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Abstract

The coronavirus disease 2019 (COVID-19) pandemic has greatly affected demand for imaging services, with marked reductions in
demand for elective imaging and image-guided interventional procedures. To guide radiology planning and recovery from this un-
precedented impact, three recovery models were developed to predict imaging volume over the course of the COVID-19 pandemic: (1) a
long-term volume model with three scenarios based on prior disease outbreaks and other historical analogues, to aid in long-term
planning when the pandemic was just beginning; (2) a short-term volume model based on the supply-demand approach, leveraging
increasingly available COVID-19 data points to predict examination volume on a week-to-week basis; and (3) a next-wave model to
estimate the impact from future COVID-19 surges. The authors present these models as techniques that can be used at any stage in an
unpredictable pandemic timeline.
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INTRODUCTION
The coronavirus disease 2019 (COVID-19) pandemic con-
tinues to have tremendous impact on the global economy and
health care systems, and its effects on imaging volume have been
substantial [1-4]. Similar to other health care facilities, our
radiology department experienced a drastic reduction in
imaging volume, ranging from 48% to 93% by imaging
modality [5]. In the context of this unprecedented drop,
radiology departments need robust estimates on how soon
volumes and operations may recover to effectively plan for the
immediate and long-term financial stability of their institution.
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The most recent analogue to the COVID-19 pandemic
was the severe acute respiratory syndrome (SARS) epidemic
of 2002 to 2004. Health systems were overburdened [6,7],
and the fear of SARS spreading globally led to financial
losses in health care and other industries [8,9]. Overall,
despite widespread media coverage of the epidemic, the
deleterious effect on world economies was relatively short
lived because of efficient and swift containment [10].
More recently, Middle East respiratory syndrome and
H1N1 influenza wreaked havoc with health care
utilization, with profound financial impacts, in various
regions, but not to the same degree as SARS [11-14].
Beyond health care, major natural disasters (such as
hurricanes Katrina and Harvey) have produced similar far-
reaching economic effects [15-19].

Most recently, the great recession of 2007 to 2009
decreased health care utilization because of economic
hardship and a drop in patients’ willingness to accept
copayments [20,21], especially those with high-deductible
health plans [22]. Economic downturns have been shown
to variably affect many aspects of health care in many
countries [23-26].

However, none of the aforementioned examples have
compared with the devastating economic and health care
effects wrought by the COVID-19 pandemic. In addition,
recovery predictions in health care have not been investi-
gated rigorously, possibly because there has been no recent
Copyrightª 2020 American College of Radiology
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disaster on the scale of COVID-19. Facing the unprece-
dented nature and length of the COVID-19 outbreak, many
radiology departments have sought clear guidance to better
prepare for the future of the pandemic. To address this need
within our department, we developed three novel models
that could predict imaging volume over the course of the
COVID-19 pandemic:

1. A long-term volume model, estimating major scenarios of
radiology volume recovery;

2. a short-term volume model, predicting examination
volume on a week-to-week basis throughout the course of
the pandemic; and

3. a next-wave model, forecasting the impact of future
(subsequent) COVID-19 surges on imaging volume.

The main aim of this work was to guide radiology op-
erations through the immediate and long-term recovery
using these three complementary models. Furthermore,
these models explicitly account for the potential interaction
among baseline volumes, patient sentiment, and state and
national policy.
MODELING THE PANDEMIC RECOVERY
Our radiology department is centered within a large urban
academic hospital (main hospital campus) and its affiliated
imaging centers. Our institution is a 1,011-bed quaternary
care urban academic medical center in Boston and yearly
sees approximately 50,000 inpatients, 110,000 emergency
department patients, and 1.5 million outpatients, culmi-
nating in about 750,000 imaging studies, which include
diagnostic imaging and interventional radiologic procedures.
These data were used as a baseline for the three models
presented here.

Long-Term Volume: Modeling Imaging
Recovery on the Basis of Historical Analogues
Our first recovery model was developed during the initial
wave of COVID-19 in the United States (April 2020), as
our department observed a severe drop in imaging volume.
At the time, little was known about how a potential recovery
would proceed, and reopening as a concept was not actively
discussed. Thus, we relied on historical analogues such as
the SARS epidemic of 2002 to 2004. This research [27]
revealed that

n forecasting imaging volume rebound must consider both
the expected duration of the pandemic and the shape of
the recovery curves;

n even during the same pandemic outbreak, each health
care facility may have its own recovery pattern; and

n once health effects are minimized, because of a marked
reduction in new cases and reduced fear of contracting
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the disease, the economic effects will have a profound
impact on the subsequent recovery.

Using historical precedents, we identified three possible
scenarios to model the course of imaging volume recovery:
swift, gradual, and muted (Table 1).

In a swift recovery scenario, imaging volume would
experience a quick return to normal as pent-up demand,
growing desensitization to the virus, adoption of safety
protocols, and refined hospital safety protocols contribute to
a 1- to 2-month recovery to 80% to 90% of normal levels;
the pandemic is at the cusp of complete containment. A
gradual recovery would result in a slow return to normal,
about 2 to 3 months for 80% to 90% recovery, because of
lingering fear of the virus, recessionary effects on health care
utilization, and adjusting to the new capacity constraints
needed for sanitation and safety. A muted recovery would be
similar to a gradual recovery, except that volume would
plateau at 50% to 80% of normal levels. This could be
caused by lost demand, fear of contracting the virus at major
hospitals, or subsequent surges of the virus. Each scenario
was implemented for planning purposes as shown in
Figure 1.

To draw these curves, we used the information in
Table 1 as a guide. We took the higher end of the range for
the duration: swift recovery would take 2 months, while
gradual and muted recovery would take 3 months. For
swift and gradual recovery, we forecasted a return to 90%
of prepandemic volume to account for the increased time
(and subsequent decreased capacity) for sanitation and
hygiene practices; for example, just 3 to 4 min of
additional cleaning time added to a 30-min examination
would decrease volume (holding hours constant) by about
10%. For muted recovery, we forecasted a return to 65% on
the basis of the experience of a hospital in Taiwan imme-
diately after the SARS epidemic [28].

These three scenarios created a framework of competing
assumptions on the basis of historical analogues. They also
determine the scale of impact on the radiology department
for the purpose of long-term planning. All recovery scenarios
provided valuable insight for projecting the long-term
impact of the COVID-19 pandemic. The only feasible
way to improve these scenarios is to develop more precise
recovery-predictive models, as more pandemic data become
available.
Short-Term Volume: Predicting Recovery With
Supply and Demand
As the COVID-19 recovery timeline progressed, we
observed steady, linear growth in imaging volume, largely
corresponding to the swift recovery scenario described
earlier. However, to plan for weekly operational
1461
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Table 1. Three scenarios for long-term imaging volume recovery

Scenario Description Timeline Historical Examples

Swift Restrictions are lifted quickly. Pent-
up demand built over the course
of several months. Positive media
coverage and public outreach of
medical centers would portray
imaging centers as safe, which
could accelerate recovery.

Volumes return to 80%-90% of
prepandemic within 1-2 months.

First phase (March to April) of the
2003 SARS epidemic in Toronto
[27]

2003 SARS epidemic in Taiwan
[32,33]

Gradual Even if restrictions are lifted quickly,
the rate of recovery is dampened.
This scenario is fundamentally
built upon a general fear of
contracting the virus at health
care facilities and economic
effects that relate to loss of
income, insurance, and the
consequent reduction in health
care utilization.

Volumes take 2-3 months to
return to 80%-90% of
prepandemic levels.

2003 SARS epidemic in Taipei:
designated infection hospital that
was shut down for 1 month
before reopening [34,35]

Hotel demand after the SARS
epidemic in Toronto (first and
second phases) [36]

2007-2009 great recession [37]
COVID-19 economic recovery in
China [38]

Muted Demand remains persistently low.
Reoccurrences of infection
require repeat physical distancing
measures and interruption of
elective imaging and image-
guided interventional services. In
the United States, sporadic
outbreaks of COVID-19 will
continue to occur, and although
containable, these will contribute
to a fear of health care facilities,
resulting in a muted recovery
response. Again, the economic
effects resulting from COVID-19
could contribute to a muted
recovery as certain segments of
the population decline to
undergo imaging examinations.

Gradual recovery, but only to
50%-80% of prepandemic
volumes before plateau. Full
demand does not recover until a
vaccine/treatment/cure is
available.

Second phase (May-June) of the
2003 SARS epidemic in Toronto
[27]

Ongoing waves of COVID-19

Note: The description, timeline, and historical examples upon which each scenario is based are shown. COVID-19 ¼ coronavirus disease 2019;
SARS ¼ severe acute respiratory syndrome.
improvements, a new and more accurate week-to-week
model was needed on the basis of supply and demand in
the context of radiology (Fig. 2). Supply is the total amount
of imaging studies that can be conducted by a department;
this value is determined by staffing, equipment resources,
scheduling, scanner protocols, and other patient-processing
components. Demand is approximated by the number of
open imaging orders, driven primarily by referring
physicians.

When an outpatient examination is ordered, it is
scheduled for an open slot in the future. This could be
1462
during the same day or up to 1 year in the future. However,
analyzing orders on a weekly basis and correcting for holiday
weeks, the proportion of examinations scheduled for the
same week, 1 week out, 2 weeks out, and so on, appears
consistent (Fig. 3). Knowing this, it is possible to predict
examination volume using ordering volume.

Volume planning, and the supply-demand approach in
particular, assumes that the ordering volume will have an
impact on the future volume of imaging examinations.
Radiology departments have little control over their inpa-
tient and emergency patient volumes, which are typically
Journal of the American College of Radiology
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Fig 1. Long-term volume model with swift, gradual, and
muted recovery scenarios. The shape and length of the
recovery were determined by study of historical analogues.
Abrupt drops in imaging volume correspond to weeks with
Memorial Day and Independence Day holidays. These
scenarios offered key insight in the early stages of the
pandemic: (1) the overall length of recovery, which the
swift model predicted well, and (2) the flattening of de-
mand as volume reached prepandemic levels. COVID-19 ¼
coronavirus disease 2019.
ordered and scheduled on the same day. Therefore, the
ability to plan and intervene derives from outpatient ex-
aminations; thus these examinations were chosen for our
model.

To examine how ordering volume drives outpatient
examinations, we considered the total number of orders for a
given week and estimated the number of these orders that
would eventually be fulfilled (rather than cancelled or
Fig 2. Supply-and-demand model for imaging volume. Imaging o
(supply); the thickness of the arrows corresponds to the relative
scheduled for the same week. Most of these scheduled examinat
and rescheduled. Several factors affected supply and demand d
government restrictions and enhanced precautions, while deman
deferring care, and otherwise not wanting to be in a hospital du
for many reasons.
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deferred) during the following weeks. Then, we found the
typical proportion of orders that were executed for the same
week, 1 week out, 2 weeks out, and so on (Fig. 3). As a
result, we found that the recovery demand volume DN at
week N can be accurately predicted from the previous 10
weeks with the following linear regression model:

DN ¼
X10

i¼ 0

PiON�i þ ε;

where DN is the demand (examination volume) in week
N, Pi is the proportion of orders scheduled for i weeks in
the future, ON � i is the number of orders made in week
N � i, and ε is a factor accounting for orders older than
10 weeks. ε was chosen by first running the model
without ε and then comparing against actual historical
data to find the error of predicted versus actual exami-
nation volume. In our case, ε can take on two values: one
for holiday and another for nonholiday weeks. With this
formula, we were able to calculate examination volume
from ordering volume (Fig. 4).

For the supply component SN of our model, we decided
to use a linear trend of the three most recent nonholiday
week supplies (the examinations conducted). We consis-
tently updated our model with the current department
operational protocols to ensure that our assumptions
remained accurate.

The mismatch between supply and demand (SN � DN)
and the underestimation of examination volume compared
with the actual examination volume can be explained
because of the backlog shown in Figure 4. Using our
rders (demand) are scheduled for available slots in the future
number of examinations scheduled for each slot, with most
ions are completed. Some are deferred, put into the backlog,
uring the pandemic: supply was decreased because of
d was reduced because of patients’ cancelling examinations,
ring a pandemic, while doctors ordered fewer examinations
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Fig 3. Percentage of radiology orders converted to performed examinations after a number of weeks. The number of orders
scheduled for the same week, 1 week out, and so on, stayed very constant after the coronavirus disease 2019 (COVID-19)
period.
estimate of the backlog—in our case, examinations that were
scheduled but then deferred and queued for rescheduling—
we were able to conclude in the short term whether the
department would “run out” of backlogged examinations
to perform in lieu of lagging orders.
Fig 4. Projecting outpatient imaging volume from orders.
The model effectively shows how many examinations
should have been done considering the drop in orders. The
gap between the model output and the actual examination
volume accounts for the examinations added to the
backlog (shown in light orange), which in our case are only
the examinations that were scheduled and then cancelled,
awaiting rescheduling. After the surge, model output is
lower than actual examination volume; this is explained by
technologists’ working through backlogged examinations.
Abrupt drops in imaging volume correspond to weeks with
holidays.
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The resulting model provided a very accurate prediction
for the next-week volume for our radiology department. We
used this model to predict the demand-side examination
volume trend and range (corresponding to �50% of the
previous weeks’ growth rate) as well as the supply-side trend
(Fig. 5). Using this model to predict 8 weeks out, all
predicted imaging volumes were within 5% of the actual
volumes (aside from holiday-week volumes, which were
7% off). Ideally, the supply trend should exceed the demand
trend to ensure timely access but fall within the demand
range to limit excess capacity.

As recovery approaches 100%, additional supply con-
straints may be considered to reflect other capacity limita-
tions, such as those imposed by patient social distancing and
hygiene requirements.
The Next Wave: Modeling the Impact of
Subsequent Waves
The experience of many previous pandemics [29,30]
foretold the possibility of subsequent waves of COVID-
19, and interest notably picked up after relaxations in
lockdown policies were seriously discussed [31]. At our
institution, the first wave of COVID-19 had disrupted
10% to 15% of our yearly imaging volume. Thus, fore-
casting the impact of a subsequent wave on imaging volume
was vital to planning for the operational and financial health
of the radiology department.

Unlike the first wave of COVID-19, clear policy guid-
ance on pandemic recovery was available, and many
Journal of the American College of Radiology
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Fig 5. Short-term volume model, showing projection of
examination volume 9 weeks out after Memorial Day using
supply and demand. The red line is the demand-side trend,
which is dependent on the current ordering trend. The
shaded red area showcases the range of ordering-based
examination volume corresponding to �50% growth rate
compared with the trend before Memorial Day. The dotted
blue line is the supply-side trend, which is an extrapolation
of the current examination volume trend without consid-
ering ordering volume. This is intended to show how many
examinations can be done independent of ordering de-
mand. Additional supply constraints may be considered to
reflect other capacity limitations that may account for the
discrepancy seen in late August. COVID-19 ¼ coronavirus
disease 2019.
countries had attempted different recovery strategies while
trying to contain the outbreak. By looking at the interplay
between the policy and the amount of radiology volume that
was recovered, we discovered a strategy by which to predict
the impact of a subsequent wave on imaging volume. Our
aim was to forecast the impact on yearly imaging volume; we
did not aim to predict when exactly a subsequent wave of
COVID-19 would occur, only its shape, length, and depth.

When COVID-19 first surfaced, fear of contracting the
disease and government restrictions catalyzed a severe
reduction in imaging volume. Therefore, we viewed the
imaging volume completed despite an unprecedented
pandemic as the most critical volume, consisting of essential
examinations that could not be delayed. In our case, this
consisted of approximately 38% of cases; for 3 weeks at the
height of the surge, only these examinations were
performed.

Our estimates relied on a key element of government
recovery plans: their phased nature. Many plans had separate
phases in which certain businesses and activities were
allowed to resume. Each phase was separated by at least 2
Journal of the American College of Radiology
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weeks, which is the incubation period of the virus; this
allowed each of the phases to be studied to determine
whether containment was on track.

Radiology volume increased by a certain amount during
each recovery phase. This allowed us to estimate what vol-
ume of imaging examinations would return in similar phase
transitions in the future. We expected that if daily new
COVID-19 cases were to increase again, policymakers
would return back to the most lenient phase that allowed
historical containment of the virus. Thus, we estimated that
even if a similarly sized wave of COVID-19 were to strike
again, the increased adherence to precautions coupled with
the knowledge that a certain level of activities are possible to
maintain while still containing viral spread would result in a
lower decrement in imaging volume than during the initial
wave (Fig. 6).

As a result, we aimed to describe the shape, depth, and
length of an imaging volume decline on the basis of this
technique. If a second wave of COVID-19 were to occur,
we assumed that

n the subsequent impact on imaging volume would
resemble that of the first wave: a steep drop-off and a slow
recovery;

n a roll-back to an earlier phase would at worst cause a drop
back to imaging volume that was observed during that
phase;

n the initial drop in volume would take the same amount of
time as during the surge (although it would drop by far
less);

n recovery in imaging volume would proceed at this same
rate as the first wave;

n innovations in radiology operations (implemented at our
sites) would allow a return to 100% of imaging volume
despite the increased needs of social distancing and
sanitization;

n restrictions would be as effective as they were during the
first wave and that they would require a similar amount of
time.

With these assumptions, in our case, we estimated that a
second wave of COVID-19 would result in an overall yearly
drop in imaging volume of about 1% to 3%, compared with
the 10% to 15% total yearly drop that we predicted from
the first wave. This estimate can vary greatly for different
radiology departments, but we assume that our methodol-
ogy, described earlier, would remain accurate.
LIMITATIONS
Our work has several limitations inherited from the uncer-
tainty of the pandemic. First, historical analogues may not
1465
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Fig 6. Next-wave model: predicting the shape, depth, and length of a subsequent wave of coronavirus disease 2019 (COVID-
19) using the interplay between current radiology recovery and a phased reopening policy. By looking at how much volume is
regained during each phase without resurgence of the virus, we can assume that policy would be rolled back to the most
lenient but safe phase, having the same effect on imaging volume as during the corresponding phase of the first wave. With
this model, in our case, we estimated that a second wave of COVID-19 would result in an overall yearly drop in imaging
volume of about 1% to 3%, compared with the 10% to 15% total yearly drop that we predicted from the first wave.
entirely represent future events. Our early-stage long-term
volume model was based in part on the SARS epidemic of
2002 to 2004, but the critical difference between the cur-
rent COVID-19 pandemic and the SARS epidemic was
their lengths: waves of SARS only lasted about 1 to 2
months, much shorter than COVID-19 waves. With SARS,
imaging examination deferral for 1 to 2 months was
possible. Thus, it may have been reasonable to assume that
recovery would begin about 1 to 2 months after the
COVID-19 pandemic began.

Second, the long-term volume model is good at pre-
dicting the overall shape and length of the imaging volume
recovery, but the exact start of that recovery is hard to
determine. Therefore, the model needs to be adjusted to the
start of the recovery. Also, the imaging volume reduction
was consequent to government restrictions but also patient
behavior and preferences, which were not surveyed for our
model.

For predicting subsequent waves, our model relies on
having a phased recovery approach and assumes the gov-
ernment would roll back to an earlier phase that allowed
containment progress. This does not take into account
response to a rollback, for example, how well it would be
followed compared with the first wave. The importance of
1466
policy cannot be understated when estimating ordering
volume. Predicting the most likely policymaker response was
necessary to have an effective estimate for ordering volume
as well as subsequent wave modeling.

Despite these limitations, we believe that the methods
described in this work will equip radiology departments with
a reasonably robust, structured approach to recovery
planning.
CONCLUSIONS

In addition to the specific model results described here, our
approach produced the following conclusions.

In an unprecedented pandemic, both short- and long-
term radiology recovery models are required to plan for
recovery interventions and goals; these models can be
developed using historical analysis combined with a supply-
and-demand approach. The models we offer enable radi-
ology departments to start with major recovery scenarios and
refine them as more information becomes known, backing
up assumptions with data-driven methods. These three
methods will be valuable for use, not just for the current
COVID-19 pandemic but in any sudden and
Journal of the American College of Radiology
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unprecedented situations in which clear insight is needed for
critical planning, adjustment, and decision making.
TAKE-HOME POINTS

- Scenario models based on historical analogues are
valuable to predict overall long-term impact, accu-
rately predicting swifter recovery in inpatient and
emergency volume and more muted outpatient radi-
ology recovery, which plateaued at 80% of pre-
COVID volume at a single institution.

- Radiology volume can be accurately predicted from
examination ordering trends.

- Supply-demand creates a realistic framework for
health care recovery models.

- Modeling subsequent waves of COVID-19 provides
valuable insight into what the pandemic holds for
radiology operations in the future.
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