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While hospitals’ primary emphasis during the COVID-19 pandemic has been on ensuring sufficient health-related resource capacity (e.g., ICU beds, ventilators) to serve admitted patients, the impacts of the pandemic on the financial viability of hospitals has also become a critical concern. Data from the period March 2020-Janaury 2021 suggest that the halt to elective and non-emergency inpatient procedures, combined with a reduction in emergency room procedures, led to losses equal to 6.5% of revenue from inpatient procedures, or about $825 million. This study finds that societal measures to reduce the community transmission rates have a larger impact on available healthcare capacity and hospital financial losses than hospital-level decisions. This study illustrates the tradeoffs between hospital capacity, quality of care, and financial risk faced by health care facilities throughout the U.S. as a result of COVID-19, providing potential insights for many hospitals seeking to navigate these uncertain scenarios through adaptive decision-making.

Introduction
Hospitals represent a critical line of defense for reducing the impacts of COVID-19, which has killed more than 900,000 Americans as of October 2nd, 2021 (CDC, 2021). While the primary emphasis has been on ensuring sufficient health-related resource capacity (e.g., ICU beds, ventilators) to manage new cases, the impacts of the pandemic on the financial viability of hospitals and other primary care facilities present significant challenges that have received less attention.  
As the number of COVID-19 cases surged in the spring of 2020, hospitals made operational decisions with the intent of ensuring enough available capacity to accommodate a potentially rapid influx of COVID-19 patients. One common approach to doing this was reducing or eliminating elective and/or non-essential procedures, including many orthopedic procedures, all plastic surgeries, some vascular surgeries, and others (American College of Surgeons, 2020). The North Carolina Department of Health and Human Services (NCDHHS), for example, decided to cancel or postpone all such procedures in North Carolina hospitals from March 20th – May 1st, 2020 (Cohen, 2020).  
In many parts of the U.S., including North Carolina, however, mask mandates, stay-at-home orders, and other social distancing measures enacted in spring 2020 reduced COVID-19 hospitalizations below worst-case projections.  As a result, the surge of COVID patients was less than expected and this, combined with the postponement of elective procedures, led to large quantities of unused hospital capacity which in turn created substantial financial shortfalls. By April 2020, the North Carolina Hospital Association estimated that the state’s hospitals were losing over $1 billion per month (NCHA, 2020) due to reduced revenues, largely attributed to the elimination of elective surgeries. Although North Carolina hospitals and hospital systems later received $720 million in one-time payments through the CARES Act (CDC, 2020) many systems struggled to recover financially, causing staff layoffs (Hardin and Basden, 2020) and credit rating downgrades (Moody’s, 2020) for health care providers across both North Carolina and the nation (BLS, 2020).  The American Hospital Association estimates the aggregate pandemic-related financial losses for hospitals and health systems was $320 billion in 2020, with two thirds of those losses coming in the four-month period from March to June 2020 when concerns over the availability of hospital resources to meet the needs of COVID-19 patients were most acute (AHA, 2020).  This research is intended to assist hospitals to better understand the tradeoffs associated with the decisions they made in the spring of 2020, as well as the potential advantages of formulating more carefully calibrated health care capacity management policies that protect public health in a manner that is also financially sustainable.
Hospitals have a number of options available to help them manage critical care resources. Many ICU admissions are variable and largely beyond the control of the hospital (e.g., trauma, myocardial infarction, sepsis, etc.), but elective and non-emergency surgeries that require post-op admission to the ICU can be cancelled or rescheduled to exercise some level of control over ICU patient inflow (Kolker, 2008).  Any decision related to managing and/or reducing patient flows gives rise to concerns over potential negative health impacts, including reduced quality of care (Asplin et al., 2006), but there are often financial tradeoffs as well (AHA, 2020). In this investigation, we use a patient-level dataset from the University of North Carolina hospital system to quantify how variations in the overall rate and composition of inpatient admissions impact hospital revenues and available ICU capacity. The size of the revenue shortfall experienced by a hospital depends on the types of patients affected and how their procedures are billed. Although the billing process for individual hospitals can be complex and opaque (Reinhardt, 2006), the Medicare Severity Diagnosis Related Group (MS-DRG) system, introduced in 1983 (Iglehart, 1983), provides patient-specific weights that can be used as a proxy for the revenue generated from each individual admission. Weighted-average MS-DRG metrics are used to determine a hospital’s case mix index (CMI), designed as a basis for calculating hospital payments. Here, we compare the sum of all patient MS-DRG weights admitted from March 2020 – February 2021 to a baseline from 2018-2019 to estimate hospital revenue reductions attributable to the COVID-19 pandemic.  Inpatient admissions also have a variable impact on hospital resource utilization, particularly with respect to ICU capacity.
After an analysis of the observed trends in hospital admissions from March 2020 – February 2021, this investigation extends the results with a scenario-based simulation of COVID-19 community transmission and hospital resource utilization, covering the period February - June 2021. In this stage, resource utilization by admitted patients (including ICU capacity) is simulated with a probabilistic model based on patient flow data for hospitalized COVID-19 patients. While most COVID-19 admissions never require hospital ICU capacity, the most severe cases are admitted to the ICU for significant periods of time. Properly accounting for this small, but resource-intensive, group is necessary for hospitals to accurately assess how their available ICU capacity can best be managed over the course of a large-scale infectious disease outbreak. As growing COVID-19 admissions reduce the available ICU capacity within a hospital system, decisions by administrators to cancel non-essential procedures are simulated in terms of their ability to make available additional ICU capacity, while also tracking the impacts of these decisions on hospital revenues. Conditions and decisions are simulated under two community transmission scenarios, distinguished by changes in the effective reproductive rate (Re) of COVID-19.  While results are generated using data from a particular hospital system, the insights developed here should be useful to many hospitals throughout the U.S. seeking to navigate the tradeoffs between hospital capacity, quality of care, and financial risk.
Methods
This study uses data from nine hospitals in the Research Triangle region of North Carolina (the ‘Triangle’) (Table 1) to evaluate changes in hospital resource utilization and revenue during the COVID-19 pandemic. Daily data detailing individual admissions (both from scheduled procedures and emergency department admissions), patient MS-DRG classifications, and resource utilization/duration is available from a subset of these hospitals, all of which are part of the University of North Carolina (‘UNC’) system. Following the logic developed in Wang et al. (2020), we classify COVID-19 patient oxygen usage into five categories of devices – room air, low-flow O2, high-flow O2, CPAP/BiPAP machines, and mechanical ventilation, and track any changes over each day of their hospital stay. The probability of a patient utilizing a particular resource, conditional on time elapsed since the patient was admitted, can be calculated by grouping COVID-19 patients into chronological, 200-person cohorts, (Figure 1). From Figure 1, it is apparent that most COVID-19 admissions are short-term (<14 days) with minimal resource requirements (room air and/or low-flow O2), but a significant portion of patients who require ICU care (CPAP/BiPAP or mechanical ventilation) are hospitalized for much longer periods (>21 days).
To estimate changes in hospital revenue during the pandemic, we compare admission rates during the period March 2020 – February 2021 with a baseline from 2018-19, adjusted using patient MS-DRG classifications from a comprehensive dataset of inpatients in the UNC hospital system. The patient’s MS-DRG code is used to weight each inpatient admission with a score designed for Medicare reimbursement, based on procedure complexity and the patient’s medical history. Although many other factors impact hospital billing (Gottlober et al., 2001), inpatient MS-DRG weights serve as a simple proxy for hospital gross revenues (Mendez et al., 2014).
	Using the patient flow and revenue data observed in UNC hospitals during the period March 2020 – February 2021 as a baseline, this study then extends the analysis through June 2021 via simulation to explore the impacts of two different potential scenarios of COVID-19 community transmission.  The simulation model consists of three parts, (i) a mathematical epidemiological model used to simulate infection spread of new COVID-19 cases in the community and how these relate to admissions in nine hospitals in the Research Triangle region of North Carolina, (ii) a probabilistic patient-flow model that dynamically links COVID-19 admissions with utilization of scarce hospital resources, including supplemental oxygen and ICU beds, and (iii) a statistical model that estimates hospital revenues based on changes to the MS-DRG-weighted composition (Gottlober et al., 2001) of hospital inpatient admissions. The coupled model components address tradeoffs between capacity utilization and revenue losses faced by hospitals during a pandemic. Simulations build on previous efforts to track hospital ICU capacity over time through process simulation (Alban et al., 2020) by accounting for the impact of changing admissions patterns observed during the COVID-19 pandemic period (March 2020 – February 2021).
 Community Transmission Model 
Changes to the effective reproductive rate (Re) of COVID-19 in the Triangle represent changes in community transmission and are estimated using a compartmental model to describe the epidemiological transmission dynamics within the study region. The model has four (4) compartments, (i) the susceptible population, those who remain vulnerable to infection, (ii) the exposed population, those who have been exposed to the infection but are not yet infectious, (iii) the infectious population, those who are transmitting the virus, and (iv) the hospitalized population, those who are infected and have been admitted to the hospital (Figure 2).  In this work we use a data assimilation method to calibrate our model to the local outbreak dynamics of the Triangle hospital system using observed data on total system hospitalizations from June 2020 – February 2021.  The calibrated model is capable of making estimations of daily COVID-19 hospital admissions in the region based on simulated changes to Re. For further details on the community spread model-inference hospital projection systems, see the Supplemental Appendix A.
Probabilistic COVID-19 Patient Flow
Patient flow data from the UNC hospital systems from March 2020 – February 2021 can be used to develop resource utilization probabilities as a function of time since admission. As the number of days since a patient was admitted grows, the resource utilization probabilities approach zero as patients are either discharged from the hospital or pass away. Any patients requiring CPAP/BiPAP or a ventilator are classified as utilizing an ICU bed (Figure 1). For further details on patient flow probabilities, see Supplemental Appendix B. The expected population of COVID-19 patients in the ICU at any particular time can be estimated from previous COVID-19 inpatient admissions such that:
								(1)
where ICUCOV = population of COVID-19 patients in the ICU on day t; H = COVID-19 inpatient admissions on day d; and picu = probability that an individual COVID-19 patient is utilizing CPAP/BiPAP, or ventilator resources t-d days after they are admitted to the hospital.
Non-COVID-19 Patient Response to COVID-19 admissions
During the COVID-19 pandemic, hospital ICU resources are utilized by both COVID-19 and non-COVID-19 patients, either for scheduled procedures or via patients admitted by the emergency department (Figure 3). Figure 4 shows observations of non-COVID-19 inpatient admissions in panel 1, COVID-19 ICU patients (estimated and observed) and available ICU beds in panel 2, and estimated hospital revenue losses in panel 3 across all nine Research Triangle hospitals. Detailed inpatient admission data is only available for the three Research Triangle hospitals that are a part of the UNC hospital system, and we assume that the same patterns were observed in all nine Research Triangle hospitals. Reductions in the ICU capacity used by non-COVID-19 patients can be observed after the suspension of elective and non-emergency procedures from March 20th – May 1st 2020 (shaded area in Figure 4), and again starting in October 2020 as non-COVID-19 admissions decline in response to rising regional COVID-19 case rates and hospitalizations. Non-COVID-19 ICU utilization is linked to non-COVID-19 hospital admissions by grouping admissions into 26 major diagnostic categories (MDC), the parent groups for MS-DRG codes.  The impact of changes to non-COVID-19 hospital admissions on hospital ICU populations (excluding COVID-19 patients) is estimated using a linear regression, such that:
						(2)
where ADMIT = total daily admissions of patient MDC group (admissions/day); ICU = total ICU population at timestep t (patients); mdc = MDC group (1-26); and C = regression constant
Values for ka,m and C are estimated using daily non-COVID-19 admissions to the UNC hospital system (subset of the 9-hospital Research Triangle hospital system) and ICU population data from those hospitals, obtained from the NC DHHS, during the period March 1st, 2020 – February 1st, 2021.
To simulate the impact of hospital decisions on admission rates, we calibrate a series of logistic functions to observed admission rates. Changes to daily admission rates can be observed (Figure 4) in response to (a) the cancellation of elective and non-essential procedures on March 16th, 2020, (b) restarting elective and non-essential procedures on May 1st, 2020, and (c) increases in COVID-19 hospitalizations from a regional low point on October 1st, 2020. These changes are gradual and reflect the fact that demand for hospital services takes time to decline from, and return to, normal levels. For each period (March 16th – May 1st, May 1st – October 1st, and October 1st – February 1st), a logistic function is fitted for admissions in each MDC group, such that:
				(3)
where ADMIT = total daily admissions of patient group mdc on day t of period p (admissions/day); p = period number (1, 2, 3); ADMITo = daily admissions at the beginning of period p; ADMIT** = daily admissions at the end of period p; k = logistic parameter to determine how quickly patient admissions decline from ADMITo  to ADMIT**  (-); and z = logistic parameter to determine the number of days after the start of period p until half the reduction in patient admissions have occurred.
These statistical relationships allow the coupled model to simulate inpatient responses to direct hospital decisions (e.g., cancelling procedures) and may also reflect individuals’ general concerns over seeking medical care in a hospital with increasing numbers of COVID-19 patients.  These combined factors lead to lower admissions which are then linked to financial (inpatient MS-DRG composition) and physical (ICU population) hospital metrics to allow the coupled model to evaluate tradeoffs between hospital capacity and financial risks, tradeoffs then examined under two different community transmission scenarios.
Results
The cancellation of elective and non-emergency procedures reduced hospital gross inpatient revenues by an estimated 25% during the roughly six-week period from March 20th – May 1st, 2020. Total revenue shortfalls during the entire pandemic period (March 2020 – February 2021) were equal to 5.2% of 2018-2019 inpatient revenues (Figure 4), caused by reduced inpatient admissions from both scheduled procedures and emergency department admissions.  In 2019 (pre-pandemic), the nine Raleigh-Durham hospitals (Table 1) generated $25 billion in gross revenues (AHD, 2020), with $12.75 billion (51%) of that total coming from inpatient procedures (AHA, 2019). We estimate that pandemic-related disruptions to inpatient services cost Triangle hospitals over $660 million (5.2% of $12.75 billion in gross inpatient revenues) in gross revenues shortfalls from March 1st, 2020 through February 1st, 2021.
During January 2021, the Triangle region observed a decline in the effective reproduction rate (Re) from approximately 1.5 (increasing infected population) to below 1.0 (decreasing infected population), such that the new COVID-19 admissions rate declined before regional ICU capacity was overwhelmed. If measures to reduce Re within the community (e.g. mask mandates, social distancing) had not been successful, hospitals may have been forced to once again cancel elective and non-essential procedures to ensure ICU capacity for COVID-19 patients. Here, we develop two alternative transmission scenarios that measure the potential impact on hospital revenues of forestalling the implementation of more restrictive social measures for one month. The first scenario is a low transmission scenario, where Re falls below 1.0 in January. The second, high transmission scenario, simulates conditions in which measures (e.g., mask mandates, social distancing) taken within the community to reduce Re in January were delayed by one month until February, leading to a Re that remained at 1.5 through the month of January, and then fell below 1.0 during the month of February. After February, the Re in both scenarios has a mean of 0.9 through May 2021 (Figure 2).  
In the low transmission scenario, declining COVID-19 admissions allow regional ICU populations to decline before ICU capacity is overwhelmed, thereby avoiding the need for the Triangle hospital system to cancel elective procedures over the simulated period (February – June 2021). In the high transmission scenario, this decline is delayed by the failure to institute tighter social measures, and, in the absence of any action by the hospital (i.e. cancellation of elective and non-emergency procedures), the ICU populations end up exceeding ICU capacity in early February (Figure 5). The exceedance of ICU capacity can be avoided by cancelling elective and non-emergency procedures once available system ICU capacity falls below 5% of capacity (30 beds) in early February. And, while the cancellation of these procedures avoids overloading ICU capacity, it has a significant financial impact, reducing revenues during the simulated period (February 1 2021 – May 31st 2021) by nearly 15% ($390 million). The additional losses estimated during the simulated period are lower than those estimated from the observed data (March 16th 2020 – February 1st, 2021) because higher levels of COVID-19 admissions were able to mitigate some of the revenue losses inflicted by canceled elective and non-essential procedures. The $390 million in revenue losses represents a tradeoff between generating revenue from elective procedures and maintaining adequate ICU capacity that would have been faced by hospital administrators if social measures had failed to slow COVID-19 transmission in the Research Triangle community during January 2021.     
Discussion
Inpatient admissions data shows that the cancellation of elective and non-essential procedures during the period March 16th – May 1st also resulted in reduced admissions from the emergency department, a group of patients not directly impacted by the policy. In addition, lower demand for scheduled procedures and emergency department admissions continued after restrictions were lifted, resulting in revenue losses that continued through July 2020. The $660 million in estimated lost revenues represents a financial risk for hospital administrators if social measures cannot control community transmission during future infectious disease outbreaks. The difference between the simulated low- and high- transmission scenarios illustrates the potential impact of social measures to control community transmission (e.g., mask wearing, social distancing, business closures) in both financial and health related terms. In the low transmission scenario, the spread of new infections within the community is effectively controlled before regional ICU capacity is overwhelmed. In the high transmission scenario infections are allowed to spread for an additional month, and the hospitals are forced to cancel elective procedures or exceed their ability to provide quality care to patients requiring ICU services, with the decision to cancel procedures resulting in lost revenue of $390 million. The impact of reduced community transmission over this short, one-month period suggests that identifying thresholds to implement social measures to reduce transmission could significantly reduce revenue losses for hospitals while avoiding an exceedance of ICU capacity.  While this general result is not surprising, the magnitude of the potential losses is significant and has not been previously estimated. It should be noted, however, that this analysis did not estimate the broader societal losses stemming from the reduced economic activity associated with many societal measures to reduce disease transmission, nor did it evaluate the long-term impact to patient health associated with cancelled or postponed elective and non-emergency procedures. In terms of future advances, simulations of this type could involve using COVID-19 testing results data to provide an earlier indicator of changes to the COVID-19 effective reproductive rate relative to changes in hospital admissions (which are used in these simulations), as individuals typically test positive for COVID-19 before they are admitted. For example, official guidelines in California called for using ICU capacity thresholds (i.e., 85% of beds occupied) as a trigger for implementing measures intended to reduce community transmission (Shewry and Pan, 2020), but this does not provide enough time for lower community transmission to reduce stress on hospital capacity. Individual-level testing may be suitable for this purpose, but monitoring community wastewater for SARS-CoV-2 could also provide valuable information (Hart and Halden, 2020) without requiring individuals to seek out testing facilities, and can provide advanced warning of a surge in COVID-related hospital admissions (Daughton, 2020). Wastewater samples may also be more representative and consistent in sampling a community through time compared to individual-level testing, which may be biased by certain subgroups (e.g., healthcare workers) being tested more frequently or by variability in the availability of testing for different subgroups over time.
Conclusions
During an infectious disease outbreak such as COVID-19, hospital resources can be managed through hospital-level decisions such as cancelling elective and non-essential procedures, or via community-level decisions to take social measures that limit transmission. Hospital decisions can be administered quickly in response to acute stresses on critical capacity such as ICU beds, but entail potentially large financial risks to hospitals in terms of lost revenue. Social measures to reduce infections within the community reduce or eliminate the need to cancel procedures, but they need to be implemented early because there is a lag between changes to human behavior and a reduction in ICU patients within the hospital system.
Data collected over the period March 2020 – January 2021 suggests that cancelled elective and non-emergency procedures and reduced emergency department visits cost hospitals in the Triangle region an estimated 5.2% of their annual revenue from inpatient procedures, or $660 million.  Simulations show that by delaying the implementation of social measures to control community transmission in January 2021, Research Triangle hospitals could have faced an additional $390 million in revenue losses if the cancellation of elective and non-emergency procedures were needed to avoid overloading the system’s ICU. Although these results focus on a particular hospital system, the tradeoffs between hospital capacity, quality of care, and financial risk faced by health care facilities throughout the U.S. as a result of COVID-19 are common across hospitals and thus these results may provide insights for those seeking to navigate these uncertain scenarios in the future.




Figures and Tables

Table 1: Triangle Hospital System

	Hospital Name
	Bed Capacity
	ICU Capacity
	Ventilator Capacity
	2019 Total Revenue ($MM)

	UNC Rex Hospital
	491
	181
	134
	3,096

	UNC Medical Center
	818
	135
	295
	5,359

	UNC Chatham Hospital
	25
	4
	6
	N/A

	Duke Raleigh Hospital
	182
	15
	25
	1,947

	Duke Regional Hospital
	256
	22
	36
	1,310

	Duke University Hospital
	850
	109
	130
	8,245

	Wake Medical Center
	588
	76
	123
	3,836

	Wake Medical Center - Cary
	178
	12
	17
	1,119

	Central Carolina Hospital
	53
	8
	6
	443
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Figure 1: Cohort level probability distributions for resource use through time, University of North Carolina hospital system. Line color shows the percentage of all regional hospital beds occupied by COVID-19 patients at the time of cohort admission.
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Figure 2: Daily hospitalization for all Triangle hospitals is used to model susceptible, exposed, and infected populations calculated within the SEIRH model, as well as the reproductive rate for COVID-19 transmission in the Triangle.  Note: daily hospitalizations from March-May 2020 are estimated from DHHS data from June 2020 – February 2021
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Figure 3: Patient flows between the community and the Triangle hospital system, including ICU and ventilator resources.
[image: ]Figure 4: Observed data including new hospital admissions, ICU capacity and COVID-19 population, and lost revenues for nine hospitals in the Research Triangle during the period March 2020 – February 2021.
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[image: ]Figure 5: Simulated admissions, ICU capacity, and revenue losses for the Research Triangle hospital system in response to different COVID-19 community transmission scenarios.  Results assuming hospital action to cancel elective and non-emergency procedures in early February is compared to a scenario of no action.
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