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INTRODUCTION. The increasing demand for medical and health services from the public has brought enormous pressure
to the health system, and the public health emergency will lead to an intensification of the supply-demand contradiction of
medical services.

OBJECTIVE. This study aimed to evaluate and explore the factors that might affect the efficiency of medical resource allo-
cation of hospitals in Shanghai, providing reference for the medical resource management of hospitals in the public health
emergency.

MATERIALS AND METHODS. Data were obtained from the hospitals in a certain area of Shanghai from April to May,
2022. Data envelopment analysis was used to evaluate technical efficiency, pure technical efficiency, and scale efficiency.
Tobit regression was applied to determine the independent factors affecting hospital efficiency.

RESULTS. A total of 214 decision-making units were included in this study. The median values of technical efficiency, pure
technical efficiency, and scale efficiency of hospitals were 0.579 (interquartile range [IQR], 0.347-0.767), 0.644 (IQR, 0.487-0.883),
and 0.938 (IQR, 0.905-0.953), respectively. Tobit regression analysis indicated that the higher bed-to-nurse ratio and bed capacity
(at least 2000) had a negative impact on technical efficiency.

DISCUSSION. Hospitals with higher bed-to-nurse ratios tended to exhibit lower efficiency, suggesting that excessive nurs-
ing workload may hinder effective service delivery during public health emergencies. Larger bed capacity, particularly
in hospitals exceeding 2000 beds, was also associated with poorer efficiency, indicating that overly large scales may limit
operational responsiveness.

CONCLUSIONS. Low technical efficiency is primarily attributable to poor pure technical efficiency, which can be improved
through better management and organizational practices. In addition, optimizing bed allocation and maintaining an appro-
priate nurse-to-bed ratio can enhance allocative efficiency in hospitals. Decision-makers should consider these findings
while allocating medical resources. Meanwhile, our study can also provide reference for optimizing the allocation of medical
resources in the public health emergency.
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VICCJIETOBAHUE TEXHUYECKOI 3®PEKTUBHOCTU PACIIPEIEJEHNA
MEIAVNIMNHCRNX PECYPCOB B BOJIBHNIAX B YCJIOBUAX
YPE3BBIYAVTHOV CUTYAIIIV B OBJIACTU OBIIECTBEHHOI'O
3JAPABOOXPAHEHWA

Yocan JIyay
Boenno-mopcroit mennmacknit yansepeutet, [lanxari, Kurarii

BBEJEHMUE Pactyinii cripoc HaceJIeHIA Ha MeAVIIIVHCKYE YCJIYTY IIOBBIIIaeT Harpy3Ky Ha CUCTEMY 3IPaBOOXPaHEHNA, 0CO-
OeHHO TPV BO3HMKHOBEHNN YPe3BbIYaiiHOl CUTYaIUN.

HEJIb. VI3yunTs 1 OIeHUTH (PaKTOPBI, BANAIOIINE Ha 3(p(PeKTUBHOCTE paclpeese s MeIVINHCKIX PeCcypcoB B OOJIbHMUITAX
IITanxas, ¢ nespio pa3paboTKy PeKOMeHIAMIA 10 YIIPaBJIEHNIO MEIVUIHCKIMIY PecypcaMll B YCJIOBUAX YPe3BbIUaiHbIX CUTY-
ALt

MATEPUAJIBI I METOJBL ITosnyuens! qausble u3 60JbHMIL 0FHOTO 13 paiionos [llanxas B mepuox ¢ anpess mo maii 2022
rozga. Iy OlleHKM TeXHUYECKOoi 9(pheKTUBHOCTH, YICTOI TeXHM4IecKoil adppekTUBHOCTY 1 MaciuTabHoil 9dpdeKTBHOCTH 1C-
II0JIb30BAJICA aHau3 obostouky gauueix (DEA). [lna onpenesieHns He3aBUCUMBIX (PaKTOPOB, BAMAOINX Ha 3(P(EKTUBHOCTD
paboTe! 6osbHMIL, OBLI IPUMEHEeH perpecCUoHHbIN aHamm3 Tobura.

PE3YJIBTATBI. B nccienoBarne BrrodeHo 214 enuaniy npuaaTuda perternii (DMU). MennaHHbIe 3HaYeHNUA TEXHUYECKOIL
3(pPEKTUBHOCTH, YNMCTON TEXHMUIECKON 3(PPERTUBHOCTY ¥ MacIITabHOM 3dpperTrBHOCTM OostbHMIL cocTaBuim 0,579 (MHTEepK-
BapTUIbHEI pa3max [IQR], 0,347-0,767), 0,644 (IQR, 0,487—-0,883) 1 0,938 (IQR, 0,905—-0,953) coorBeTcTBeHHO. Perpeccrnon-
HbI aHama Tobura mokasas, 4To 60JIee BLICOKOE COOTHOIIIEHE KOEK K MeJUIITHCKOMY IIePCOHAJY U KOJIMIeCcTBO Koek (>2000)
OTPUIIATEBHO BIAMAIOT Ha TEXHNYECKYIO 9(P(PeKTUBHOCTD.

OBCYMRIEHMUE. Bricokoe COOTHOIIIEHNE YMCJa KOEK K MeIVIMHCKOMY IIEPCOHAJIy CBF3aHO C IIOBBIIIEHHOJ HArpy3KOil Ha
MezcecTep, YTO CHUIKAET OIIEPALVIOHHYIO 3(P(PEKTUBHOCTb OOJILHNIL B YCJIOBMAX YPE3BbIYAMHBIX CUTyaluii B obsacTy obie-
CTBEHHOI'0 3[paBoOXpaHeHuA. Pazmep O0JIBLHMIIBI, 0COOEHHO eCJi KOJIMYecTBO Koek IpeBblimaeT 2000, TakyKe IPUBOANT K CHU-
SKEeHUI0 9(P(PEKTUBHOCTH, UTO O0'BbACHAETCS OTPaHNYEHEM I'MOKOCTY YIIPABIEHYECKX BO3MOYKHOCTEN OOJBbHUITHL.
SARJIOYEHMNE. Husknit ypoBeHb TEXHUYIECKOI 3(P(PEKTUBHOCTY B OCHOBHOM ABJIAETCA PE3yJIbTaTOM HEYIOBJIETBOPUTEb-
HBIX IIOKa3aTeJell YMCTOl TEXHNIECKO d(P(PeKTUBHOCTH, YTO MOKHO YJIYUIINTD 33 CUET ONTMMMU3AIMK yIPaBJIeHUS U Oopra-
Husanumn. OP@PEeKTUBHOCTD paclpeiesIeHNs pecypcoB B DOIBHNIIAX MOKET ObITh IIOBBIIIIEHA ITyTEeM OITUMM3alY KOJIMIEeCTBa
KOEK VI COOTBETCTBYIOIIIETO COOTHOIIIEHN KOEK K MEIMUIVMHCKOMY IIepcoHay. Pe3yJsbTaTe! nccaeioBaHNA CllefyeT YIUThIBATh
JMIAM, IPMHMMAIOMMM pelleHNs, IpY pacupeeseHny MeAUIMHCKUX pecypcoB. Kpome Toro, faHHOE JCCJIe0BaHMEe MOYKET
CJLYKUTBH OPMEHTUPOM AJIA ONTUMM3alN paclpelesieHNsa MeJUIIMHCKIX PeCypCoB B YCJIOBUAX YPEe3BBbIHYANHBIX CUTyalUNii B
o6J1acTy O0IIeCTBEHHOTO 3APaBOOXPAHEHN .

KJIIOYEBBIE CJIOBA: mopckasa MeIuiinHa, Ype3BblUaliHasd CUTyalnusa B 06J1acTy 00111eCTBEHHOTO 34PaBOOXPaHeHN, 9¢h-
(PeKTUBHOCTE paclIpeneseHys, aHaan3 000JI0YKY JaHHbBIX, perpeccusa Tobura

Introduction. Since the reform and opening up,
China’s economic development has achieved uni-
versally recognized achievements, and the enor-
mous economic achievements have significantly
increased the total amount of China’s health re-
sources. However, there is also a contradiction be-
tween the growing health demand of the people
and the insufficient supply of health resources,
which would be intensified by the public health
emergency. Reasonably allocating limited medi-
cal and health resources has become a huge chal-
lenge for hospital management, which has made
determining the reasonable allocation of medical
resource an important issue and highlights the
necessity to evaluate the performance and effi-
ciency hospital resource utilization.

Data Envelopment Analysis (DEA), anon-para-
metric linear programming method, has been
widely used to assess hospital efficiency accord-

ing to input and output indicators [1, 2]. With this
method, the efficient production frontier is calcu-
lated by constructing a linear programming mod-
el based on the actual inputs and outputs of deci-
sion-making units (DMU). Only DMU located on
the frontier are considered to be effective. With
the method of DEA, we conducted this study to
evaluate the efficiency of hospitals in the public
health emergency and to explore its influencing
factors, providing reference for emergency man-
agement of medical resource.

Materials and methods

Data sources

The data was obtained from hospitals one
district in a certain area of Shanghai from April
2022 to May 2022. Data included the number
of medical workers, bed capacity, number of
hospitalized patients, type of hospital, doctor-
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to-nurse ratio, and bed-to-nurse ratio. Personal
identification information was not collected,
conforming to the principles of the Declaration of
Helsinki revised in 2013 [3].

Data Envelopment Analysis

Data Envelopment Analysis (DEA) is a non-
parametric mathematical method widely used in
various fields to calculate efficiency [4]. The most
classic DEA models are the CCR model, a constant
returns to scale (CRS) model proposed by Charnes
in 1978 [4], and the BCC model, a variable returns
to scale (VRS) model proposed by Banker in 1984
[5]. The BCC model was selected to evaluate the
technical efficiency (TE) of the hospital. TE can be
decomposed into pure technical efficiency (PTE)
and scale efficiency (SE) as follows: TE = PTE X
SE. PTE represents the level of management and
organization, and SE indicates the ability to choose
an optimal scale size [6, 7] The efficiency value
ranges from 0 to 1, with higher scores indicating
greater efficiency. An input-oriented DEA model
was adopted in the analysis. In this study, one day
at each hospital was regarded as a unit of analysis.
For example, X hospital provided medical service
for ten days, meaning that ten DM Us were involved
in the analysis. In this study, there were 214 DMUs,
representing the operation of the selected hospitals.

Selection of study variables

Two input variables and one output variable
were selected based on data availability, and
previous studies have focused on hospital

efficiency [2, 8, 9]. As input variables, the number
of medical workers and open beds was chosen
for efficiency evaluation. In terms of the output
variables, the number of hospitalized patients
was selected to measure the production of health
services provided by the hospitals (Table 1).

Several factors that might affect the efficiency
score, such as the stage, the type of hospital,
number of open beds, doctor-to-nurse ratio,
and bed-to-nurse ratio, were assessed by Tobit
regression analysis (Table 1).

Data analysis

Continuous variables not normally distributed
are presented as median (IQR), and categorical
variables as frequency (%). DEA was used to cal-
culate the TE, PTE, and SE. The non-paramet-
ric Kruskal-Wallis test was used to explore the
group differences because of the skewed dis-
tribution of the efficiency scores. As efficiency
scores were censored variables ranging from 0 to
1, Tobit regression was applied to determine the
independent factors affecting the TE, PTE, and
SE of hospitals [10, 11]. The results of the Tobit
regression were reported as estimates and 95%
confidence interval (CI). The following variables
were assessed by Tobit regression: the stage,
hospital type (non-tertiary or tertiary hospital),
bed capacity (< 2000 or > 2000), doctor-to-nurse
ratio, and bed-to-nurse ratio. Z-score method
was applied to normalize the doctor-to-nurse
and bed-to-nurse ratios to improve data compa-
rability [12].

Table 1

Definitions of variables included in the analysis

Tabamnma 1

Onpeuenem/m MNEepPpEeMEHHBIX, BRIIOYCHHBIX B aHaJIN3

Variables

Explanation

Input variables

Medical workers

Number of doctors and nurses per day in each hospital

Beds

Number of open beds per day in each hospital

Output variables

Hospitalized patients

Number of patients per day receiving treatment in each hospital

Control variables

Stage Rising stage and descending stage
Source Non-tertiary hospital and tertiary hospital
Bed capacity Number of open beds (< 2000 and > 2000)

Doctor-to-nurse ratio

Doctor-to-nurse ratio of each hospital

Bed-to-nurse ratio

Bed-to-nurse ratio of each hospital
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All statistical analyses were performed using
STATA version 16.0 (StataCorp, College Station,
TX, USA) and the DEAP analysis software
(version 2.1). Statistical significance was set at
p < 0.05 on two-tailed testing.

Results

Descriptive statistics of the input, output,
and control variables

In total, 214 DMUs were included in this study
(Table 2). These DMUs deployed a median of 144
(IQR, 57-189) medical workers and a median of
1140 (IQR, 350-1700) bed capacity, which pro-
duced a median of 537.5 (IQR, 204-1012) hospi-
talized patients. The median doctor-to-nurse and
bed-to-nurse ratios were 0.24 (IQR, 0.24-0.43)
and 10.17 (IQR, 8.75-13.60), respectively. The
majority of DMUs were in the descending stage,
and approximately 26% were in the rising stage.
According to the bed capacity of the hospitals,
177 DMUs (82.71%) were classified as hospitals
with < 2000 beds, and 37 DMUs (17.29%) were

classified as hospitals with > 2000 beds. There
were 130 DMUs (60.75%) belonging to non-ter-
tiary hospitals, and 84 (39.25%) DMUs belonging
to tertiary hospitals.

Efficiency scores

As shown in Table 3, the median TE, PTE,
and SE of these hospitals were 0579 (IQR,
0.347-0.767), 0.644 (IQR, 0.487-0.883), and 0.938
(IQR, 0.905-0.953), respectively. These results
indicated that the low level of PTE contributed
to the low TE score, which could be improved
through better management and organization.
Compared with the descending stage, the medi-
an TE in the rising stage was significantly high-
er, reaching 0.820 (IQR, 0.702-0.887). This trend
was also observed for PTE, which was 0.895 (IQR,
0.777-0.984) and 0.552 (IQR, 0.392-0.756), respec-
tively. The median TE of hospitals managed by
medical assistance teams from non-tertiary and
tertiary hospitals was 0.595 (IQR, 0.315-0.765) and
0.552 (IQR, 0.387-0.744), respectively. Regard-
ing bed capacity, all efficiency scores of hospitals

Table 2
Descriptive statistics of the inputs, outputs, and control variables
Tabauia 2
OHI/IcaTeJILHaH CTAaTUCTMKA BXOJAHBIX, BBIXOJAHBIX I KOHTPOJBbHbBIX INIEPEMEHHBIX
Input variables Output variables
N q . . .
(%) L) Bed capacity Hospl.tahzed D-N ratio B-N ratio
workers patients
Stage
.. 55 144 1140 0.24 12.59
Rising stage (25.70%) (57, 189) (350,1705) | STT 92 LB 1 04 054y | (875, 17.35)
Descending 159 144 1140 408 0.24 10.17
stage (74.30%) (57, 256) (350, 1700) (167, 850) (0.19,0.43) | (8.68,13.60)
Source
Non-tertiary 130 680 0.43 (0.24, 10.17
hospital (60.75%) 62 (57, 144) (350,1180) | 2840 (147, 614) 0.54) (8.75, 17.35)
Tertiary 84 256 1700 892.5 0.19 (0.19, 8.68
hospital (39.25%) (161, 256) (1140, 1705) | (620.5, 1339.5) 0.24) (5.53, 12.59)
Bed capacity
<2000 177 144 1140 430 0.24 10.17
(82.71%) (57,161) (350, 1180) (176, 865) (0.24, 0.42) (8.75,12.63)
> 2000 37 363 2718 1121 0.16 (0.16, 8.68
g (17.29%) (189, 363) (2134, 2718) (403, 1567) 0.54) (8.68, 17.35)
214 537.5 0.24 10.17
Total (100%) 144 (57,189) | 1140(350, 1700) | 904 '1012) | (0.24,043) | (8.75, 13.60)

Abbreviations: D-N ratio, doctor-to-nurse ratio; B-N ratio, bed-to-nurse ratio
Coxpawenus: cooTHolIeHNe Bpaueil u Mencectep (D-N); coorHoIIeHne Koiiko-MecT 1 Mezncecrtep (B-N)
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Table 3

Summary of the efficiency scores according to the stage, source, and bed capacity

Tabsmra 3

CeojHbI€E JaHHBIE 10 MIOKA3aTe M 3(p(peKTMBHOCTI B 3aBUCHMOCTH OT CTAIVN, UCTOYHIKA I
BMECTUMOCTI KOEK

TE p value PTE p value SE p value
Stage <0.001 <0.001 0.737
Ricing stase 0.820 0.895 0.937
gstag (0.702, 0.887) (0.777, 0.984) (0.933, 0.946)
Descending stase 0.497 0.552 0.939
gstag (0.267, 0.636) (0.392, 0.756) (0.901, 0.956)
Source 0.652 0.004 0.345
. . 0.595 0.738 0.940
Non-tertiary hospital (0.315, 0.765) (0.491, 0.929) (0.799, 0.970)
Tertiary hosoital 0.552 0.587 0.938
¥y hosp (0.387, 0.744) (0.412, 0.796) (0.934, 0.943)
Bed capacity 0.002 <0.001 0.010
<2000 0.598 0.694 0.940
(0.381, 0.775) (0.491, 0.895) (0.933, 0.956)
< 2000 0417 0.456 0.922
(0.139, 0.607) (0.145, 0.681) (0.901, 0.937)
0579 0.644 0.938
Total
(0.347, 0.767) (0.487, 0.883) (0.905, 0.953)

Abbreviations: TE, technical efficiency; PTE, pure technical efficiency; SE, scale efficiency
Coxpawenusa: TE — Texamyeckas sdpderruBHOCcTh; PTE — uncras Texnudeckasa sdpperkTuBHOCTL; SE — ndpperTnBHOCTD

macirraba

with < 2000 beds were significantly higher than
those with > 2000 beds.

Tobit regression analysis

The efficiency scores were significantly af-
fected by the stage in the Tobit regression anal-
ysis. Compared with the rising stage, descending
stage was associated with significantly lower TE
(-0.317, 95% CI: -0.387, -0.247; p < 0.001) (Figure
1), PTE (-0.295, 95% CI: -0.365, -0.225; p < 0.001)
(Figure 2), and SE (-0.106, 95% CI: -0.170, -0.041,
p = 0.002) (Figure 3). Regarding the hospital
type, tertiary hospitals (0.195, 95%: 0.112, 0.279;
p < 0.001) strengthened PTE remarkably but
had no impact on TE (0.044, 95% CI: -0.039, 0.127;
p = 0.299) and SE (-0.051, 95% CI: -0.128, 0.026;
p = 0.190). Compared with hospitals with < 2000
bed capacity, those with > 2000 weakened TE
(-0.149, 95%: -0.230, -0.068; p < 0.001) and PTE
(-0.352, 95% CI: -0.435, -0.269; p < 0.001). D-N
ratio did not affect TE (0.039, 95% CI: -0.006,
0.084; p = 0.092) but was significantly associat-
ed with higher PTE (0.134, 95% CI: 0.088, 0.180;

24

p < 0.001) and lower SE (-0.050, 95% CI: -0.092,
-0.008; p = 0.020). Moreover, the B-N ratio had
a negative impact on TE (-0.047, 95% CI: -0.084,
-0.008; p = 0.017) and SE (-0.078, 95% CI: -0.113,
-0.043; p < 0.001), and a positive impact on PTE
(0.148, 95% CI: 0.093, 0.202; p < 0.001).

Discussion. One challenge in fighting against
the public health emergencies is rationally allo-
cating limited medical resources to improve the
efficiency. DEA-Tobit analysis was conducted
to evaluate the efficiency of hospitals the public
health emergency. We found that a low level of
PTE led to poor TE, significantly affected by the
bed-to-nurse ratio, bed capacity, and stage.

The bed-to-nurse ratio, widely applied to mea-
sure nursing workload, is a crucial determinant
of efficiency. A previous study showed that the
bed-to-nurse ratio was positively associated with
the TE of county hospitals [13], while another
study indicated that efficient units were associ-
ated with a lower bed-to-nurse ratio in intensive
care units [14]. A higher bed-to-nurse ratio, indi-
cating a high-intensity nursing workload, might
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Fig. 1. Factors affecting the technical efficiency of hospitals
Puc. 1. @akTOpbI, BAUAIOIINE HA TEXHUYECKYIO dP(PEKTUBHOCTD OOJIBHUI]

Fig. 2. Factors affecting the pure technical efficiency of hospitals
Puc. 2. DaxTopsl, BAMAIOIIME HA Y/CTO TEXHNYIECKYIO 3P(PEeKTUBHOCTE OOIBHNLL

lead to physical and mental fatigue, which is an
independent risk factor for efficient nursing
practice [15, 16]. Therefore, an optimized nursing
workforce allocation should be developed to im-
prove the efficiency of hospitals.

The bed capacity is another important factor
that affects efficiency. A previous study showed
that maternal and child health hospitals with at
least 200 beds positively affected efficiency [17].
However, another study demonstrated that effi-

ciency scores declined as bed capacity was more
than 618 in county hospitals [13]. These contra-
dictions indicated that the hospitals’ SE might
be reciprocal U-shaped, which means that the
efficiency declined as bed capacity was beyond
the optimum scale [18]. Small hospital scale was
unfavourable to the full release of its potential,
while it was difficult for huge hospitals to manage
efficiently. This study also showed that hospitals
with more than 2000 beds displayed poorer effi-

25



Marine medicine

Vol. 11 No. 4/2025

Fig. 3. Factors affecting the scale efficiency of hospitals
Puc. 3. PakTopsl, BAUAONME HA MACIITA0HYIO D9PPEKTUBHOCTE OOJIBEHNIL

ciency than their smaller counterparts. However,
we did not define the optimal size of hospitals in
our study. Further research should be conducted
to determine the optimized bed capacity of hospi-
tals to improve medical resource utilization.

Tobit regression analysis showed that the stage
of the public health emergency was significantly
associated with efficiency. Compared to the ris-
ing stage, hospitals were less efficient during the
declining stage. This could be partly explained
by the declining number of newly infected cases,
which made the original medical resources rela-
tively redundant, while it might also be related
to the fact that the long-lasting, high-intensity
work exhausted the medical staff. Similar results
also existed in a previous study that evaluated
the efficiency of medical rapid response teams
after the 2010 Yushu earthquake [19]. To im-
prove utilization efficiency, it was advised to ad-
just the allocation of medical resources dynami-
cally according to the process of the public health
emergency.

The hospital type had no significant impact
on TE and SE in our study. However, the tertia-
ry hospitals strengthened the PTE significantly
compared with non-tertiary hospitals. The ter-
tiary hospitals had no significant technical ad-
vantages over non-tertiary hospitals, and the

26

hospital type was not the determinant of TE in
hospitals.

This study applied DEA and Tobit regression
to comprehensively evaluate hospitals’ efficiency
in the public health emergency and determine its
influencing factors. However, this study has some
limitations. First, the hospitals included in this
study were located in specific regions in Shang-
hai. It suggests caution in applying these results in
other regions, and future studies including hospi-
tals from multiple regions should be conducted to
verify our findings. Second, owing to limited data
availability, a limited number of variables were in-
cluded in the analysis to evaluate efficiency, which
cannot comprehensively reflect hospital activity.
Further research incorporating more significant
information is preferable for in-depth analysis.

Conclusions. It is crucial to assess hospital effi-
ciency and optimize medical resource allocation in
the public health emergency, which is beneficial
for alleviating pressure on healthcare systems. In
our study, the TE of hospitals can be attributed
to poor PTE, which highlights the pressing need
for better management and organization. The ef-
ficiency of hospitals was significantly affected by
bed capacity, bed-to-nurse ratio, and emergen-
cy stage, which decision-makers should consider
while allocating medical resources.
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