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Abstract

Introduction: The COVID-19 pandemic is driving unprecedented changes in
healthcare services worldwide. This study aimed to quantify the impact of the
first wave of the COVID-19 pandemic on diagnostic imaging services in Aus-
tralia using an interrupted time series model.
Methods: Monthly data were extracted from the Australian Medicare Benefits
Schedule for all diagnostic imaging services performed between January 2016
and December 2019. Holt-Winters forecasting models were developed for
total imaging services as well as for each imaging modality. The models were
used to predict monthly data between January 2020 and June 2020 with a
95% confidence interval (P < 0.05). Absolute and percentage residual differ-
ences (RD) between observed and predicted services for this time period were
calculated.
Results: There were statistically significant reductions in total imaging services
performed in March 2020 (RD: �332260, �13.1%, 95% CI: �17.5% to
�8.4%), April 2020 (RD: �716957, �32.4%, 95% CI: �36.2% to �28.1%)
and May 2020 (RD: �571634, �21.4%, 95% CI: �25.1% to �17.3%).
Nuclear medicine and CT services were relatively less impacted than general
radiography, ultrasound, and MRI services. There was also a statistically sig-
nificant increase in nuclear medicine and CT services performed in June 2020
compared to predicted values.
Conclusions: During the first wave of COVID-19 in Australia, there was a signif-
icant reduction in total diagnostic imaging services, with variable impacts on
different imaging modalities. These findings may have significant public health
implications and can be used to inform evidence-based strategies in the
recovery phase of the pandemic.

Key words: coronavirus; COVID-19; health services; public health; radiology;
SARS-CoV-2.

Introduction

The coronavirus disease 2019 (COVID-19) pandemic is
driving unprecedented changes to clinical imaging ser-
vices worldwide.1 In Australia, the first case of COVID-19
was confirmed on the 25th of January 2020. By March
2020, federal and state governments implemented a
range of restrictions on healthcare delivery in Australia in
order to limit virus transmission and protect hospital
capacity.2 Notably, cancellation of elective surgeries and

non-urgent medical services were implemented on the
25th of March 2020.3 These restrictions on healthcare
delivery combined with stay-at-home orders led to an
abrupt decline in demand for imaging services in Aus-
tralia and internationally.4–6

The potential impact of reduced demand on the radiol-
ogy sector is multifaceted. Most importantly, radiology
plays a central role in healthcare delivery through
informing clinical decision-making, providing or support-
ing diagnoses, planning surgical interventions,
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monitoring disease progression and treatment response,
and performing diagnostic or therapeutic interventions. A
reduction in imaging services has significant public
health implications, with a backlog of referrals likely to
cause a delay in patient diagnoses and treatments.7

Other important implications of the COVID-19 pandemic
and decreased demand for imaging services include
financial challenges for public and private radiology prac-
tices, staffing changes, reduced staff satisfaction,
reduced research output, and fewer educational opportu-
nities for radiology trainees.8–10

Given the potential implications for patients, radiology
staff and practices, modelling and analyses are required
to quantify the impact of the COVID-19 pandemic on
imaging services. This will in turn assist governments
and professional associations in the development of
evidence-based strategies during the recovery phase of
the pandemic. As such, we aimed to quantify the impact
of the first wave of the COVID-19 pandemic on diagnos-
tic imaging services in Australia using an interrupted
time series model.

Methods

Data source & extraction

Medicare is the publicly funded universal healthcare
scheme in Australia.11 The Medicare Benefits Schedule
(MBS) database provides information on the utilisation of
a comprehensive range of government subsidised ser-
vices including diagnostic procedures and investigations,
as well as therapeutic interventions.11 All diagnostic
imaging service items are provided in Category 5 of the
MBS. Category 5 is divided by Medicare Australia into
groups according to imaging modality as follows: (i)
ultrasound, (ii) computed tomography (CT), (iii) general
radiography, (iv) nuclear medicine, and (v) magnetic res-
onance imaging (MRI). Monthly data between January
2016 to June 2020 were extracted from Category 5 of
the MBS database stratified by imaging modality. Given
this study used publicly available data, ethics board
approval was not required.

Statistical analysis

Holt-Winters modelling is a commonly used forecasting
technique that utilises past values in a time series to pre-
dict future values. Holt-Winters modelling utilises addi-
tive triple exponential smoothing in order to account for
three key components in a time series: average values,
trend over time, and seasonality (for example, declines
in services associated with school and major holiday
periods).12 In the present study, a Holt-Winters model
was built using monthly data between January 2017 and
December 2019 in order to predict expected monthly
diagnostic imaging services between January 2020 and
June 2020 with a 95% confidence interval. Observed

monthly services between January 2020 and June 2020
were compared with predicted monthly services over the
same time period to calculate residual differences (RD).
A residual difference was considered statistically signifi-
cant if the observed data point was outside of the 95%
confidence interval of the model’s prediction (P < 0.05).
A total of six models were developed. This comprised
one model for each imaging modality (ultrasound, com-
puted tomography, general radiography, nuclear medi-
cine and magnetic resonance imaging) as well as one for
total imaging services. All statistical analyses were per-
formed using SPSS version 22 (IBM SPSS, Amronk, NY,
USA) and LKS-CHART Forecasting Tool (St. Michael’s
Hospital, Toronto, ON, Canada).

To determine the accuracy of fit of the model, the
mean absolute percentage error (MAPE) between
observed and modelled monthly services between Jan-
uary 2017 and December 2019 was calculated. The
MAPE is one of the most commonly used metrics of
model fit and predictive accuracy.13 To determine the
six-monthly predictive accuracy of the model, cross-
validation was performed by using observed monthly
services between January 2016 and December 2018 to
predict monthly services between January 2019 and June
2019. The predicted monthly services were then com-
pared with the observed monthly services for this same
time period in order to determine the MAPE in the mod-
el’s prediction. Model fit and predictive accuracy was cal-
culated for all six models.

Results

Model fit and predictive accuracy

All six models demonstrated excellent model fit and
six-monthly predictive accuracy. The range of MAPEs
for all models was 1.65–2.31%. The range of MAPEs
for the cross-validation models was 2.17–4.42%
(Table 1).

Table 1. Summary of model fit and predictive accuracy for all models

Model MAPE for model

fit† (%)

MAPE for predictive

accuracy‡ (%)

Total Imaging Services 1.71 3.16

Ultrasound 1.65 3.15

Computed Tomography 1.72 2.17

General Radiography 2.05 4.24

Nuclear Medicine 2.25 2.33

Magnetic Resonance

Imaging

2.31 4.42

MAPE, mean absolute percentage error.

†Calculated on observed and modelled data between January 2017

and December 2019.

‡Calculated on observed and predicted data between January 2019

and June 2019 using January 2016–December 2018 data.
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Total diagnostic imaging services

Over 12.9 million diagnostic imaging services were per-
formed between January 2020 and June 2020. There
was a statistically significant reduction in total imaging
services performed in March 2020 (�13.1%), April 2020
(�32.4%) and May 2020 (�21.4%) (Table 2). In abso-
lute numbers, this equates to a total reduction of over
1.6 million imaging services performed between March
and May 2020 compared to predicted (Figure 1).

Ultrasound

Compared to predicted, there was a statistically signifi-
cant reduction in ultrasound services performed in March
2020 (�13.3%), April 2020 (�30.5%) and May 2020
(�22.3%) (Figure 2).

Computed tomography

Compared to predicted, there was a statistically signifi-
cant reduction in CT services performed in March 2020
(�11.6%), April 2020 (�24.9%) and May 2020
(�13.7%), followed by a statistically significant increase
in June 2020 (+6.2%) (Figure 2).

General radiography

Compared to predicted, there was a statistically signifi-
cant reduction in general radiography services performed
in March 2020 (�14.2%), April 2020 (�37.8%) and May
2020 (�23.2%) (Figure 2). Out of all imaging modalities,
general radiography had the greatest percentage reduc-
tions in each of March, April and May 2020.

Nuclear medicine

Compared to predicted, there was a statistically signifi-
cant reduction in nuclear medicine services performed in
March 2020 (�10.1%), April 2020 (�24.6%) and May
2020 (�12.3%), followed by a statistically significant
increase in June 2020 (+11.0%) (Figure 2).

Magnetic resonance imaging

Compared to predicted, there was a statistically signifi-
cant reduction in MRI services performed in March 2020
(�7.2%), April 2020 (�33.0%) and May 2020 (�24.3%)
(Figure 2).

Discussion

The COVID-19 pandemic has had profound impacts on
healthcare delivery worldwide. Using interrupted time
series modelling to quantify the impact of COVID-19 on
diagnostic imaging services in Australia, our models
accounted for long-term trends as well as seasonality

and achieved predictive errors of less than 5% in cross-
validation testing. We demonstrated that total imaging
services were 13.1%, 32.4% and 21.4% lower than
expected for March, April and May 2020, respectively,
corresponding with the peak of the first wave of the
COVID-19 pandemic in Australia.14 In absolute numbers,
this equates to a total reduction of 1 620 851 imaging
services performed between March and May 2020 com-
pared to predicted. Total imaging services rebounded in
June 2020, aligning with the flattening of the first
wave.14 For comparison, a number of single institution
studies in the United States of America (US) demon-
strated reductions in imaging volumes of 40–
70%.4,6,15,16 Australia’s relatively lower reduction in
imaging services may be related to its lower burden of
COVID cases compared to the US.14

The decreases in imaging services observed in March,
April and May 2020 were likely the result of a number of
factors. First, the Australian Government implemented
nationwide restrictions on healthcare delivery starting on
the 25th of March 2020. This included the cancellation of
elective surgeries and non-urgent medical services in
order to protect hospital capacity, preserve personal pro-
tective equipment, and reduce the risk of infection to
patients and healthcare workers.3 Further, national stay-
at-home orders combined with public anxiety led to a
reduction in healthcare attendances.17 While general
practice and many specialties have transitioned to tele-
health and remote provision of healthcare services, this is
not feasible in the delivery of imaging services, which
requires in-person attendance for image acquisition.
Lastly, referring practitioners may be intentionally delay-
ing referrals for imaging services due to concerns of over-
burdening the healthcare system or risk of their patients
being exposed to COVID-19 infection.18 Similarly, refer-
rers may also be more judicious in only requesting imag-
ing services that are genuinely clinically indicated. The
combination of these pandemic-related factors likely
resulted in the significant reduction of imaging services
performed between March and May 2020.

The decreased provision of imaging services in March,
April and May 2020 may have concerning impacts on
downstream patient care. Radiology plays a central role
in healthcare through informing clinical decision-making,
providing or supporting diagnoses, planning surgical
interventions, monitoring disease progression and treat-
ment response, and performing diagnostic or therapeutic
interventions.7 The reduction in imaging services is likely
to lead to backlogs of referrals and, consequently, to
delayed diagnoses and treatments. This has the potential
to lead to suboptimal clinical outcomes.7 As such, it is
essential that evidence-based recovery strategies are
implemented to reduce the severity of backlogs as well
as the impact of cancelled or delayed imaging services
on patient care. In the US, the American College of Radi-
ology guidelines recommend appropriate prioritisation of
referrals to ensure equitable access for the patients most
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in need for imaging services.19 Ultimately, decisions to
render a radiology service should be made on the bal-
ance between service urgency and the risk of COVID-19
transmission.19

Each of the imaging modalities demonstrated a statis-
tically significant reduction in services performed in
March, April and May 2020. However, the magnitude of
these reductions was variable between different modali-
ties. Notably, nuclear medicine services had the lowest
percentage reductions in both April and May 2020. Fur-
ther, nuclear medicine services demonstrated the largest
rebound in June 2020, with a statistically significant
increase in the number of services performed compared
to predicted. Interestingly, nuclear medicine services, in
particular positron emission tomography (PET) imaging,
has been consistently the least impacted modality
among other international studies.15,20,21 This is likely
related to the key role PET imaging plays in diagnosing
and staging cancer as well as monitoring treatment
response and cancer recurrence.22 A range of guidelines
were implemented nationally in Australia to ensure can-
cer treatment was not delayed due to COVID-19.23 The
relative preservation of nuclear medicine services noted
in this study is reassuring of the success of these
efforts.

Similar to nuclear medicine services, CT services were
less impacted than other modalities, particularly in April
and May 2020. There was also a statistically significant
increase in CT services in June 2020 compared to pre-
dicted. The impact of the COVID-19 pandemic on CT
services reported in other studies has been vari-
able.4,6,15,16,24,25 As many specialities have adopted
telehealth to replace face-to-face consultations, referrers
may be preferentially requesting CT services as a
replacement for physical examination.26 If this is the
case, it is important to be mindful of the risks of unnec-
essary radiation exposure. Additionally, the increase in
CT services in June may reflect a build-up of demand for
CT imaging for preoperative planning following recom-
mencement of elective surgeries in Australia in May
2020.27

The decrease in imaging services may impact radiol-
ogy research and education. Academic centres and uni-
versities have halted scientific research activities to
comply with social distancing measures and to reallocate
resources to create capacity to handle a surge in COVID-
19 cases.9 It has been estimated that a three-month
pandemic-related shutdown in radiology research will
result in up to two years of lost research productivity.9

The sequestering of senior radiologists and trainees to
maintain social distancing will reduce opportunities for
the traditional shoulder-to-shoulder training that enables
experiential learning and timely feedback.28 To address
the closures of radiology reading rooms, teaching institu-
tions have implemented web conferencing to facilitate
readouts.28 Strategies like this may help to maintain
research and education during the COVID-19 era.T
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It is important to consider the economic and financial
implications of the COVID-19 pandemic for both public
and private radiology practices.8,29 It is expected that
practices that perform predominantly outpatient imaging
services will be most impacted by the decrease in
demand and reductions in revenue.29 High equipment
and overhead costs make radiology practices particularly
vulnerable relative to other medical services. It is

integral that private practices proactively ensure their
financial resiliency,8 given that their sustainability is
essential in protecting the public system from overload.7

Ideally, the decreases observed in March, April and
May 2020 will be matched with increases in imaging ser-
vices during the post-wave period.4 This may be a con-
tributing factor to the statistically significant increase in
nuclear medicine and CT services performed in June

(a)

(b)

(c)

Fig. 1. Total imaging services performed in Australia during the COVID-19 pandemic. (a) Observed total imaging services between January 2017 and June

2020, modelled total imaging services between January 2017 and December 2019 with predicted (with 95% confidence interval) total imaging services

between January 2020 and June 2020. (b) Observed and predicted (with 95% confidence interval) total imaging services between January 2020 and June

2020. (c) Daily (left axis) and cumulative (right axis) COVID-19 cases in Australia with key time points for restrictions on healthcare delivery indicated.
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2020, corresponding with the end of the first wave of the
COVID-19 pandemic in Australia. Radiology service pro-
viders have implemented various measures to address
safety concerns and to prepare for the impending
increased demand as restrictions on healthcare services
are gradually lifted.19 Some radiology departments have
used staff repurposing to assist with the increased
patient rescheduling workload. Uptake of new technolo-
gies and software can assist with use of remote and
home workstations, enabling maintenance of social dis-
tancing measures.19 Many hospitals are continuing
screening of staff and patients at entry with risk ques-
tionnaires and temperature checks,30 and comprehen-
sive disinfection practices have been introduced for
cleaning of radiological equipment between patients.31 It
is important that radiology department administrators
continually review and adapt their operational practices
in order to deliver the maximum imaging services that is
safely possible.

To our knowledge, this is the first study to use inter-
rupted time series modelling to quantify the impacts of
the COVID-19 pandemic on imaging services at a
national level. However, these findings should be inter-
preted in the context of a number of limitations. First,

MBS data do not include imaging services provided to
inpatients at public hospitals or imaging services that are
100% private, i.e. services that do not attract a Medicare
rebate.11 Further, the MBS does not cover services quali-
fying for benefit under the Department of Veterans’
Affairs, Work Cover or the Transport Accident Commis-
sion.11 Second, our study only assessed nationwide data.
Future modelling should assess service disruptions in dif-
ferent states and territories given the variability in out-
breaks of COVID-19 and lockdown measures from the
second half of 2020 onwards. With the ongoing risk of
future waves of COVID-19 and reimposition of restric-
tions on healthcare delivery, modelling must be continu-
ally updated in order to provide the most accurate and
up-to-date information. Lastly, our study only quantified
the impact of COVID-19 on the volume of imaging ser-
vices. Further studies are required to quantify the direct
and indirect impacts of temporary reductions in imaging
services on clinical, research, economic and educational
outcomes.

In conclusion, the COVID-19 pandemic has had pro-
found impacts on imaging services worldwide. The pre-
sent study utilised interrupted time series modelling
based on nationwide data and demonstrated reductions

(a) (b)

(c) (d)

(e) (f)

Fig. 2. Observed and predicted (with 95% confidence interval) imaging services performed in Australia during the COVID-19 pandemic stratified by imaging

modality. (a) Total imaging services. (b) Ultrasound. (c) Computed tomography. (d) General radiography. (e) Nuclear medicine. (f) Magnetic resonance imaging.
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in total imaging services of 13.1%, 32.4% and 21.4% in
March, April and May 2020, respectively. Nuclear medi-
cine and CT services were relatively preserved during the
peak of the first wave and rebounded stronger in June
compared to general radiography, ultrasound and MRI
services. This modelling can inform evidence-based
decision-making and planning by governments and pro-
fessional associations for the recovery phase of the
COVID-19 pandemic as well as for potential future public
health crises.
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