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Abstract
Introduction  Germany is experiencing the second COVID-19 pandemic wave. The intensive care unit (ICU) bed capacity 
is an important consideration in the response to the pandemic. The purpose of this study was to determine the costs and 
benefits of maintaining or expanding a staffed ICU bed reserve capacity in Germany.
Methods  This study compared the provision of additional capacity to no intervention from a societal perspective. A decision 
model was developed using, e.g. information on age-specific fatality rates, ICU costs and outcomes, and the herd protection 
threshold. The net monetary benefit (NMB) was calculated based upon the willingness to pay for new medicines for the 
treatment of cancer, a condition with a similar disease burden in the near term.
Results  The marginal cost-effectiveness ratio (MCER) of the last bed added to the existing ICU capacity is €21,958 per 
life-year gained assuming full bed utilization. The NMB decreases with an additional expansion but remains positive for 
utilization rates as low as 2%. In a sensitivity analysis, the variables with the highest impact on the MCER were the mortality 
rates in the ICU and after discharge.
Conclusions  This article demonstrates the applicability of cost-effectiveness analysis to policies of hospital pandemic pre-
paredness and response capacity strengthening. In Germany, the provision of a staffed ICU bed reserve capacity appears to 
be cost-effective even for a low probability of bed utilization.

Key Points for Decision Makers 

As Germany is experiencing the second COVID-19 
pandemic wave, intensive care unit (ICU) bed capacity is 
an important consideration.

In Germany, the provision of ICU bed reserve capacity 
appears to be cost-effective even for a low probability of 
bed utilization.

1  Introduction

In view of the second severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) pandemic wave, the Ger-
man federal government and the federal states are pursu-
ing a strategy of COVID-19 mitigation [1]. This strategy 
includes a bundle of measures such as a partial shutdown of 
businesses, social distancing, tracking, testing, public mask 
wearing, and quarantine orders [1]. An important goal of this 
strategy is to control COVID-19 outbreaks or postpone them 
(‘flatten the curve’) and thus avoid overstretching intensive 
care unit (ICU) capacity at the time of peak demand (cf. [2]). 
Given the high number of transmissions in the German pop-
ulation at the time of writing this manuscript (14,054 new 
COVID-19 cases and 4257 ICU cases on December 8, 2020) 
[3], the German federal government and the German federal 
states have extended (on November 25, 2020) the additional 
measures, which have been in force since November, until 
January 10, 2021 [4]. There is hope that these measures will 
also reduce the incidence of infections with the influenza 
virus, which shows similar routes of transmission. This 
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would avoid a double burden on hospital capacities in the 
forthcoming months [5].

Data from 2010/11 indicate that Germany has the highest 
number of ICU plus immediate care unit beds on a per-capita 
basis in Europe [6]. Germany’s leading position in terms of 
the number of ICU beds was recently confirmed in a report 
by the Organisation for Economic Co-operation and Devel-
opment [7]. During the first SARS-CoV-2 pandemic wave, 
ICUs in Germany were not overwhelmed [8]. At the peak 
of the first wave in Germany (on April 18, 2020), 12,336 
ICU beds (or 41% of the available ICU bed capacity) were 
still vacant [9].

In general, COVID-19 response measures can be catego-
rized based upon the three levels of prevention: primary, 
secondary, and tertiary prevention [10]. Primary preven-
tion aims to reduce the incidence of COVID-19. Second-
ary prevention screens for infected asymptomatic and 
symptomatic patients with COVID-19. At the same time, 
secondary prevention of infected individuals is primary 
prevention of potential contacts. Tertiary prevention aims 
to prevent sequelae of COVID-19. While the COVID-19 
mitigation strategy currently pursued by the German govern-
ment emphasizes primary and secondary prevention, adding 
ICU bed capacity is an example of tertiary prevention. The 
German government had pursued the latter strategy, with 
approximately 7000 beds added as of April 27, 2020 [11], 
but thereafter recommended to redeploy part of the available 
hospital capacity for treating non-COVID-19 patients [8]. 
An alternative tertiary prevention strategy that is still under 
investigation is medical treatment of COVID-19. Currently, 
there is great hope for future COVID-19 treatments by repur-
posing drugs that are already approved for other diseases and 
demonstrate acceptable safety profiles (cf. [12]).

It is possible that the current COVID-19 mitigation strat-
egy in Germany may turn out to be insufficient in flatten-
ing the second SARS-CoV-2 pandemic wave. This strategy 
may also become unsustainable in terms of affordability, 
psychological burden, or violation of civil rights. Given the 
current high number of COVID-19 transmissions, the ICU 
bed capacity becomes an important consideration again [13]. 
The ICU bed capacity includes potential ICU beds (‘surge 
beds’) that could be supported by current staff in the event of 
a surge. Surge capacity is a broader term that encompasses 
not only potential beds but also “available space in which 
patients may be triaged, managed, vaccinated, decontami-
nated, or simply located; available personnel of all types; 
necessary medications, supplies and equipment; and even 
the legal capacity to deliver healthcare under situations 
which exceed authorized capacity” [14]. Little has been 
published on the cost effectiveness of building surge capac-
ity for infectious and other diseases.

The purpose of this study is to evaluate the costs and 
benefits of maintaining or expanding a staffed ICU reserve 

capacity (surge beds) in Germany during the second pan-
demic wave and in preparation for further pandemic waves. 
Results of this study allow comparing the health benefits 
and cost effectiveness of maintaining/extending the ICU bed 
capacity with those of life-extending COVID-19 treatments.

2 � Methods

2.1 � General

I conducted a cost-effectiveness analysis on COVID-19 
patients who have an indication for ICU care. The analy-
sis used life-years gained as a measure of health benefits. 
The time horizon was the remaining lifetime. By compar-
ing the costs and health benefits of different levels of ICU 
bed capacity, I calculated marginal cost-effectiveness ratios 
(MCERs). In addition, I performed net benefit and return on 
investment (ROI) calculations.

2.2 � Calculation of Health Benefits

A decision model was constructed using a previously devel-
oped and validated model as a basis [15]. The latter model 
determines the loss of life years when no ICU bed capacity 
is left to treat COVID-19 patients. It is based on a life-table 
model that summarizes the age-specific mortality impact of 
the SARS-CoV-2 pandemic. To account for the age distribu-
tion of the population, the model weighs age-specific life-
expectancy changes by age-specific population sizes. This 
paper extends the previous model based on the following 
conceptual idea: the clinical value of an additional ICU bed 
is equivalent to the marginal loss of life years in the absence 
of an additional ICU bed, i.e. when the demand for ICU 
beds exceeds the available capacity by one ICU bed. Follow-
ing this principle, I calculated the weighted-average loss of 
life years when the demand exceeds the available ICU bed 
capacity by one bed, with weights reflecting the portions of 
patients (1) admitted to the ICU and (2) refused admission. 
These weights were multiplied by the average per-capita loss 
of life years in the German population (compared with non-
crisis mortality rates) when all patients with ICU indica-
tions were admitted to the ICU and refused admission. This 
conceptual idea is formalized as follows:

where LLY  denotes lost life years, adx refers to admission, 
and n denotes the currently available bed capacity. The dif-
ference in this weighted average loss of life years compared 
with the loss of life years with a sufficient ICU bed capacity 
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presents the value (health benefit h ) of an additional ICU 
bed. This is formalized as follows:

When sequentially adding an m number of beds, I applied 
the same marginal calculation. The value of each additional 
ICU bed diminishes which can be formally shown by taking 
the first derivative of Eq. (1) with respect to n:

The negative quadratic term indicates the diminishing 
impact of another ICU bed on lost life years. For a given 
demand level, adding one bed to 1000 beds at the baseline 
is thus more valuable than adding one bed to 10,000 beds.

Given that this calculation relates the addition of beds 
to the existing national capacity, it was conducted at the 
population level. For this reason, I multiplied the clinical 
value of an additional ICU bed by the population size. I con-
servatively assumed that the benefits of the ICU bed capac-
ity would only last for 12 months, thus accounting for the 
expected time to develop, approve, and distribute COVID-19 
vaccines [16].

Presuming a harvesting effect in a sensitivity analysis, 
I assumed for age groups with excess mortality associated 
with COVID-19 (the difference between observed and pre-
pandemic mortality rates) that except for COVID-19, there 
are no other causes of death in the forthcoming 12 months 
[15].

In addition to the above calculation, which yields the 
clinical value of an ICU bed in terms of life-years gained, I 
also determined its value in terms of reduction of mortality. 
To this end, I followed the same methodological approach 
but applied, as weights, mortality of patients admitted to the 
ICU and refused admission.

2.3 � Cost Analysis

For the cost analysis, I took a societal viewpoint. To calcu-
late medical costs, I considered the initial ICU stay, rehos-
pitalizations occurring in the first year after discharge from 
the ICU, hospital copayments, as well as future consumption 
and unrelated care during added life years. To determine the 
hospital costs of treating COVID-19 patients, I considered 
both the operating and infrastructure costs. To calculate the 
operating costs, I assumed an average patient trajectory. I 
applied the corresponding diagnosis-related group (DRG) 
codes plus additional tariffs on top of the DRG payments 
(“Zusatzentgelt”). Furthermore, I accounted for nursing 
staff costs (“Pflegeentgelt”) regardless of the degree of bed 
utilization. Moreover, I considered extra payments by the 
German government for both personal protective equipment 

(2)h = LLY − LLYadx

(3)LLY
�(n) = LLYno adx ⋅
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and nursing care (on top of the “Pflegeentgelt”) in treating 
COVID-19 patients.

To identify the appropriate DRG codes for COVID-19 
cases admitted to the ICU, I followed the guidance of the 
German Interdisciplinary Association for Intensive Care 
and Emergency Medicine [17]. Specifically, I applied DRG 
codes that reflect the average length of stay (LOS) with and 
without mechanical ventilation. I purposely used conserva-
tive cost estimates, i.e. I selected higher-cost DRGs in the 
presence of several coding options, thus biasing against the 
value of an additional ICU bed. To arrive at the final cost 
estimate for treating a COVID-19 patient in the ICU, the 
costs of patients with and without mechanical ventilation 
were weighted by their respective shares.

To arrive at the costs of infrastructure, I accounted for the 
opportunity costs of capital. To calculate the latter, I consid-
ered the weighted average cost of capital (WACC). Strictly 
speaking, the WACC only applies to private hospitals, which 
account for 36% of all German hospitals, based on 2016 data 
[18]. However, during the coronavirus crisis, government 
funds covered a portion of the capital costs resulting from 
the expansion of ICU capacity, i.e. €50,000 per additional 
ICU bed [19]. Hence, the WACC for private hospitals needs 
to be adjusted for this portion (cf. [20]). In contrast, when 
public hospitals expand their capacity, they receive interest-
free loans from the federal states without any obligation to 
pay them back. Nevertheless, only half of the infrastructure 
investments are currently covered by the federal states [21]. 
The overall opportunity cost of capital was thus calculated as 
a weighted average of the WACC and a zero cost of capital, 
with the weights representing shares of private and public 
funding, respectively.

To determine the future unrelated medical costs incurred 
during added life years, I determined the cumulative prob-
ability of an individual at age i of surviving until age j (i.e. 
the product of age-specific survival probabilities up to age 
j ) using the life table embedded in the previously published 
decision model [15]. I multiplied the cumulative probability 
of surviving until age j by health expenditures at age j , took 
the sum over all ages j , and thus obtained the remaining 
health expenditures for an individual at age i . By compar-
ing the remaining health expenditures for different levels of 
ICU bed capacity, I calculated the life-extension costs. To 
account for the age distribution of the population, I weighted 
the age-specific life-extension costs by age-specific popula-
tion sizes. I performed all calculations for men and women 
separately and then aggregated the results.

Moreover, a societal perspective requires considering 
expenses for primary needs such as food, shelter, and 
clothing as their satisfaction contributes to life exten-
sion [22]. That is, as the denominator of the MCER cap-
tures the benefits of the resources used to satisfy pri-
mary needs, the costs of these resources also need to be 
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included for consistency reasons [22]. To determine these 
types of consumption costs during added life years, I used 
the same calculation as for health expenditures outlined 
in the above paragraph.

2.4 � Net Benefit and ROI Calculation

The monetary value of an additional life year was bor-
rowed from new, innovative oncological drugs as cancer 
reflects a condition with a similar morbidity and mortal-
ity burden in the general population in the short term as 
COVID-19 [15]. To calculate the net monetary benefit 
(NMB) of an additional bed, I subtracted the cost of an 
additional bed from the monetary value created. By divid-
ing the monetary value of an additional bed by its addi-
tional cost, I also determined the ROI.

2.5 � Discounting

In the base-case analysis, I did not discount costs or 
health benefits, as the reported survival benefits from 
cancer treatment [23], which were used to determine 
the economic value of a life year, were undiscounted as 
well. In a sensitivity analysis, I discounted both costs 
and effects.

2.6 � Sensitivity Analysis

Using one-way deterministic analyses, I assessed the param-
eter uncertainty by varying the input parameters that are 
subject to variation one at a time. In addition, I conducted 
threshold sensitivity analyses that determined the break-even 
points of additional ICU bed capacity, government subsidies 
for ICU bed provision, and the ICU bed utilization rate.

2.7 � Cost Data

The model input data are listed in Table 1. For COVID-19 
patients receiving mechanical ventilation, LOS in the ICU 
has been estimated to be between 11 and 20 days [30–32]. 
Among the DRGs that are applicable in this range, I made 
conservative choices. Of note, in the German DRG system, 
age-specific DRG codes are usually limited to children and 
thus played no role in assigning DRG codes. Specifically, 
for ICU patients receiving mechanical ventilation, I chose 
the DRG code E40A [40], which is the only DRG code with 
a specific reference to ARDS. It has a case-mix index of 
3.406 and allows for an additional payment of €18.21 (code 
ZE162). For ICU patients who do not receive mechanical 
ventilation, I applied the DRG code E77B, which entails 
a slightly shorter LOS (15.1 vs 17.1 days) with a case-mix 
index of 2.090 and allows for an additional payment of 

Table 1   Input data used in the 
base case and the sensitivity 
analysis

CFR case fatality rate, ICU intensive care unit, IFR infection fatality rate

Input Mean (range) References

Epidemiological and clinical data
 Probability of death by age and gender in Germany See reference [24]
 Population size by age See reference [25]
 CFR in the ICU 0.23 (0.21–0.52) [26–28]
 CFR 1 year post-ICU discharge 0.59 (0.47–0.73) [29]
 Proportion of cases admitted to the ICU 0.065 (0.04–0.08) [30]
 False-positive ICU admissions 0.1 (0.1–0.2) [30]
 ICU beds available for COVID-19 on October 26, 2020 9765 [28]
 Proportion of ICU patients with mechanical ventilation 0.46 [28]
 ICU length of stay 14 (11–20) [30–32]

Cost data
 Healthcare expenditure by age See reference [33]
 Consumption costs per year, primary needs (€) [34]
 Adult 11,580
 Child 3984
 ICU bed, infrastructural cost (€) 85,000 (85,000–100,000) [35–37]
 Weighted average cost of capital (%) 0.06 [38]
 ICU costs per admission (with mechanical ventilation) (€) 12,551 [39, 40]
 ICU costs per admission (without mechanical ventilation) (€) 7725 [39, 40]
 Hospital copayment per day (€) 10 [41]
 Nursing care payment per patient per day (€) 185 [19]
 Personal protective equipment per patient (€) 50 [19]
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€34.48 (code ZE163). Each case-mix index was multiplied 
by the national base price [39].

In terms of the infrastructure costs of ICU beds, the esti-
mates range between €85,000 and €100,000 [35–37]. In the 
base case, I applied an estimate provided by the German 
Hospital Federation, which was €85,000 [36]. This estimate 
includes the costs of ventilators and monitoring equipment 
associated with ICU bed provision [42]. While the acquisi-
tion costs of ventilators plus monitoring equipment is around 
€35,000 [42] and therefore less than €85,000, the calculated 
difference (€50,000) may be seen as a reflection of opportu-
nity costs because a bed with or without a ventilator could 
be used otherwise to generate revenues for the hospital. A 
societal perspective as chosen in this study mandates the 
inclusion of opportunity costs.

In terms of the infrastructure costs, I accounted for nurs-
ing staff costs by multiplying the nursing care case-mix per-
taining to the relevant DRG codes by the national base price 
and the number of days (365).

To estimate the costs of rehospitalizations occurring 
in the first year after discharge from the ICU, I used the 
results of a published cohort study of 396 ICU survivors 
with ARDS. The study was conducted between September 
2014 and April 2016 in 61 German hospitals [43]. The study 
reported a median number of rehospitalizations of 2 (inter-
quartile range 1–3). The LOS was 16 days on average (inter-
quartile range 10–25). Of note, rehospitalizations included 
stays in rehabilitation facilities as well as admissions for 
medical conditions unrelated to ARDS. The data did not 
differentiate between different types of rehospitalizations or 
admissions to ICUs and normal wards. Given the latter, I 
applied the costs of the initial ICU stay, thus conservatively 
assuming that all rehospitalized patients would be admitted 
to the ICU.

As outlined in the cost analysis section, for ICU survivors 
I determined both future (unrelated) medical and consump-
tion costs during added life years. To account for the former, 
I used the healthcare expenditures in the general population, 
which were available for four age categories based on 2015 
data [33] and explicitly referred to national (societal) costs 
and not to social health insurance costs. The data on the pri-
vate consumption costs were from 2017 [34]. The categories 
of the private consumption costs were available for adults 
and children but not according to age. To narrow down the 
consumption costs to those for primary needs, I considered 
the per capita private consumption costs on food and nonal-
coholic beverages, clothing and shoes, housing (including 
maintenance), and energy.

The capital costs, which served as an input to the cost of 
infrastructure of private hospitals, were based on the whole 
healthcare and pharmaceutical industry [38]. All costs were 
inflated to 2020 euros based on the general German Con-
sumer Price Index.

2.8 � Other Data

Patients who require an ICU bed were considered true posi-
tives and true positives were assumed to die otherwise. I 
assumed a 10% rate of inappropriate (false positive) ICU 
admissions in the base case. A rate above 0% seems plausi-
ble given that “good clinical practice demands that greater 
emphasis be placed on patient safety by limiting false nega-
tives” [44]. This strategy comes at the risk of excessive use 
of ICU facilities. Nevertheless, even a rate of 10% has been 
considered “exceptionally low” in a non-COVID-19 setting 
[44]. Therefore, I increased the rate to 20% in a sensitivity 
analysis.

The willingness to pay for an additional life year 
(€101,493 per life-year gained) was obtained by dividing 
incremental costs of new, innovative cancer drugs (€39,751) 
by the incremental survival benefit (0.39 life years) [15].

Given the lack of official guidance on the discount rates 
for the costs and health benefits from a societal perspec-
tive in Germany, I applied a 3% discount rate for the costs 
based on the social rate of time preference derived from the 
Ramsey equation [45]. For health benefits, I applied a 2% 
discount rate, reflecting a 1% expected growth rate of the 
consumption value of health in Germany (cf. [46]).

3 � Results

The last staffed bed added to the existing ICU bed capac-
ity yields an MCER of €21,958 per life-year gained and an 
ROI of 4.6 in the base case assuming full bed utilization. A 
bed utilization of 1.1% yields a break-even ROI of 1. The 
low utilization necessary to break even results from the low 
share of infrastructure costs. The cost-effectiveness and 
ROI diminish with additional increases in ICU bed capacity 
(Fig. 1). This trend holds because when the demand for ICU 
beds exceeds the available capacity, the clinical value of an 
additional bed diminishes (see Eq. 3).

Based on the harvesting assumption, the cost effec-
tiveness of supplying an additional ICU bed improves (to 
€14,003) because COVID-19 patients who are saved from 
death in the presence of an additional bed are assumed to 
represent a healthier subgroup of ICU patients than those 
who unavoidably die.

As shown in the sensitivity analysis (see Fig. 2), the vari-
ables with the greatest impact on NMB were the mortality 
rates in the ICU and after discharge. Ceteris paribus, higher 
mortality rates reduce the NMB of an additional ICU bed.

Expanding staffed ICU bed capacity by another 10,000 
beds or 102% of the available capacity (9765 beds on 
October 26, 2020) is projected to increase societal costs 
by €50 billion. The resulting decrease in the mortality of 
ICU candidates is 24% compared with no intervention 
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(Fig. 3). While the ROI diminishes with the expansion 
of capacity, it remains above three for the ten thousandth 
bed added.

Threshold sensitivity analysis shows that negative 
returns do not appear even with a 16.4-fold increase in 
ICU bed capacity. Similarly, a government subsidy or 
bonus of €7.5 million per ICU bed still yields a positive 
NMB for the ten thousandth bed added.

4 � Discussion

Facing the second SARS-CoV-2 pandemic wave, the Ger-
man government has imposed stricter measures. However, 
the current strategy may turn out to be insufficient in pre-
venting overstretching of ICU capacity at the time of peak 
demand. Therefore, the ICU bed capacity is still a relevant 

Fig. 1   Marginal costs per life-
year gained by adding intensive 
care unit (ICU) bed capacity

Fig. 2   Tornado diagram demonstrating the results of the one-way sensitivity analysis. The variables are ordered by the impact on the net mon-
etary benefit of the provision of additional ICU bed capacity versus no intervention. The numbers indicate the upper and lower bounds
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consideration. As shown in this analysis, the pre-existing 
staffed ICU bed capacity is cost effective even for a utiliza-
tion rate as low as 2%.

Further extending the existing ICU bed capacity seems 
acceptable based on the MCER but also from a budgetary 
perspective. That is, extending capacity by more than 100% 
is forecast to result in a one-time increase in healthcare 
expenditure [47] of 13%, which amounts to 1.5% of the gross 
domestic product (GDP) in Germany [48].

As a word of caution, cost effectiveness of ICU bed 
expansion is based on the assumption of a positive probabil-
ity of utilizing the additional ICU bed capacity. If, however, 
the additional capacity remains entirely unused, the value 
of investment becomes negative due to the presence of fixed 
costs. However, it is reassuring that even a vacancy rate of 
98% still allows for a positive return due to the low share of 
infrastructure costs. This is equivalent to a 2% probability 
of having full utilization. Hence, the additional beds are best 
characterized as surge beds, which could potentially be used 
in the event of a surge but may remain vacant.

How does this finding fit into the virus mitigation strat-
egy currently pursued by the German government, which 
aims to control the number of new infections? A strategy 
of supplying additional ICU beds becomes cost effective 
once there is a 2% probability that the virus mitigation 
strategy is not successful or is abandoned because it is too 
expensive or burdensome for society or because a vaccine 
is not distributed in time. Hence, an economic justification 
for a bed expansion strategy requires a positive probability 
of viral spread in the population, potentially leading to 
herd immunity by natural infection, regardless of whether 
this is actively sought by the government. Although an 
overload of the intensive care bed capacity may still seem 
unlikely at the time of writing this manuscript (Decem-
ber 8, 2020), mean values are less relevant than extreme 

values in disaster control. Instead, the so-called fat tail 
risk, that is, a non-negligible probability that a catastrophe 
will occur, is an important consideration. Indeed, such a 
thick end of the distribution has been observed in “major 
epidemic and pandemic diseases of history” [49].

Of note, there are different ways of providing the addi-
tional ICU capacity. These approaches not only include the 
construction of new buildings but also freeing up exist-
ing capacity, e.g. deferring elective procedures, moving 
non-COVID-19 patients to alternative sites, and using 
step-down care more aggressively. In addition, ICU units 
and beds may be converted from existing capacity, such 
as operating, recovery, procedure and treatment rooms; 
ambulatory surgery centers; unstaffed floors; physical ther-
apy space; outpatient facilities; and nonhealthcare facili-
ties [50, 51]. In the short term, freeing up existing capacity 
may, in fact, be the only feasible approach. However, to 
meet a potential increase in future demand for ICU beds, 
the construction of new buildings and the conversion of 
existing capacity may be unavoidable.

Creating surge capacity also requires recruiting addi-
tional personnel (e.g. ICU nurses) as well as purchasing 
additional materials, supplies (e.g. protective clothing), 
and equipment (e.g. ventilators). However, even before 
the SARS-CoV-2 pandemic the healthcare environment 
in Germany has been characterized by labor shortages, 
particularly ICU nurses [52]. In 2018, the German govern-
ment initiated steps to improve short- and long-term nurs-
ing staff numbers [53]. In general, short-term strategies to 
address a shortage of labor in the ICU include accelerated 
training for ICU nurses; contacting former nurses with 
ICU experience and other recently retired staff; and rede-
ploying anesthesiologists, other physicians, other nurses, 
respiratory therapists, other allied health professionals and 
other staff with appropriate skills to work in a critical-care 
environment [50, 54, 55]. In fact, during the first pandemic 
wave in Germany, former nurses responded to COVID-19 
calls to return to service. Assuming that altruistic motives 
played a major role, attractive sign-on bonuses may enable 
recruitment of an additional cohort of former nurses with 
stronger financial motives. What this study shows is that 
sign-on bonuses for former nurses can be quite high given 
the large societal NMB of a filled ICU bed. Based on the 
model, a sign-on bonus of, say, €20,000 per ICU nurse 
or equivalent staff member, plus the cost of a refresher 
course, would lead to a negligible increase in the required 
probability of full utilization.

Strategies to create surge capacity can lead to opportunity 
costs. If ICU labor and bed capacity is expanded, say, by 
cancelling or postponing unrelated treatments (e.g. elective 
surgeries), this would increase the minimum acceptable bed 
utilization rate. Therefore, a strategy of supplying additional 
ICU beds requires careful planning.

Fig. 3   Mortality reduction of intensive care unit (ICU) candidates by 
increasing ICU bed capacity compared with no increase
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Recently, dexamethasone was shown to lower the 28-day 
mortality among hospitalized COVID-19 patients receiv-
ing respiratory support [56]. Expanding ICU bed capac-
ity and life-prolonging treatments of COVID-19 become 
complementary interventions if life-prolonging treatments 
have a label for ICU patients. In that case, ICU bed expan-
sion becomes an enabling strategy for life-prolonging treat-
ments and creates option value (cf. [57]). Both interven-
tions applied together, thus form a combination therapy. This 
is also confirmed in the sensitivity analysis of this paper, 
implying an improved cost effectiveness of ICU bed expan-
sion when accounting for a lower ICU mortality. Of note, the 
absolute mortality reduction demonstrated by dexametha-
sone (12%) is already achieved by an ICU capacity expan-
sion of 3500 beds (assuming full capacity utilization), thus 
emphasizing the clinical significance of ICU bed expansion.

If expanding ICU bed capacity and providing life-
prolonging treatments of COVID-19 are complementary 
approaches, but ICU bed capacity is a limiting factor, life-
prolonging treatments may not be applicable unless they are 
prescribed on-label or off-label before ICU admission. In 
that case, life-prolonging treatments can be regarded as a 
substitute for expanding ICU bed capacity. Similarly, if life-
prolonging treatments have a label for hospitalized patients 
without mechanical ventilation and are able to reduce ICU 
admissions, they become a substitute for expanding ICU bed 
capacity.

The limitations of this study need to be acknowledged. 
First, there are reasons why the base-case analysis under-
estimates the MCER and overestimates the NMB. Some of 
these reasons were already captured in the sensitivity analy-
sis and include high mortality in the ICU and post-discharge. 
As shown, a high CFR in the ICU even leads to a negative 
NMB. One reason for a higher CFR in the ICU exists when 
rationing decisions in the absence of an ICU bed disfavor 
patients with less prospect of survival. Thus, patients who 
are not admitted to the ICU are likely to be older and at 
higher risk. Furthermore, this study did not include direct 
nonmedical costs, such as time and transportation costs, 
which are mandated by the societal perspective adopted in 
this paper. Moreover, given the funding challenges of the 
coronavirus crisis for the German healthcare system, step-
ping up surge capacity may create increasing opportunity 
costs. The latter would be accounted for by a decreasing 
willingness to pay for an additional life year. Nevertheless, 
as in this analysis, MCERs are far below the willingness 
to pay threshold over a large increment of beds, a dimin-
ishing willingness to pay would only matter for extreme 
expansions.

On the other hand, there are reasons to believe that the 
base case underestimates the NMB, i.e. overestimates the 
MCER. First, by including future medical costs along with 
the costs of hospitalizations in the first year after ICU 

discharge, some double counting of hospitalization costs 
may result. Furthermore, the DRG rates may not reflect 
true hospital costs and may yield a positive profit mar-
gin for ventilated patients [58]. Moreover, the productiv-
ity gains resulting from a reduction in mortality were not 
included due to the age distribution of averted deaths (the 
median age is 82 years) and the difficulty of disentangling 
deaths in relevant age groups (e.g. in the age group 50–69 
years). Finally, an additional reserve capacity may also 
prevent deaths from other infectious disease outbreaks and 
public health emergencies. Some of the biases mentioned 
in this and the previous paragraph may cancel each other 
out.

Furthermore, the number of life years as an outcome 
measure may be criticized for lacking a consideration 
of health-related quality of life unlike quality-adjusted 
life years (QALYs). QALYs diminish the health benefits 
obtained from additional survival by accounting for a 
quality-of-life decrement of ICU survivors. As the QALY 
metric thus discriminates against the elderly and the disa-
bled, it has been considered ethically controversial [59]. 
There also exists a methodological concern with regard 
to QALYs when the quality of life of ICU survivors is 
reduced to a degree that they do not want to go on living. 
This so-called maximum endurable time invalidates the 
QALY metric [60] (as a word of caution, the presence 
of a maximum endurable time would also question the 
appropriateness of using life-years gained or even lives 
saved as measures of health benefit but rather for ethi-
cal than for methodological reasons). For these reasons, 
QALYs have not been used so far in Germany for the pur-
pose of reimbursing and pricing new, innovative medicines 
(cf. [61]). As another counterpoint, the public debate on 
COVID-19 in Germany has mainly focused on mortality 
as an endpoint and the number of life-years lost by the 
elderly who die from COVID-19. In summary, there is not 
a straightforward answer to the question of which outcome 
measure best reflects the value of expanded ICU capacity. 
Life-years gained may serve as a compromise between the 
use of unweighted lives saved and QALYs gained.

In terms of the transferability of the results and conclu-
sions of this study to other countries, the usual caveats 
apply. The reasons for caution include between-country 
differences in clinical and epidemiological data, costs, and 
the willingness to pay for health benefits.

This article demonstrates the applicability of cost-
effectiveness analysis to strengthening hospital pandemic 
preparedness and response capacity. For data collection in 
the forthcoming months of the crisis, policymakers should 
pay particular attention to mortality data, as the MCERs 
and ROIs forecasted in this study were shown to be par-
ticularly sensitive to these data.
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