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Abstract 

Background  Coronavirus disease 2019 (COVID-19) has exposed critical care supply shortages worldwide. This study 
aimed to investigate the association between regional critical care capacity and the incidence of invasive mechanical 
ventilation following novel COVID-19 during the pandemic in Japan, a country with a limited intensive care unit (ICU) 
bed capacity of a median of 5.1 ICU beds per 100,000 individuals.

Methods  This population-based cohort study used data from the CRoss Icu Searchable Information System database 
and publicly available databases provided by the Japanese government and Japanese Society of Intensive Care Medi-
cine. We identified patients recently diagnosed with COVID-19, those who received invasive mechanical ventilation, 
and those who received extracorporeal membrane oxygenation (ECMO) between February 2020 and March 2023. We 
analyzed the association between regional critical care capacity (ICU beds, high-dependency care unit (HDU) beds, 
resource-rich ICU beds, and intensivists) and the incidence of invasive mechanical ventilation, ECMO, and risk-adjusted 
mortality across 47 Japanese prefectures.

Results  Among the approximately 127 million individuals residing in Japan, 33,189,809 were recently diagnosed 
with COVID-19, with 12,203 and 1,426 COVID-19 patients on invasive mechanical ventilation and ECMO, respectively, 
during the study period. Prefecture-level linear regression analysis revealed that the addition of ICU beds, resource-
rich ICU beds, and intensivists per 100,000 individuals increased the incidence of IMV by 5.37 (95% confidence inter-
val, 1.99–8.76), 7.27 (1.61–12.9), and 13.12 (3.48–22.76), respectively. However, the number of HDU beds per 100,000 
individuals was not statistically significantly associated with the incidence of invasive mechanical ventilation. None 
of the four indicators of regional critical care capacity was statistically significantly associated with the incidence 
of ECMO and risk-adjusted mortality.

Conclusions  The results of prefecture-level analyses demonstrate that increased numbers of ICU beds, resource-
rich ICU beds, and intensivists are associated with the incidence of invasive mechanical ventilation among patients 
recently diagnosed with COVID-19 during the pandemic. These findings have important implications for healthcare 
policymakers, aiding in efficiently allocating critical care resources during crises, particularly in regions with limited 
ICU bed capacities.
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Background
Invasive mechanical ventilation (IMV) plays a crucial role 
in sustaining the lives of critically ill patients. Guidelines 
for admitting patients to the intensive care unit (ICU) 
recommend that those requiring IMV should receive 
care in an ICU rather than a high-dependency care unit 
(HDU) or general ward [1, 2]. This recommendation is 
supported by studies demonstrating that ICU care for 
mechanically ventilated patients with and without coro-
navirus disease 2019 (COVID-19) is associated with 
lower in-hospital mortality than care in the HDU or gen-
eral ward [3, 4].

The novel COVID-19 has exposed critical care supply 
shortages worldwide, including those in critical care beds, 
hospital staff, and mechanical ventilators [5, 6]. In sev-
eral regions, critically ill COVID-19 patients overflowed 
from ICUs into HDUs, post-anesthesia care units, emer-
gency departments, operating rooms, general wards, and 
even temporary or tent facilities, where they may not have 
received appropriate critical care [7]. A previous study in 
the United States revealed that up to 25% of COVID-19 
deaths could be attributed to surges in the COVID-19 
caseload and loss of access to critical care [8].

Significant differences exist in regional critical care 
capacity between and within countries worldwide. Coun-
tries with high ICU bed capacity include the United 
States (34.7 ICU beds per 100,000 individuals), Germany 
(29.2 ICU beds), and Taiwan (28.5 ICU beds) [9–11]. In 
contrast, a recent study estimated that at least 96 coun-
tries, particularly those identified as low- and middle-
income countries, exhibit a density of less than 5.0 ICU 
beds per 100,000 individuals [12–16].

Critically ill COVID-19 patients in regions with insuf-
ficient critical care capacity may not receive appropriate 
critical care. A study analyzing hospital-level critical care 
capacity across the United States found that a low num-
ber of ICU beds was associated with increased COVID-
19 mortality [17]. Other studies in the United States 
found that higher ICU bed occupancy in the hospital 
was associated with higher COVID-19 mortality [18, 19]. 
However, the effects of regional critical care capacity on 
COVID-19 patients who require IMV remain unclear.

Therefore, this study aimed to examine the association 
between regional critical care capacity and the incidence 
of IMV for COVID-19 patients in Japan, a country with 
a limited ICU bed capacity of a median of 5.1 ICU beds 
per 100,000 individuals. We assumed that a comparable 

number of COVID-19 patients would develop acute criti-
cal illness requiring IMV in different regions. Our find-
ings will indicate the optimal critical care capacity for the 
population at the regional level within a country during 
the pandemic and contribute to planning the most effi-
cient regional critical care system.

Methods
Study design and data collection
We aimed to evaluate the association between regional 
critical care capacity and the incidence of IMV for 
COVID-19 patients in Japan. This population-based 
cohort study included all Japanese citizens. The data used 
in this study were obtained from three sources: (i) CRoss 
Icu Searchable Information System (CRISIS) database; 
(ii) publicly available databases provided by the Japanese 
government; and (iii) published data from the Japanese 
Society of Intensive Care Medicine.

The CRISIS database was developed by Japan 
ECMOnet for COVID-19 to accurately track real-time 
information from ICUs across Japan during the COVID-
19 pandemic from February 2020 [20–23]. Participation 
in the CRISIS database was voluntary for hospitals; how-
ever, most hospitals certified by the Japanese Society of 
Intensive Care Medicine and Japanese Association for 
Acute Medicine participated initially. Hence, there were 
666 participating hospitals with 6186 ICU beds and 
10,058 HDU beds in the database as of March 31, 2023. 
As of July 2020, participating hospitals comprised 86.7% 
of all the ICU beds (6,181/7,132 beds) and 71% of all 
the HDU beds (10,058/13,546 beds) in Japan, indicating 
that most hospitals with critical care beds in Japan par-
ticipated in the CRISIS database. Participating hospitals 
were requested to register all COVID-19 patients who 
received IMV and extracorporeal membrane oxygena-
tion (ECMO) in the CRISIS database. In the CRISIS data-
base, COVID-19 patients were defined as those with a 
positive severe acute respiratory syndrome coronavirus-2 
polymerase chain reaction test result and pulmonary 
involvement typical of COVID-19. The CRISIS database 
collected data on the number of patients who received 
IMV and ECMO, hospital characteristics, patient back-
ground (age, sex, and body mass index), start and end 
days of IMV and ECMO, and mortality.

Three publicly available databases from the Japa-
nese government were used: trends in newly confirmed 
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COVID-19 cases [24], Survey of Medical Institution 
2020 [25], and Japanese Population Estimates 2020 [26]. 
The number of newly confirmed cases is provided by the 
Ministry of Health, Labour and Welfare, Japan, and is cal-
culated based on the Health Center Real-time Informa-
tion-sharing System on COVID-19 (HER-SYS) database 
[27]. HER-SYS allows information to be shared instantly 
among local public health centers, prefectures, munici-
palities, medical institutions, and other relevant par-
ties. In the HER-SYS database, newly confirmed cases 
of COVID-19 were defined as those diagnosed with 
COVID-19 by physicians, regardless of the diagnostic 
method. The number of newly confirmed cases, including 
recurrent positive cases in each prefecture, is calculated 
by summing the cases published through press releases. 
The Survey of Medical Institutions 2020 is provided by 
the Ministry of Health, Labour and Welfare, Japan, and 
includes facility information and statistics on all hos-
pitals in Japan as of July 1, 2020. The Survey of Medical 
Institutions included data on the types of wards (e.g., 
ICU, HDU, and resource-rich ICU) and the number of 
beds in each ward for 47 prefectures in Japan. The Japa-
nese Population Estimates 2020 is provided by the Min-
istry of Internal Affairs and Communications. The annual 
estimates of “population by age (5-year groups) and sex 
for prefectures” as of October 1, 2020, were used in this 
study.

The number of intensivists certified by the Japanese 
Society of Intensive Care Medicine in each of the 47 
prefectures as of April 1, 2021, was obtained using data 
published by the Japanese Society of Intensive Care 
Medicine [28].

Study and patient populations
The patient population included COVID-19 patients 
diagnosed between February 1, 2020, and March 31, 
2023, as recorded in the HER-SYS and CRISIS databases. 
Patients with missing data on age at admission or sex in 
the CRISIS database were excluded. All eligible patients 
in the CRISIS database were followed up until death, hos-
pital transfer, or hospital discharge.

Regional critical care capacity
The variable of interest in this study was the regional crit-
ical care capacity of 47 prefectures in Japan. Prefectures 
in Japan are administrative divisions similar to those in 
the United States, and medical plans stipulate the for-
mulation of critical care capacity systems at the prefec-
tural level. To assess regional critical care capacity, we 
used four indicators: (i) numbers of ICU beds, (ii) HDU 
beds, (iii) resource-rich ICU beds, and (iv) board-certi-
fied intensivists per 100,000 individuals. The numbers of 
ICU beds, HDU beds, and resource-rich ICU beds were 

obtained from the Survey of Medical Institutions 2020, 
and the number of intensivists was obtained from pub-
lished data from the Japanese Society of Intensive Care 
Medicine. When calculating these indicators, the popu-
lation of each of the 47 prefectures was standardized to 
the total population in 2020 based on age (5-year groups) 
and sex.

Definition of critical care beds
In Japan, the ICU is defined as a separate unit providing 
critical care services with at least one physician onsite 
24 h per day; full-time, around-the-clock nursing; equip-
ment necessary to care for critically ill patients; and a 
nurse-to-patient ratio of 1:2 [1, 29]. The term “ICU” 
includes all ICU types, including medical, surgical, med-
ical-surgical, emergency, neuro, cardiac, and pediatric 
ICUs. An HDU, also called an “intermediate care unit” or 
“step down unit”, is defined as an area where critical care 
services (mechanical ventilation and vasopressor admin-
istration) are provided, with patient care levels between 
those of the ICU and the general wards [30, 31]. In this 
study, the HDU differed from the ICU because it had a 
nurse-to-patient ratio of 1:4 or 1:5 and did not require 
intensive staffing [29]. Among the ICUs defined previ-
ously, a resource-rich ICU was defined as ICUs with two 
or more intensivists working as full-time employees, ≥ 20 
m2 per ICU bed, and a medical engineer in the hospi-
tal 24  h per day [32]. The medical reimbursement for 
resource-rich ICUs is 1.5 times that for other ICUs. The 
details of the Japanese procedure codes used to define 
care beds are shown in Additional file 1: Table S1.

Outcomes
The three study outcomes for each of the 47 prefectures 
were as follows: (i) incidence of IMV per 100,000 newly 
diagnosed COVID-19 patients; (ii) incidence of ECMO 
per 100,000 newly diagnosed COVID-19 patients; and 
(iii) risk-adjusted mortality of COVID-19 patients who 
received IMV. The proportion of CRISIS-participating 
hospitals varied across prefectures and ranged from 44.4 
to 100% regarding ICU beds, as shown in Additional 
file  1: Table  S2. Therefore, to account for this variation 
when calculating the incidence, the number of patients 
requiring IMV and ECMO was divided by the proportion 
of the total ICU beds in CRISIS-participating hospitals 
to the total number of ICU beds in the Survey of Medi-
cal Institution in each prefecture. Subsequently, the inci-
dence was calculated by dividing the estimated number 
of patients requiring IMV and ECMO by the number of 
newly diagnosed COVID-19 cases. When calculating the 
risk-adjusted standardized mortality rate of COVID-19 
patients on IMV, we initially estimated the individual risk 
of mortality for each patient on IMV using multivariate 
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logistic regression adjusted for 5-year age category, sex, 
body mass index category, and outbreaks of COVID-19 
on the day of initiation of IMV. Subsequently, we calcu-
lated the expected number of deaths in each prefecture 
by summing the probabilities for each patient within the 
prefecture. Finally, the prefecture-specific risk-adjusted 
mortality was calculated by multiplying the ratio of the 
observed to the expected number of deaths in each pre-
fecture by the overall crude mortality rate. Based on 
a report from the Ministry of Health, Labour and Wel-
fare, Japan, we categorized eight outbreaks of COVID-
19, starting in February 2020, June 2020, November 
2020, April 2021, July 2021, January 2022, July 2022, and 
November 2022 [33].

Statistical analyses
The prefecture-level associations between the four indi-
cators of regional critical care capacity and the three 
study outcomes were illustrated and analyzed using 
linear regression analyses. Following Hansen’s meth-
ods [34, 35], one or more potential switch points in the 
association between regional critical care capacity and 
study outcome were identified endogenously from the 
data rather than arbitrary, using the command “thresh-
old” in STATA [36]. A correlation matrix was prepared 
for the four indicators of regional critical care capacity. 
All reported p-values were two-sided, and p-values < 0.05 
were considered statistically significant. All statistical 
analyses were performed using the STATA/SE version 
17.0 software (STATA, College Station, TX, USA).

Sensitivity analyses
We conducted two sensitivity analyses. First, to account 
for the regional-level confounders, we performed linear 
regression analyses adjusted for the numbers of emer-
gency physicians, pulmonologists, nurses, and clinical 
engineers per 100,000 individuals in the regions. The 
number of emergency physicians and pulmonologists 
was obtained from Statistics of Physicians, Dentists, 
and Pharmacists 2020 [37], while the numbers of nurses 
and clinical engineers were obtained from the Survey of 
Medical Institutions 2020. Second, we performed multi-
level generalized linear models on patient-level mortal-
ity, with mortality as the dependent variable. The model 
included four indicators of regional critical care capacity, 
5-year age category, sex, body mass index category, and 
outbreaks of COVID-19 on the day of initiation of IMV 
as independent variables, with prefecture as a random 
intercept and an identity link function. These multi-level 
analyses were specifically performed for mortality among 
the three study outcomes.

Results
Regional critical care capacity
The overall population in Japan was 126,146,000, and the 
median population of the 47 prefectures was 1,590,000, 
with an interquartile range of 1,068,000–2,798,000 
(Table 1). The median number of ICU beds per 100,000 
individuals in the 47 prefectures was 5.1 (interquartile 
range, 3.9–6.3), with the lowest in Niigata Prefecture at 
1.5 and the highest in Okayama Prefecture at 11.8. The 
median number of HDU beds per 100,000 individuals 
was 10.2 (interquartile range, 8.6–12.2 [minimum, 4.9; 
maximum, 20.5]). The median number of resource-rich 
ICU beds per 100,000 individuals was 1.7 (interquar-
tile range, 1.0–2.8 [minimum, 0.3; maximum, 5.8]). The 
median number of intensivists per 100,000 individu-
als was 1.7 (interquartile range, 1.0–2.0 [minimum, 0.5; 
maximum, 3.5]). The correlation matrices of the four 
indicators of regional critical care capacity are presented 
in Additional file 1: Table S3.

Outcomes
Between February 1, 2020, and March 31, 2023, 
33,189,809 newly confirmed COVID-19 cases were iden-
tified in the HER-SYS database (Table  2). During the 
same period, 12,203 COVID-19 patients receiving IMV 
from 322 hospitals and 1,426 COVID-19 patients receiv-
ing ECMO from 193 hospitals were identified in the CRI-
SIS database. The overall incidence of IMV per 100,000 
COVID-19 patients was 36.8, and the median incidence 
was 21.7 (interquartile range, 12.6–42.7), with the low-
est in Iwate Prefecture at 1.3 and the highest in Osaka 
Prefecture at 124.4. The overall incidence of ECMO per 
100,000 COVID-19 patients was 4.3, and the median 
incidence was 3.2 (interquartile range, 1.1–5.8 [mini-
mum, 0.0; maximum, 11.1]).

Among the 12,203 COVID-19 patients receiving 
IMV, the mean age was 63.1  years (standard deviation, 
14.8 years), and 74.5% were male (Table 3). Overall, 17.1% 
of the patients were obese (body mass index ≥ 30.0  kg/
m2). The proportion of patients who received ECMO was 
11.7%. The overall mortality rate of COVID-19 patients 
receiving IMV was 22.2% (n = 2706/12,203). The median 
risk-adjusted mortality rate of COVID-19 patients 
requiring IMV was 22.2% (interquartile range, 17.3–
28.6% [minimum, 5.4%; maximum, 54.9%]) (Table 2).

Association between indicators of regional critical care 
capacity and study outcomes
Linear regression analysis revealed that additional ICU 
beds, resource-rich ICU beds, and intensivists per 
100,000 individuals increased the incidence of IMV by 
5.37 (Table  4 and Fig.  1; 95% confidence interval [CI] 
1.99–8.76; p = 0.003), 7.27 (95% CI 1.61–12.9; p = 0.013), 
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Table 1  ICU, HDU, resource-rich ICU beds, and intensivists per 100,000 individuals in 47 Japanese prefectures

Prefectures Population, 
person

Number of 
ICU beds, 
beds

Number of 
HDU beds, 
beds

Number of 
resource-rich 
ICU beds, 
beds

Number of 
intensivists, 
person

Number of 
ICU beds, 
beds per 
100,000 
population

Number of 
HDU beds, 
beds per 
100,000 
population

Number of 
resource-
rich ICU 
beds, beds 
per 100,000 
population

Number of 
intensivists, 
person per 
100,000 
population

Overall 126146000 7132 13546 2445 2115 5.7 10.7 1.9 1.7

Hokkaido 5225000 221 647 100 83 4.2 12.4 1.9 1.6

Aomori 1238000 68 71 16 12 5.5 5.7 1.3 1.0

Iwate 1211000 32 116 8 10 2.6 9.6 0.7 0.8

Miyagi 2302000 126 185 66 41 5.5 8.0 2.9 1.8

Akita 960000 36 76 16 7 3.7 7.9 1.7 0.7

Yamagata 1068000 32 106 6 14 3.0 9.9 0.6 1.3

Fukushima 1833000 116 171 28 17 6.3 9.3 1.5 0.9

Ibaraki 2867000 140 206 16 25 4.9 7.2 0.6 0.9

Tochigi 1933000 95 192 58 36 4.9 9.9 3.0 1.9

Gumma 1939000 75 215 53 29 3.9 11.1 2.7 1.5

Saitama 7345000 327 771 75 82 4.5 10.5 1.0 1.1

Chiba 6284000 400 569 74 114 6.4 9.1 1.2 1.8

Tokyo 14048000 1103 1472 317 303 7.9 10.5 2.3 2.2

Kanagawa 9237000 480 1022 84 153 5.2 11.1 0.9 1.7

Niigata 2201000 32 174 8 11 1.5 7.9 0.4 0.5

Toyama 1035000 30 79 8 35 2.9 7.6 0.8 3.4

Ishikawa 1133000 52 158 28 15 4.6 13.9 2.5 1.3

Fukui 767000 37 113 20 10 4.8 14.7 2.6 1.3

Yamanashi 810000 12 40 12 17 1.5 4.9 1.5 2.1

Nagano 2048000 105 420 28 13 5.1 20.5 1.4 0.6

Gifu 1979000 74 191 42 19 3.7 9.7 2.1 1.0

Shizuoka 3633000 148 378 38 36 4.1 10.4 1.0 1.0

Aichi 7542000 403 768 208 137 5.3 10.2 2.8 1.8

Mie 1770000 43 164 6 17 2.4 9.3 0.3 1.0

Shiga 1414000 54 104 12 26 3.8 7.3 0.8 1.8

Kyoto 2578000 161 355 100 68 6.2 13.8 3.9 2.6

Osaka 8838000 647 1077 272 178 7.3 12.2 3.1 2.0

Hyogo 5465000 371 567 120 101 6.8 10.4 2.2 1.8

Nara 1324000 83 160 40 24 6.3 12.1 3.0 1.8

Wakayama 923000 61 105 10 9 6.6 11.4 1.1 1.0

Tottori 553000 26 82 6 5 4.7 14.8 1.1 0.9

Shimane 671000 41 55 28 19 6.1 8.2 4.2 2.8

Okayama 1888000 223 190 77 66 11.8 10.1 4.1 3.5

Hiroshima 2800000 101 241 42 48 3.6 8.6 1.5 1.7

Yamaguchi 1342000 84 119 28 31 6.2 8.8 2.1 2.3

Tokushima 720000 34 85 11 13 4.7 11.8 1.5 1.8

Kagawa 950000 66 144 28 20 6.9 15.1 2.9 2.1

Ehime 1335000 78 129 12 15 5.8 9.6 0.9 1.1

Kochi 692000 54 139 40 21 7.8 20.1 5.8 3.0

Fukuoka 5135000 340 748 92 80 6.6 14.6 1.8 1.6

Saga 811000 40 105 18 13 4.9 12.9 2.2 1.6

Nagasaki 1312000 68 142 20 15 5.2 10.8 1.5 1.1

Kumamoto 1738000 89 220 51 34 5.1 12.7 2.9 2.0

Oita 1124000 44 92 8 20 3.9 8.2 0.7 1.8

Miyazaki 1070000 50 57 16 15 4.7 5.3 1.5 1.4

Kagoshima 1588000 90 158 40 27 5.7 9.9 2.5 1.7

Okinawa 1467000 140 168 59 31 9.5 11.4 4.0 2.1

ICU intensive care unit; HDU high-dependency care unit; IMV invasive mechanical ventilation
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Table 2  IMV and ECMO incidence and risk-adjusted mortality in COVID-19 patients in 47 Japanese prefectures

Prefectures Number of COVID-
19 patients, n

Number of IMV 
patients, n

Number of 
ECMO patients, 
n

Mortality of COVID-
19 with IMV, n

Incidence of IMV, per 
100,000 COVID-19 
patients

Incidence of ECMO, 
per 100,000 COVID-
19 patients

Risk-adjusted 
mortality of IMV 
patients, %

Overall 33189809 12203 1426 2706 36.8 4.3 22.2

Hokkaido 1320084 394 50 81 53.2 6.8 21.3

Aomori 276472 32 17 5 14.6 7.7 18.5

Iwate 234363 3 1 1 1.3 0.4 33.6

Miyagi 537709 115 17 22 21.4 3.2 18.2

Akita 199402 25 4 14 12.5 2.0 54.9

Yamagata 221470 27 7 9 17.7 4.6 32.9

Fukushima 402079 47 11 13 14.4 3.4 29.0

Ibaraki 637659 126 28 26 23.4 5.2 21.4

Tochigi 414530 224 35 32 54.0 8.4 16.0

Gumma 437463 171 31 30 39.1 7.1 18.7

Saitama 1804519 671 105 169 39.4 6.2 26.3

Chiba 1444324 677 139 164 54.2 11.1 25.4

Tokyo 4317391 1840 224 469 49.6 6.0 26.0

Kanagawa 2173335 700 128 193 34.3 6.3 27.4

Niigata 455803 62 3 9 18.1 0.9 14.8

Toyama 234869 47 5 12 30.0 3.2 24.8

Ishikawa 278895 83 8 20 40.7 3.9 23.0

Fukui 200593 80 3 12 39.9 1.5 14.6

Yamanashi 191124 24 11 11 12.6 5.8 41.9

Nagano 459377 43 4 7 11.0 1.0 16.6

Gifu 537974 103 14 15 22.1 3.0 17.6

Shizuoka 857104 72 2 13 9.0 0.3 18.4

Aichi 2109638 421 67 111 21.7 3.4 26.9

Mie 460378 77 5 22 19.4 1.3 32.8

Shiga 373039 124 19 32 42.7 6.5 25.3

Kyoto 670867 500 65 86 74.5 9.7 16.8

Osaka 2783907 3008 192 560 124.4 7.9 17.5

Hyogo 1438949 666 35 196 59.6 3.1 28.6

Nara 339170 143 14 23 51.5 5.0 15.3

Wakayama 234436 28 3 7 11.9 1.3 21.9

Tottori 140333 20 0 1 14.3 0.0 5.4

Shimane 168610 12 1 4 7.9 0.7 40.1

Okayama 488069 265 8 41 68.0 2.1 15.9

Hiroshima 806496 136 18 34 18.7 2.5 28.5

Yamaguchi 313686 58 7 10 18.5 2.2 18.4

Tokushima 166702 98 3 12 58.8 1.8 12.5

Kagawa 252309 13 0 3 5.2 0.0 23.2

Ehime 315245 25 3 6 9.1 1.1 25.7

Kochi 167800 20 2 9 13.4 1.3 40.0

Fukuoka 1560629 320 86 80 25.2 6.8 28.8

Saga 259106 18 2 7 6.9 0.8 40.5

Nagasaki 331994 27 2 2 9.9 0.7 7.4

Kumamoto 531201 130 2 26 27.6 0.4 21.2

Oita 302416 30 3 10 10.9 1.1 30.4

Miyazaki 319954 65 2 11 20.3 0.6 16.6

Kagoshima 439967 75 10 22 38.4 5.1 26.6

Okinawa 578369 358 30 64 66.7 5.6 17.4

Mortality was adjusted for 5-year age category, sex, body mass index category, and outbreaks of COVID-19

COVID-19, coronavirus disease 2019

IMV invasive mechanical ventilation; ECMO extracorporeal membrane oxygenation
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and 13.12 (95% CI 3.48–22.76; p = 0.009), respectively. 
However, the number of HDU beds per 100,000 individu-
als was not statistically significantly associated with the 
incidence of IMV. No statistically significant association 
existed between the four indicators of regional critical 
care capacity and the incidence of ECMO (Table  4 and 

Fig.  2) and risk-adjusted mortality (Table  4 and Fig.  3). 
The switch point analyses detected only one switch point 
in all analyses (Additional file 1: Table S4). In the statisti-
cally significant associations with the incidence of IMV in 
the linear regression analyses, the switch points for those 
with ICU beds, resource-rich ICU beds, and intensivists 
were 6.93 beds, 3.01 beds, and 2.01 persons per 100,000 
population, respectively.

Results of sensitivity analyses
The results of sensitivity analyses, which further adjusted 
for regional-level confounders, were similar to those of 
the main analyses (Additional file 1: Table S5). The sen-
sitivity analyses conducted with multi-level generalized 
linear models produced results consistent with the main 
analyses and were not statistically significant (Additional 
file 1: Table S6).

Discussion
A nationwide population-based cohort study was per-
formed in Japan, where the number of ICU beds and 
intensivists per 100,000 individuals was considerably 
lower than that in countries with high critical care capac-
ity. The prefecture-level analyses demonstrated that 
higher numbers of ICU beds, resource-rich ICU beds, 
and intensivists per 100,000 individuals were associated 
with a higher incidence of IMV for COVID-19 patients, 
but a high number of HDU beds per 100,000 individu-
als did not show a significant association. No significant 
associations were found between the regional critical 
care capacity indicators and the incidence of ECMO or 
risk-adjusted mortality.

In Japan, the median number of ICU beds per 100,000 
individuals is 5.1 (minimum, 1.5; maximum, 11.8), with 
a significant variation of up to 7.9 times across the 47 
regions within the country. Even in regions with high 
ICU bed capacity in Japan, the number of ICU beds is rel-
atively low compared to that of the ICU beds in countries 
with high critical care capacity [9–11]. This is also below 
the average of 12.1 in the 22 countries of the Organiza-
tion for Economic Cooperation and Development [38]. 
In addition, there is a nationwide shortage of intensivists 
in Japan [39]. In April 2021, the total number of board-
certified intensivists was 2115, whereas the total number 
of ICU beds was 7132. Only approximately 34% of all 
ICUs in 2019 met the criteria for resource-rich ICUs with 
two or more full-time intensivists [32, 40]. Therefore, it 
is essential to consider that our study is based on results 
from regions with insufficient critical care capacity. In 
recent years, many countries have experienced a short-
age of ICU beds and growing concern about disparities in 
access to critical care [13]. A recent study estimated that 

Table 3  Characteristics and outcomes of COVID-19 patients 
requiring invasive mechanical ventilation

COVID-19 novel coronavirus disease; SD standard deviation

Variables Total
N = 12,203

Age, years, mean (SD) 63.1 (14.8)

Age category, years, n (%)

 0–4 65 (0.5%)

 5–9 30 (0.2%)

 10–14 27 (0.2%)

 15–19 34 (0.3%)

 20–24 53 (0.4%)

 25–29 115 (0.9%)

 30–34 155 (1.3%)

 35–39 251 (2.1%)

 40–44 433 (3.5%)

 45–49 803 (6.6%)

 50–54 1152 (9.4%)

 55–59 1408 (11.5%)

 60–64 1422 (11.7%)

 65–69 1600 (13.1%)

 70–74 1904 (15.6%)

 75–79 1453 (11.9%)

 80–84 853 (7.0%)

 85- 445 (3.6%)

Male, n (%) 9089 (74.5%)

Body mass index, kg/m2, n (%)

  < 18.5 583 (4.8%)

 18.5–24.9 4730 (38.8%)

 25.0–29.9 3558 (29.2%)

  ≥ 30.0 2084 (17.1%)

 Missing 1248 (10.2%)

Outbreaks of COVID-19

 1st (from February 2020) 817 (6.7%)

 2nd (from June 2020) 895 (7.3%)

 3rd (from November 2020) 3077 (25.2%)

 4th (from April 2021) 2554 (20.9%)

 5th (from July 2021) 2602 (21.3%)

 6th (from January 2022) 1087 (8.9%)

 7th (from July 2022) 614 (5.0%)

 8th (from November 2022) 557 (4.6%)

Extracorporeal membrane oxygenation, n (%) 1426 (11.7%)

Mortality, n (%) 2706 (22.2%)
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at least 96 countries and territories, particularly those 
identified as low- and middle-income, exhibit a density 
of fewer than 5.0 ICU beds per 100,000 population [13, 
14, 16]. Our findings contribute to planning appropri-
ate regional critical care systems for these countries with 
limited ICU capacities during the pandemic.

Our findings provide insights into the ideal number 
of critical care capacity per 100,000 individuals at the 
regional level during the COVID-19 pandemic and the 

emergence and re-emergence of infectious disease pan-
demics. A positive linear association existed between 
resources with ICU beds, resource-rich ICU beds, and 
intensivists and the incidence of IMV for COVID-19 dur-
ing the pandemic. In addition, this study revealed that 
the slope of the increase in the incidence of IMV per 
additional bed was greater in resource-rich ICU beds 
than in ICU beds. Notably, the results of this study were 
from Japan, with insufficient critical care capacity, and it 

Table 4  Association between the four indicators of regional critical care capacity and the three study outcomes

ICU intensive care unit; HDU high-dependency care unit; IMV invasive mechanical ventilation; COVID-19 coronavirus disease 2019; ECMO extracorporeal membrane 
oxygenation; CI confidence interval

Number of regional critical care 
capacity per 100,000 population

Outcomes

Incidence of IMV per 100,000 
COVID-19

Incidence of ECMO per 100,000 
COVID-19

Risk-adjusted mortality (%)

Coef. (95% CI) P-value Coef. (95%CI) P-value Coef. (95%CI) P-value

ICU beds 5.37 (1.99, 8.76) 0.003 0.20 (− 0.25, 0.65) 0.383 − 0.95 (− 2.41, 0.51) 0.196

HDU beds 0.76 (− 1.47, 2.99) 0.497 − 0.13 (− 0.39, 0.14) 0.350 − 0.48 (− 1.36, 0.40) 0.276

Resource-rich ICU beds 7.27 (1.61, 12.9) 0.013 0.22 (− 0.51, 0.95) 0.552 0.01 (− 2.39, 2.41) 0.994

Intensivists 13.12 (3.48, 22.76) 0.009 0.71 (− 0.54, 1.95) 0.258 1.23 (− 2.88, 5.34) 0.551

Fig. 1  Association between the incidence of invasive mechanical ventilation and four indicators of critical care capacity. Association 
between the incidence of invasive mechanical ventilation per 100,000 COVID-19 patients and four indicators of critical care capacity, 
including numbers of ICU beds, HDU beds, resource-rich ICU beds, and intensivists per 100,000 individuals. IMV invasive mechanical ventilation; 
COVID-19 coronavirus disease 2019; ICU intensive care unit; HDU high-dependency care unit
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is unclear what would happen if increased critical care 
capacity was available. Based on our findings for switch 
point analyses, the ideal number of ICU beds, resource-
rich ICU beds, and intensivists per 100,000 individuals 
during the pandemic is > 7, > 3, and > 2, respectively, to 
prepare for emerging and re-emerging infectious disease 
pandemic during normal condition.

In contrast, this study demonstrates that a higher num-
ber of HDU beds per population was not associated with 
a higher incidence of IMV in COVID-19 patients. This 
may indicate that HDU beds are not a sufficient alter-
native to ICU beds for COVID-19 patients who require 
IMV. Mechanically ventilated patients, particularly those 
with COVID-19, require a high workload from physi-
cians and nursing staff [41, 42]. Evidence indicates inad-
equate nurse staffing and an increased nurse workload 
may affect care [43]. Therefore, increasing the number 
of HDU beds may not be an effective strategy to improve 
access to care for critically ill COVID-19 patients who 
require IMV. These findings provide useful information 
for future healthcare planning for the preparedness for 
emerging and re-emerging infectious disease pandemics 
and the allocation of critical care resources.

The ECMO incidence and risk-adjusted mortality 
results require careful interpretation. Owing to the low 
incidence of ECMO for COVID-19 patients in Japan, 
26/47 (55%) prefectures experienced less than 10 cases 
of ECMO for COVID-19 during the 3-year study period. 
Therefore, the association between the incidence of 
ECMO and critical care capacity has not been adequately 
evaluated statistically, and further study over extended 
periods is required. Furthermore, the fact that ECMO 
was performed at 193 facilities in Japan significantly dif-
fers from the five facilities in the United Kingdom, where 
ECMO cases are consolidated [44]. Our study revealed 
that the risk-adjusted mortality of COVID-19 patients 
requiring IMV did not change in patients who were placed 
on a ventilator, even when critical care capacity increased. 
Therefore, we could not examine whether increasing criti-
cal care capacity improves mortality in newly diagnosed 
COVID-19 patients who require IMV because those 
who required critical care but were not ultimately venti-
lated were excluded from this analysis. Further studies 
are required to determine whether increased critical care 
capacity improves mortality in patients newly diagnosed 
with COVID-19 requiring critical care.

Fig. 2  Association between the incidence of ECMO and four indicators of critical care capacity. Association between the incidence of ECMO 
per 100,000 COVID-19 patients and four indicators of critical care capacity, including numbers of ICU beds, HDU beds, resource-rich ICU beds, 
and intensivists per 100,000 individuals. ECMO extracorporeal membrane oxygenation; COVID-19 coronavirus disease 2019; ICU intensive care unit; 
HDU high-dependency care unit
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This study has some limitations. First, the observational 
nature of this study precludes drawing causal inferences 
from the observed associations. From our study, it remains 
unknown whether increased critical care capacity improved 
access to appropriate care for critically ill COVID-19 
patients. While a randomized controlled trial would be nec-
essary to establish causal inference, conducting such a trial 
for the clinical question in this study is unfeasible. There-
fore, this study stands as valuable evidence. Second, it is 
unknown whether hospitals participating in the CRISIS 
database have registered all IMV cases in their hospitals, 
which may raise concerns regarding the coverage of ventila-
tor patients in this study. Third, vaccination for COVID-19 
significantly reduces progression to a critically ill condi-
tion [45], but it is unknown whether the newly diagnosed 
COVID-19 patients were vaccinated in this study. How-
ever, vaccination coverage did not seem to vary signifi-
cantly among prefectures in Japan [46]; therefore, this can 
be considered negligible. Fourth, the severity of COVID-19 
in newly diagnosed patients and the mortality rate among 
all COVID-19 patients in each prefecture were unmeas-
ured, potentially introducing bias into this study. Finally, 
our study focused on Japan, where the population is aging 

and > 20% of the COVID-19 patients requiring mechanical 
ventilation are aged > 75 years; therefore, the generalizability 
of our findings to other countries with different healthcare 
systems and resource allocations may be limited.

Conclusions
This study demonstrates that the number of ICU beds, 
resource-rich ICU beds, and intensivists per 100,000 
individuals are positively associated with the incidence of 
IMV among newly diagnosed COVID-19 patients. Fur-
ther studies are needed to validate the study’s findings and 
to investigate the impact of regional critical care capacity 
on critical care access and outcomes to prepare for emerg-
ing and re-emerging infectious disease pandemics.
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Fig. 3  Association between the risk-adjusted mortality and four indicators of critical care capacity. Association between the risk-adjusted mortality 
of COVID-19 patients with invasive mechanical ventilation and four indicators of critical care capacity, including numbers of ICU beds, HDU beds, 
resource-rich ICU beds, and intensivists per 100,000 individuals. Mortality was adjusted for 5-year age category, sex, body mass index category, 
and outbreaks of COVID-19. IMV invasive mechanical ventilation; COVID-19 coronavirus disease 2019; ICU intensive care unit; HDU high-dependency 
care unit
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