated and nonventilated patients
(relative to standard care)

ICUs always at capacity

Dexamethasone $47 _ $184 $154
$31 $162 $123 $102
costs
$16 $81 $61 $51
18% 35% 49%
ICUs at capacity of modeled results

Dexameth $47 i $346 $283
N $316 $231 $189
$16 $158 $115 $94
18% 35% 49%

1CUs never at capacity
Dexamethasone 17 SIBON " §357 5292
" $31 $326 $238 $194
o $16 $163 5119 $97
18% 35% 49%

Dexamethasone efficacy

Figure 2. Three-way sensitivity analyses of incremental cost-effectiveness ratio assessing the use of remdesivir for nonventilated intensive care unit (ICU) patients and
dexamethasone for ventilated patients compared with standard care. This heat map displays the incremental cost-effectiveness (red as an incremental cost per death
averted; green as an incremental cost saving per death averted) of the scenario of remdesivir and dexamethasone compared with standard care (A) and the scenario of
dexamethasone use in ventilated and nonventilated patients compared with standard care (B). Each panel corresponds to a relative epidemic condition (the extent of ICU
capacity is breached across 6 months/9 provinces: full [ICUs always at capacity], base [ICUs at capacity as per modeled results], low [ICUs never at capacity]). In (A), each
column represents a different length of reduced ICU stay by remdesivir and each row depicts a different remdesivir efficacy (0%, 30%, 70%). In (B), each column represents
a different dexamethasone efficacy (18%, 35%, 49%), and each row depicts a different dexamethasone cost ($16, $31, $47).

analysis we are assuming that only some patients in the ICU
receive remdesivir, instead of all patients. Second, the most
recent set of model predictions from the NCEM project a
waning epidemic in which ICU capacity is seldom breached.
This has resulted in many fewer deaths averted than projected
due to increasing ICU capacity.

The cost savings of remdesivir are mainly driven by the re-
duced length of ICU stay, which is associated with high hospital
costs per day. The cost savings, however, are also strongly influ-
enced by the level and speed of epidemic control, varying from
$15 million cost savings to a $12 million cost increase from 0 to
6 months across all provinces of ICU capacity being breached,
respectively. The $12 million increase in cost is expected in a
fully breached scenario given that all available COVID-related
ICU days will be utilized during the full time period. Though a
cost increase would be expected in this scenario, there would
be a reduction in mortality by increasing the number of people
who can be treated in the ICU through a reduction in length
of stay facilitated by remdesivir [13]. If ICU capacity is only
breached in the first month (August) in the 9 provinces and
there is no breach at all in the subsequent months, the sce-
nario of remdesivir and dexamethasone combined would re-
sult in a $4 million cost savings. If ICU capacity is, however,
breached during the first 2 months (from August to September)
in all 9 provinces and there is no breach at all in the subsequent
months, the scenario of remdesivir and dexamethasone com-
bined would cost an additional $2 million relative to standard
care. Therefore, the duration of the breach directly corresponds
to the level of cost savings or expenditure that may be expected

from the use of remdesivir and dexamethasone during a de-
clining COVID-19 pandemic.

On the other hand, the cost-effectiveness of dexametha-
sone is mainly determined by the relationship between the
drug cost and efficacy. As the drug cost is relatively low ($31),
particularly as compared with the cost of remdesivir ($330)
or hospital stay cost ($1128), the ICU-specific parameters (ie,
cost per ICU stay, mortality rate of those in the ICU) were
instead greater influencers of the ICER for the scenario of
dexamethasone for ventilated and nonventilated patients.
Dexamethasone has a greater impact, however, on averting
deaths (efficacy of 35% when administered to ventilated
patients and 20% when administered to nonventilated pa-
tients). If more severe patients enter the ICU, the cost-ef-
fectiveness of the dexamethasone scenario will continue to
increase. Additionally, in the future, should dexamethasone
also be shown to reduce the number of ICU days required, it
will also likely be considered cost-saving, as with many of our
estimates for remdesivir.

Our analysis has several limitations. First, the number of
months that ICU capacity is breached is influenced by the in-
terplay between epidemic conditions and policy choices (which
can affect ICU admission of patients with other diseases) [25].
As this will have different implications for costs and health out-
comes in each scenario, it will be important to consider regional
heterogeneity in epidemic conditions, health system capacity,
and willingness to pay in order to guide optimal treatment
strategies and in order to generalize our results. Second, we
did not consider potential changes in the clinical course with
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disease progression or changes of distribution of disease se-
verity among the patient population over time. Importantly, the
efficacy of remdesivir and dexamethasone in preventing mor-
tality may be influenced by several factors—time of treatment
initiation after symptom onset [26, 27], age [28], comorbidities
[29], potential adverse events [18], and use of other medications
[30, 31]. As additional treatment options become available [32],
it would also be important to collect more data on the dura-
tion of illness and its relationship to the outcome (both in terms
of efficacy and safety) [18] and conduct more detailed analyses
considering patient population characteristics, change of epi-
demic curves, and local health system capacity, which can guide
optimal treatment strategy in a resource-constrained setting.
Third, our cost data do not include additional costs associated
with adverse events management and also may not fully incor-
porate potential economies of scale due to increased volume
of patients within a given ICU capacity. While the benefit of
remdesivir in reduced length of ICU stay may not be limited to
the ICU setting (and may thus decrease overall societal costs),
we did not include this implication into the cost analysis as it is
beyond our analytic scope. We used a single unit cost for ICU
patient days based on a public sector costing analysis and did
not differentiate costs or financial implications between public
and private hospitals. While this may change the point estimate
of our results, it is unlikely to alter our conclusions and would
only result in greater cost savings/cost-effectiveness of the inter-
ventions. Continued efforts to develop clinical practice guide-
lines (ie, who to treat, where, how, and when) [33] to reduce
length of ICU stay for patients in ICUs with COVID-19 [34, 35]
could further improve clinical benefits and cost-effectiveness.
Finally, given that the cost savings observed with remdesivir are
driven by months when ICU capacity is not breached, the mon-
etary value of remdesivir may increase during the next phase
of the pandemic as new cases decline and the pressure on ICUs
eases. Given great uncertainty in making long-term projections
into 2021, the time horizon for this study was limited to the
latest projections from the NCEM.

CONCLUSIONS

To conclude, our results show that treating nonventilated and
ventilated patients with dexamethasone is expected to maxi-
mize the number of deaths averted, but treatment including
remdesivir can be easily considered cost-saving under a wide
range of uncertainty through the reduction of ICU days for
COVID-19 patients being admitted to the ICU. Despite great
uncertainty in both efficacy and length-of-stay reduction for
remdesivir, our results suggest that any intervention or drug
that costs the same or less than the cost per ICU day and reduces
ICU stay just by 1 day could likely achieve cost neutrality. Cost
savings are also strongly influenced by the level and speed of
epidemic control to avoid ICU capacity being breached during

a declining COVID-19 pandemic from the peak months. This
analysis strongly supports treatment of COVID-19 patients in
the ICU with dexamethasone and, should remdesivir improve
recovery time, the treatment of early-stage ICU patients with
remdesivir.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility
of the authors, so questions or comments should be addressed to the
corresponding author.
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