Supplementary Material

A Data

In the following sections, we refer to a set of cardiology conditions for which prevalence rate data is
routinely collected at the primary care level and published in the Quality and Outcomes Framework
series. We choose to omit Cardiovascular disease primary prevention (CVD-PP), as this data is not
reported from 2020 onwards. The conditions are:

e Atrial fibrillation (AF),
e Coronary heart disease (CHD),
e Heart failure (HF),
e Hypertension (HYP),
We denote the set of these conditions as Sconditions. that is
Sconditions = {AF, CHD, HF, HYP}. (1)

In the following sections, we also refer to a set of cardiology speciality codes for which diagnostic
data and hospital episode data are routinely collected and published in the Monthly diagnostics data
and the HES provisional monthly series respectively. The codes are:

e Cardiothoracic surgery service (170),

Cardiac surgery service (172),

Cardiothoracic transplantation service (174),

Cardiology service (320),

Cardiac rehabilitiation service (328),

Congenital heart disease service (331).
We denote the set of codes as Scoqes. that is
Scodes = {170,172, 174,320, 328, 331}. (2)

In addition, we shall use the following notation:

e d = day k.

e my, = month k.

® v, = year k.

e ec = echocardiography

e ep = electrophysiology

e MRI ¢ = MRI cardiology

e CT ¢ = CT cardiology
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A.1 Processing schemes

As depicted in Table 1, the available data is collected at different time scales. The time-series with the
smallest collection time scale is the Appointments in General Practice series which is collected daily.
In order to use the data to parameterise a Systems Dynamics model, each time-series is processed to
produce a daily time-series. The Processing schemes used are enumerated below:

Scheme name Description

(A.1)(P1) Linear interpolation.

(A.1)(P2) Distributing the data recorded for the time period equally over all the days in that time period.

Table 2: Enumeration of the Processing schemes used.

A.2 Quality and Outcomes framework
A.2.1 Description

The objective of the Quality and Outcomes Framework is to improve the quality of care patients are
given by rewarding practices for the quality of care they provide to their patients. The quality of care
is measured using a set of indicators across a range of key areas of clinical care and public health. [16]

A.2.2 Relevant data

Enumeration Relevant data
(A.2)(1) List size
(A.2)(2) Prevalence rate for conditions in Sconditions-

Table 3: Enumeration of the relevant data extracted from the Quality Outcomes Framework series.

[16]
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A.2.3 Notation

Time-series Meaning
N (ty,) # People registered at a GP practice in England in yj
p, (ty,) Prevalence rate in England for condition X in yx
psconditions(tyk) Cumulative prevalence rate in England for all conditions in Sconditions IN Yk

Table 4: Notation used to represent the relevant data extracted from the Quality Outcomes Framework

series. [10]

A.2.4 Data processing

Table 5: Summary of how data from Table 3 is processed in order to be used in model construction,

Time-series Data/equation Processing
N (ty,) (A-2)(1) (A.1)(P1)
px (ty,) (A.2)(2) (A.1)(P1)

Ps,omaitions (i) | 22X ESeomartions Px (i) | (A1)(P1)

parameterisation and simulation.

A.2.5 Assumptions on how the data used in the model

e All symptomatic patients, in England, are registered at a GP practice.

e We only consider the cardiology conditions from the set Sconditions-

e All patients with symptoms of a cardiology condition from the set Sconditions. are recorded in

the prevalence data.
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A.2.6 Figures
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Figure 10: Raw time-series for the number of people registered at a GP practice in England, Ny (tg,)
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Figure 11: Raw time-series for the cumulative prevalence rate in England for all CV conditions con-
sidered in the model, p (ty,)

conditions
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Processed time-series
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Figure 12: Processed time-series for the number of people registered at a GP practice in England,
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Figure 13: Processed time-series for the cumulative prevalence rate in England for all CV conditions
considered in the model, p. (ta,)

conditions
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A.3 Patients Registered at a GP Practice in Wales (StatsWales)

A.3.1 Description

This StatsWales document contains data on the number of patients registered with each GP practice

in Wales by gender, 5 year age band and GP practice. |

A.3.2 Relevant data

]

Enumeration

Relevant data

(A.3)(1)

Wales (list size).

Table 6: Enumeration of the relevant data extracted from the StatsWales series. [21]

A.3.3 Notation

Time-series

Meaning

NLW(tYk)

# People registered at a GP practice in Wales in yj

Table 7: Notation used to represent the relevant data extracted from

A.3.4 Data processing

the StatsWales series. [21]

Time-series

Data/equation

Processing

NLW ( t)’k)

(A.3)(1)

(A.1)(P1)

Table 8: Summary of how data from Table 6 is processed in order to be used in model construction,
parameterisation and simulation.

A.3.5 Assumptions on how the data used in the model

e All symptomatic patients, in Wales, are registered at a GP practice.
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A.3.6 Figures

Raw time-series

N\

°

)
Q¥ S

>
o™ S

i)
Year

—— lockdown

Figure 14: Raw time-series for the number of people registered at a GP practice in Wales, N, (ty,)

Processed time-series
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Figure 15: Processed time-series for the number of people registered at a GP practice in Wales,
N, (ta,)
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A.4 Deaths registered in England and Wales - 21st century mortality

A.4.1 Description

This ONS document contains annual data on the number of deaths registered in England and Wales
by age group, sex, year and underlying cause of death, as defined using the International Classification
of Diseases, Tenth Revision. [3]

A.4.2 Relevant data

Enumeration | Relevant data
(A.4)(1) YR.
(A.4)(2) NDTHS.
(A.4)(3) |ICD-10.

Table 9: Enumeration of the relevant data extracted from this ONS series. [3]

A.4.3 Notation

Time-series Meaning
I1C Set of ICD-10 codes relevant for cardiology
Np, (ty,) # deaths in England and Wales with ICD-10 code X in yx
N (t,) | # cumulative deaths in England and Wales for all codes in /C in yj

Table 10: Notation used to represent the relevant data extracted from this ONS document. [g]

A.4.4 Data processing

Time-series Data/equation Processing

Noy (ty,) | (A-4)(2) in (A.4)(1) for (A.4)(3) | (A.1)(P2)

NIC(tJ/k) ZXGIC NDX(tYk) (A-l)(P2)

Table 11: Summary of how data from Table 9 is processed in order to be used in model construction,
parameterisation and simulation.
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A.4.5 Assumptions on how the data used in the model

e The set of ICD-10 codes considered covers all deaths due to cardiology conditions.

A.4.6 Figures

Raw time-series

x10°

0.2

0.0
)M
M LN N LN N I S N SN SN\t

Year

—— lockdown

Figure 16: Raw time-series for the cumulative number of deaths in England and Wales for all codes
considered, Nc(ty,)
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Processed time-series
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Figure 17: Processed time-series for the cumulative number of deaths in England and Wales for all
codes considered, N;c(tq,)
A.5 Appointments in General Practice

A.5.1 Description

The datasets in this NHS Digital series contain aggregate activity data, across England, on the planned
and scheduled activity recorded within the appointment systems for much of General Practice. [5]

A.5.2 Relevant data

Enumeration Relevant data

(A.5)(1) Total number of GP appointments that occurred on day d.

Number of GP appointments with a time

(A.5)(2) between booking and appointment date in the following ranges:

0 days, 1 day, 2-7 days, 8-14 days, 15-21 days, 22-28 days, More than 28 days.

Table 12: Enumeration of the relevant data extracted from the Appointments in General Practice
series. [5]
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A.5.3 Notation

Time-series Meaning

Acp(ta,) Total no. of appointments that occurred on d.

Aﬁ,’;](tdk) Total no. of appointments that occurred on di with a wait of / days, with / € [}, m].

A,-GP(tdk) Total no. of appointments that occurred on d, with a wait of / days.

Bsp(tg,) Total no. of appointments that were booked on dy.

Table 13: Notation used to represent the relevant data extracted from the Appointments in General
Practice series. [5]

A.5.4 Data processing

Time-series | Data used/equation Processing

Ace(ta,) (A5)(1) None

Bgp(td,) detailed below detailed below

Table 14: Summary of how data from Table 12 is processed in order to be used in model construction,
parameterisation and simulation.

The number of daily bookings for GP appointments is not directly recorded in this data set however it
is possible to approximate this using the data that is available in the data set. If we refer to the time
between booking and having a GP appointment as the delay then the following procedure describes
how the number of daily bookings for GP appointments was approximated:

Define an upper bound on the waiting time between booking and having an appointment as
L = 60.

Using (A.4)(2), we now have the number of appointments that occurred on di with a delay i,
in one of the following ranges {[0], [1], [2, 7], [8, 14], [15, 21], [22, 28], [28, 60] }

For a given range, [j, m], denote the number of appointments that occurred with a delay / € [, m]
ACP (t
on dx as ASP(ty4,) and compute it with the expression A®F(t,) = %&d{)

distribute the length of delay uniformly within the given range.)

(In other words

Compute the total number of bookings on each day as BSP(ty,) = Y. AP (ty, )
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A.5.5 Assumptions on how the data used in the model
e The maximum time between booking and having an appointment is 60 days.

e The number of appointments with a delay of / days in the range [j, m] is the same for all i € [}, m].

A.5.6 Figures

Raw time-series
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Figure 18: Raw time-series for the total number of GP appointments in England, Agp(tq, ).
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Processed time-series
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Figure 19: Processed time-series for the total number of GP appointments in England, Agp(tq,).
This figure depicts the total number of appointments each month which is obtained by adding the
daily appointments in each month.
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Figure 20: Processed time-series for the total number of GP appointments in England that were
booked on a given day, Bsp(tq,)
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A.6 Monthly diagnostics data

A.6.1 Description

The datasets in this series include data on waiting times and activity for 15 key diagnostic tests and
procedures. [18].

A.6.2 Relevant data

The relevant data from this series are:

e Total waiting list, which is made up three kinds of patient, as set out in the next three categories.

e Planned tests / procedures performed: this is the number of planned diagnostic tests or pro-
cedures carried out during the month; these are sometimes referred to as follow-up diagnostic
tests that are carried out as part of a treatment plan.

e Unscheduled tests / procedures performed: this is the number of diagnostic tests or procedures
carried out during the month on patients following an emergency admission.

e Waiting list tests / procedures (excluding planned): this is the number of diagnostic tests or
procedures carried out during the month for which the patient had waited on a waiting list
(i.e. prior to a treatment plan being in place).

For this study, we have excluded unscheduled tests, and only model the Planned and Waiting list tests.
In order to approximate the proportion of MRI and CT tests that were performed for patients with
a condition in Sconditions: We have used a document produced by the NHS Midlands and Lancashire
commissioning support unit from the year 2016/17 [25]. The document contains the number of
diagnostic tests completed per specialty.
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Enumeration Relevant data

(A.6)(1a) Total waiting list: MRI

(A.6)(1b) Total waiting list: CT

(A.6)(1c) Total waiting list: Cardiology - Echocardiography
(A.6)(1d) Total waiting list: Cardiology - Electrophysiology
(A.6)(2a) Planned tests/procedures: MRI

(A.6)(2b) Planned tests/procedures: CT

(A.6)(2¢) Planned tests/procedures: Cardiology - Echocardiography
(A.6)(2d) Planned tests/procedures: Cardiology - Electrophysiology
(A.6)(3a) Waiting list tests/procedures: MRI

(A.6)(3b) Waiting list tests/procedures: CT

(A.6)(3c) | Waiting list tests/procedures: Cardiology - Echocardiography

(A.6)(3d) Waiting list tests/procedures: Cardiology - Electrophysiology

(A.6)(4a) MRI - treatment function codes.
(A.6)(4b) MRI - n.
(A.6)(5a) CT - treatment function codes.
(A.6)(5b) CT - n.

Table 15: Enumeration of the relevant data extracted from the Monthly diagnostics data series [18].
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Table 16: Notation used to represent the relevant data extracted the Monthly diagnostics data series

].

[

A.6.3 Notation

Time-series

Meaning

Nec(tmk)

Total no. of echocardiography tests performed in my

Nelectrophysiology ( tmk )

Total no. of electrophysiology tests performed in my

Nari(tm, )

Total no. of MRI performed in my

NMRI for specialty code X(tmk)

No. of MRI tests performed for specialty code X in my

NCT(tmk)

Total no. of CT performed in my

NCT for specialty code x( tmk)

No. of CT tests performed for specialty code X in my

aIWRI cardiology

Proportion of MRI for cardiology

aCT cardiology

Proportion of CT for cardiology

NuvRi ¢ (tm,)

No. of MRI tests performed for cardiology in my

Ner o(tm,) No. of CT tests performed for cardiology in my
Wee(tm, ) Waiting list for echocardiography in my
Wep(tm,) Waiting list for electrophysiology in my
Wairi(tm, ) Total waiting list for MRl in my
Wer(tm,) Total waiting list for CT in my

WaRT ¢(tm, )

Wiaiting list for MRI cardiology in my

WCT c(tmk)

Waiting list for CT cardiology in my
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A.6.4 Data processing

Time-series Data/equation Processing
Nec(tm, ) (A.6)(2¢c) + (A.6)(3¢c) (A.1)(P2)
Nep (tm, ) (A.6)(2d) + (A.6)(3d) (A.1)(P2)

Ungir e zXecodes(§-X6§53%§?(£\;6;s(il AEEE | Cumie
Yot zmdes<§-X6§f§%‘3igf:§il (A5)ED) | ore

Natri (tm, ) (A.6)(2a) + (A.6)(3a) (A.1)(P2)
Ner(tm,) (A.6)(2b) + (A.6)(3b) (A.1)(P2)

Natrt () Oy o X Nuri(tm, ) (A.1)(P2)

Ner o(tm,) Aep o X Ner(tm,) (A.1)(P2)
Wee(tm,) (A.6)(1c) (A.1)(P1)
Wep (tm,) (A.6)(1d) (A.1)(P1)

Watri(tm, ) (A.6)(1a) (A.1)(P1)
Wer(tm,) (A.6)(1b) (A.1)(P1)

Watrr c(tm, ) yrr o X Wairi(tm,) (A.1)(P1)

Wer o(tm,) aor o X Wor(tm, ) (A.1)(P1)

Table 17: Summary of how data from 15 is processed in order to be used in model construction,
parameterisation and simulation.

A.6.5 Assumptions on how the data used in the model

e The treatment function codes in the set S.,qes, account for all treatments for cardiology condi-
tions.

e Echocardiography, electrophysiology, MRI and CT are all the relevant diagnostic tests for cardi-
ology conditions.

e The proportion of MRI and CT tests that were performed for patients with cardiology symptoms
are uniform across the country and over time.
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A.6.6 Figures

Raw time-series
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Figure 21: Raw time-series Nec(tm, )
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Figure 22: Raw time-series Nep(tm,)
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Figure 23: Raw time-series Nyirr ¢(tm, )
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Figure 24: Raw time-series Not ¢(tm, )
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Figure 25: Raw time-series Wec(tm, )
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Figure 26: Raw time-series Wep(tm, )
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Figure 27: Raw time-series Wairi c(tm, )
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Figure 28: Raw time-series W o(tm, )

37




Processed time-series
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Figure 29: Processed time-series Nec(tq, )
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Figure 30: Processed time-series Nep(tq, )
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Figure 33: Processed time-series Wec(tg, )
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Figure 34: Processed time-series Wep(tq, )
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Figure 35: Processed time-series Wari ¢(td, )
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Figure 36: Processed time-series W o(tg, )

A.7 Consultant-led RTT

A.7.1 Description

The series of documents contains data on Consultant-led Referral to Treatment (RTT) waiting times,
which monitor the length of time from referral through to elective treatment. Each RTT pathway
refers to an individual referral to non-emergency, consultant-led treatment. This means that a patient
waiting for multiple treatments may be included in the figures more than once. An RTT pathway is
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the length of time that a patient waited from referral to start of treatment or the length of time that
a patient has been waiting to start treatment. [17] The following activities end an RTT pathway:

e The start of the first treatment intended to manage a patients’ condition.
e Start of active monitoring initiated by patient or healthcare professional.
e Decision not to treat.
e Patient declined offer of treatment.
e Patient died before treatment.
There are four categories of RTT pathways:
e Incomplete pathway: pathways for patients waiting to start treatment at the end of each month.

e Incomplete pathway with DTA: pathways for patients waiting to start treatment at the end of
each month where a decision has been made to admit the patient for treatment.

e Admitted pathway (Inpatient waiting times): completed pathways for patients whose treatment
started during the period and involved admission to hospital.

e Non-admitted pathway (Outpatient waiting times): completed pathways for patients whose wait
ended during the period for reasons other than inpatient or day case admission for treatment.

e New: the number of new RTT pathways that started during the month.
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A.7.2 Relevant data

Enumeration Relevant data
(A.7)(1a) Total number of incomplete pathways - Cardiothoracic surgery.
(A.7)(1b) Total number of incomplete pathways - Cardiology.

(A.7)(2a) Total number of incomplete pathways with a DTA - Cardiothoracic surgery.

(A.7)(2b) Total number of incomplete pathways with a DTA - Cardiology.

(A.7)(3a) | Number of new RTT clock starts during the month - Cardiothoracic surgery.

(A.7)(3b) Number of new RTT clock starts during the month - Cardiology.
(A.7)(4a) Total number of complete admitted pathways - Cardiothoracic surgery.
(A.7)(4b) Total number of completed admitted pathways - Cardiology.

(A.7)(4a) Total number of complete non-admitted pathways - Cardiothoracic surgery.

(A.7)(4b) Total number of completed non-admitted pathways - Cardiology.

Table 18: Enumeration of the relevant data extracted from the Consultant-led referral to treatment
series. [17]
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A.7.3 Notation

Time-series

Meaning

WCS incomplete ( tmk )

No. of incomplete pathways for cardiothoracic surgery my

WC incomplete( tmk )

No. of incomplete pathways for cardiology in my

WCS incomplete DTA ( tmk )

No. of incomplete pathways with DTA for cardiothoracic surgery my

WC incomplete DTA ( tmk )

No. of incomplete pathways with DTA for cardiology my

NCS new( tmk)

No. of new pathways for cardiothoracic surgery my

NC new(tmk)

No. of new pathways for cardiology my

NCS completed admitted ( tmk )

No. of completed admitted pathways for cardiothoracic surgery my

NC completed admitted ( tmk )

No. of completed admitted pathways for cardiology my

N CS completed non—admitted( tmk )

No. of completed non-admitted pathways for cardiothoracic surgery my

NC completed non—admitted( tmk )

No. of completed non-admitted pathways for cardiology my

Table 19: Notation used to represent the relevant data extracted from the Consultant-led referral to

treatment series. [17]
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A.7.4 Data processing

Time-series Data/equation | Processing

Wes incomplete (tmy) (A.7)(1a) (A.1)(P1)

WG incomplete (tmy) (A.7)(1b) (A.1)(P1)

Wes incomplete DTA (tm, ) (A.7)(2a) (A.1)(P1)
We incomplete DTA (tm; ) (A.7)(2b) (A.1)(P1)
Ncs new(tm,) (A.7)(3a) (A.1)(P2)

NG new(tm;) (A.7)(3b) (A.1)(P2)

Nes completed admitted (tm; ) (A.7)(4a) (A.1)(P2)
NG completed admitted (tmy) (A.7)(4b) (A.1)(P2)
Nes completed non-admitted (tm,) | (A.7)(5a) (A.1)(P2)
N¢ completed non-admitted (my ) (A.7)(5b) (A.1)(P2)

Table 20: Summary of how data from 18 is processed in order to be used in model construction,
parameterisation and simulation.

A.7.5 Assumptions

e The number of RTTs for cardiothoracic surgery and cardiology account for all RT Ts related to
patients with cardiology conditions.
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A.7.6 Figures

Raw time-series
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Figure 37: Raw time-series Wcs incomplete ( tm )
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Figure 38: Raw time-series W incomplete (tm, )

46

it




x103

RTT pathways
HoN W A s,
)] £ N o [e¢] [e)]

o
o

o
=)

x104

9 Q N
0330'\ Q’L’qp‘\/ Q’L:)’Q’L Q\,”Lgl
Date

—— lockdown

Figure 39: Raw time-series Wcs incomplete DTA (tm, )
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Figure 40: Raw time-series W incomplete DTA (tm, )
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Figure 41: Raw time-series Ncs new(tm, )
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Figure 42: Raw time-series N¢ new(tm,)
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Figure 43: Raw time-series Ncs completed admitted (tm; )
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Figure 44: Raw time-series N¢ completed admitted (tmy )
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Figure 45: Raw time-series NCS completed non-admitted(tmk)
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Figure 46: Raw time-series N¢ completed non-admitted ( tmy )
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Figure 47: Processed time-series Wcs incomplete (td, )
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Figure 48: Processed time-series W incomplete (td, )
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Figure 49: Processed time-series W(cs incomplete DTA (td, )
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Figure 50: Processed time-series W incomplete DTA (td, )
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Figure 51: Processed time-series Ncs new(td, )
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Figure 52: Processed time-series N¢ new(td, )
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Figure 53: Processed time-series Ncs completed admitted (tdj )
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Figure 54: Processed time-series N¢ completed admitted ( td, )
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Figure 55: Processed time-series Ncs completed non-admitted ( td, )

x103

1.80

=
v
o

=
w
0

Lo
(]
o

1.05
0.90
A 2 o Q 39 0
oY oY QoY Qb Qo Qo
o T oL o o o

Date

—— lockdown

Figure 56: Processed time-series N¢ completed non-admitted (tdy )

A.8 Hospital Episode Statistics - HES provisional monthly

A.8.1 Description

HES is a data warehouse containing records for all patients treated in NHS hospitals in England.
It contains details of A&E attendances, inpatient admissions and outpatient appointments.
statistics are produced and published on a monthly basis. Each document in this series contains data
on all admissions, A&E attendances and outpatient appointments at NHS hospitals in England. Each
inpatient episode relates to a period of care for a patient under a single consultant at a single hospital.
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HES data counts the number of episodes of care for admitted patients rather than the number of
patients. [15]
For each specialty we have the following relevant fields:

e Admitted patient care data

— FCE: the number of periods of care under a single consultant that finished during the
reporting month. This does not include regular day or night patients.

— FCE with procedure: the number of FCEs that involved a procedure.

e Total appointments: the total number of appointments made for NHS patients at NHS providers
and Independent Sector Providers treating NHS patients.

A.8.2 Relevant data

Enumeration Relevant data

(A.8)(1) FCE for specialty code X

(A.8)(2) FCE with procedure for specialty code X

(A.8)(3) Total appointments for specialty code X

Table 21: Enumeration of the relevant data extracted from the Hospital episode statistics — admitted
& outpatient series. [15]

A.8.3 Notation

Time-series name Meaning
NFCE codes (tmy) Total no. of FCE for all specialty codes in Scoges defined in (2)
NECEP codes(tm, ) Total no. of FCE with procedure for all specialty codes in Sg¢odes
Na codes(tmy) Total no. of outpatient appointments for all specialty codes in Scodes

Table 22: Notation used to represent the relevant data extracted from the Hospital episode statistics
— admitted & outpatient series. [15]
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A.8.4 Data processing

Time-series Data/expression | Processing

NFCE codes(tmk) ZXESCOdeS(A'S)(l) (A 1)(P2)
NECEP codes(tmy) | 2oxeS.000 (A-8)(2) | (A1)(P2)

NA codes(tmk) ZXGSCOdeS(A'8)(3) (Al)(P2)

Table 23: Summary of how data from Table 21 is processed in order to be used in model construction,
parameterisation and simulation.

A.8.5 Assumptions

e The treatment function codes in the set S.,qes account for all cardiology conditions.

A.8.6 Figures

Raw time-series
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Figure 57: Raw time-series for the total number of FCE for all specialty codes considered,
NFCE codes(tmk)
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Figure 58: Raw time-series for the total number of FCE with procedure for all specialty codes consid-
ered, NFCEP codes(tmk)
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Figure 59: Raw time-series for the total number of outpatient appointments for all specialty codes
considered, Na codes(tm,)
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Processed time-series
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Figure 60: Processed time-series for the total number of FCE for all specialty codes considered,
NFCE codes ( tdk)
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Figure 61: Processed time-series for the total number of FCE with procedure for all specialty codes
considered, NpcEP codes(td, )
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Figure 62: Processed time-series for the total number of outpatient appointments for all specialty
codes considered, Na codes(td,)
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B Model

B.1 Stocks
Symbol Meaning

Py Symptomatic population

Py GP waiting list population

P, Diagnostic waiting list population

P, Consultant waiting list population

P, Treatment waiting list population
PSM Died in symptomatic population population
PGM Died on GP waiting list population
PDM Died on diagnostic waiting list population
PCM Died on consultant waiting list population
PTM Died on consultant waiting list population

Table 24: Summary of the symbols used to represent the stocks in the model.
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B.2 Variables/Parameters

Symbol Meaning
g GP appointment supply rate
o, Diagnostic appointment supply rate
g Consultant appointment supply rate
oy Treatment appointment supply rate
By Probability of dying with symptoms per unit time
B-m Probability of not dying with symptoms per unit time
Bs Inflow of symptomatic patients.
Bse Proportion of symptomatic patients booking GP appointments
Bes Proportion of GP appointments with discharge to symptomatic population
Bep Proportion of GP appointments with referral to diagnostics
Besc Proportion of GP appointments with referral to a consultant
Boe Proportion of diagnostic appointments with discharge to a GP
Bpoe Proportion of diagnostic appointments with referral to a consultant
Bee Proportion of consultant appointments with discharge to a GP
Beo Proportion of consultant appointments with referral to diagnostics
Ber Proportion of consultant appointments with referral to treatment
Bcc Proportion of consultant appointments with referral to another consultant

Table 25: Summary of the symbols used to represent the variables in the model.

B.3 Flows

All the stocks and the rates are non-negative and are therefore in the set Rar. The non-negativity
constraint for each rate is implemented in Table 26 with a max function as follows,

non-negative rate = max(0, rate). (3)

We choose to omit this notation from Table 26 for clarity.
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In each time step, this happens in the given order:
e Some people in a given population P will die with probability 3,, leaving a population of B Py .
e A fraction of the remaining people in the population will move to a new population.

The fraction is determined by the supply of appointments in that time step o, .

If the supply of appointments is greater than the remaining population o, > B-p Py then all of
the remaining population 8-y Py moves to a new population.

The proportion of this fraction that go to a given population is determined by the proportion
parameters B, .

For a given flow, GP discharge to symptomatic population rate, the above steps can be summarised
with the following piecewise equation

Dcs _ BGSO‘G Qg < ﬁﬁM'DG (4)
5(55'6—‘MPG ag > ﬁ_‘MPG

which can be implemented with

Dgss = Bss min <aG"B_‘MPG> (5)
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Flow Symbol Equation

Symptomatic death rate I\/lpS B,, Py

GP waiting list death rate MPG B,, P

Diagnostic waiting list death rate MpD B, Py

Consultant waiting list death rate /\/lpC B, Pe

Treatment waiting list death rate MpT B, Pr

Symptom development rate S Bs

GP appointment booking rate B, P, min (BSG,LLM)
GP discharge to symptomatic population rate Dgs cs Min <ac,ﬁﬂMPG
GP referral to diagnostics rate Rep | Bgp min <aG,5ﬁMPG
GP referral to consultant rate Rsc Bee Min <aG B-mPy

)

)

)

Diagnostic discharge to GP rate D, He Min <aD,[3ﬁMPD)
Diagnostic referral to consultant rate Roe Bpe Min <aD,ﬁﬁMPD>
Consultant referral to diagnostics rate R, -, Min (ac,ﬁﬁMPc>
Consultant referral to treatment rate R By Min (ac ﬁﬁMPC>
Consultant discharge to GP rate D.. c min (ac,ﬁﬁMPc>

Treatment rate T, min(oe,, B-mPr)

Table 26: Summary of the symbols used to represent the flows in the model.

B.4 Equations

The equations that define the Systems Dynamics model are as follows:

d
E’Dszﬁs_FDGs_BSG_MPS

d

EPG:BSG_}—DDG_'_DCG_MPG_D -R

GS GD

d

EPD:RGDJFRCD*MPD — Dpe = Rpe
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d

—F :RGC+RCC+TTC+RDC_MPC_RCT_RCD_DCG_R

C Model fitting

dt © cc
d
EPT = RCT - MPT - TTC
d
EPSM - MPS
d
EPGM - MPG
d
E Dy MPD
d
EPCM - MPC
d
E[PTM] = MPT
C.1 Defining the epochs
Epoch identifier Epoch Start date notation | End date notation
(1) (1)
1 Pre-lockdown to. ty,
(2) (2)
2 Lockdown ta. ta,
3 Post-lockdown tc(,f) tﬁ,‘:’)
— 4 4
4 Projection tés) tc(,e)

Table 27: Summary of the notation used to define the epochs.

C.2 Assumptions

65

In addition to the assumptions stated in Section A, we make the following assumptions.

(9)

(10)

(11)

(12)

(13)

(14)

(15)

The initial value of each stock will be represented with the notation P9 and the value of each parameter,
in a given epoch, will be represented with the notation x'.



C.2.1 Pre-lockdown steady-state

We assume that the system was operating at a steady-state capacity during the pre-lockdown period.
This assumption can be encoded into the model by imposing steady-state constraints on each of the
stocks P, P,, P,, P,, P, in the pre-lockdown period. These constraints are represented by the
following equations:

%PS _o, (16)
P, =0 (17)
2p =0 (18)
p.=0, (19)
P =0, (20)

C.2.2 Valid proportions

In this model, there are three types of appointments that affect multiple flows. These are the GP,
diagnostics and consultant appointments. The proportion parameters in Table 25 control how the
appointments are distributed across the different flows. We assume that the proportions associated
with a given type of appointment must sum to one in a valid model. These assumptions are represented
by the following equations;

Bl +BL,+B. =1 (21)
Bre + B =1, (22)
Bl +BL, +BL +B. =1 (23)

C.2.3 Appointment supply

We assume that the take-up of appointments by patients is always less than or equal to the number
of patients that are currently in each waiting list in each stock. We implement this by making the
following substitutions;

ag — min <ag,aLMPG>, (24)
af) — min (ag,aQMPD), (25)
ag — min <ag,aLM C), (26)
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Q..+ min <a’T,aLMPT>. (27)
For brevity, we have not explicitly replaced the a& where they appear below by the expressions on
the right-hand sides.
C.2.4 Non-negativity

All stocks, parameters and variables are non-negative.

C.2.5 Equal death rate

We assume that probability of dying with symptoms ﬁ;ﬂ is constant in each epoch and the same in all
stages of the system.

C.2.6 Symptomatic patients booking appointments

We assume that the proportion of symptomatic patients booking appointments to see their GP is
always less than the proportion of living patients in the symptomatic population. We implement these
by making the following substitution;

BL. — min (52@ LM>. (28)
Again for brevity we have not explicitly replaced 'Bé(; in the expressions that follow.

C.3 Parameter estimation

We can compute ground truth estimates for the stocks using the data presented in Section A. We
use the notation P, (t4, ) to represent the ground truth estimate of stock P at time tg,.

The estimated number of symptomatic patients (in stock S) :55 is given by the number of people
registered at a GP practice in England, N, ., multiplied by the cumulative prevalence rate in England

for all the conditions considered, p,

conditions

ﬁs ( tdk) - psconditions (tdk ) NLE ( tdk ) ’ (29)
Similarly, for the other stocks we obtain:
Pe(ta,) =ps, . (ta)Bap(ta,). (30)
P, (ta,) = Wee(ta,) + Wep(ta,) + Wi (ta,) + Wer o(ta,), (31)
ﬁc (tdk) = WCS incomplete(tdk) + WC incomplete(tdk)' (32)
ﬁT (tdk) = WCS incomplete DTA(tdk) + WC incomplete DTA(tdk)x (33)
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We can collect the parameters that correspond to the supply of appointments in different parts of
the system into a vector a' as follows

a = [ag aé ag a;]. (34)
We can collect the rest of the parameters into a vector B’ as follows
B =16, B, 8., 6L, Bl, Bl B, B B, Bl 6l B (35)

We can compute the mean of each time-series presented in Section A during each epoch using
the general equation

(i)
td‘e

- 1
i
X = (t(,—) - t(")+1> > xlta), (36)
o o tdk:tt(ils)
where x(tg,) represents a given time-series and %' the mean of the time-series in epoch i.

C.3.1 Estimating the mortality rate
Probability of dying with symptoms

We only had access to data on numbers of registered deaths data for England and Wales [3], whereas
the rest of our data is for England alone. We have therefore need to use an adjustment to estimate
the probability of dying in England using the mortality data for England and Wales.

Symbol Meaning
N, (ty,) | Total number of deaths in England and Wales from all cardiology ICD-10 codes.
De(ty,) Total number of deaths in England from all cardiology ICD-10 codes.
Dw(ty,) [Total number of deaths in Wales from all cardiology ICD-10 codes.
N (ty,) Total number of patients registered at a GP practice in England.
Ni,,(t,) Total number of patients registered at a GP practice in Wales.
ﬁME(tyk) Mortality rate in England for all cardiology ICD-10 codes.
B, (tni) Mortality rate in Wales for all cardiology ICD-10 codes.
o(ty,) Ratio of patients registered at a GP practice in England and Wales.
Y(ty,) Difference in mortality rates between England and Wales.

Table 28: Summary of the notation used in this section.

We can express y(ty,) as
ﬁME(tyk) ::BMW(tyk) +'Y(tyk) (37)
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We can compute the mortality rates stated in Table 28 as

_ DE(tYk)
B, (ty) = Ne(t,) (38)
and
B, (t) = otle) (39)
My, \ Yk NLW(tyk)-
We can then compute p(t,,) as
o NLw(tyk)
p(tJ/k) - NLE(tyk) : (40)

Using these equations we can now derive can expression for 5M5(tyk) as

DE(tYk) - NIC(t)/k) - DW(tYk)
= N/C(tyk) _IBMW(tYK)NLW(tYK)
= N/c(tyk) - (ﬁME(tyk) +’Y(tyk))NLW(tyk)

De(ty,) — Ne(ty)
NLE(tyk) - NLE(tyk) (6M5(tyk) +fY(ty‘<))p(tYk)

(41)
By (1) = el 5 () oyt )elty)

NLE(tYk) B
B (1) (1 + p(1,)) = m t)e(ty)
_ 1 N (ty,) .
B (t0) = oy ()~ 7(o(e) )

There is only four years of data available for the number of patients registered at a GP practice in
Wales from the StatsWales series [21]. In the following plots we compute Dg(ty,) using estimates
for B, (ty). We set y(ty,) = 0.001, which corresponds to 0.1% greater mortality rate in Wales,
which we have empirically estimated from publicly available data. We have compared three separate
estimation methods.

C.4 Estimate 1

_ 1 NIC(t)/k)
MEestimate l(t}/k) - (1 + p(tyk)) <NLE(tyk) 0001 X p(tYk) (42)
C.5 Estimate 2
We use the mean of p(t,, ), denoted as p
1 N (t,) _
M ) t — 1C\"Yk —0. 1 4
Eestlmate 2( yk) (1 +ﬁ) (NLE(tyk) 0 00 X p) ( 3)
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C.6 Estimate 3

We use the first available data, setting p(t,,) = p(ty,)

1 N, (t,)
Mg . (t,)= 2 YZ _0.001 x p(t 44
Eestlmate 3( )/k) (1 +p(tyo)) <NLE(tyk) p( J/o)> ( )
x10%
9,50 IS SUIRHCECN]
—— Estimate 2
9.75{ —— Estimate 3
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Figure 63: Difference between the different estimates for N, . (t, ).

We can see from figure 63 that the different estimates produce broadly similar results for N, . (t, ).
We believe this justifies the assumption that p(t,, ) can be considered a constant. Using the data and
we can compute the probability of dying with symptoms in England as

_ 1 N, (ty,) .
Bu = T4 BGo)) (NLE(tyk) 0.001 Xﬁ(yO)) (45)

C.6.1 Reminder

In the following sections we frequently refer to the set of cardiology conditions and codes under
consideration. This is detailed in Section A but as a reminder the conditions are:

e Atrial fibrillation (AF),
e Coronary heart disease (CHD),
e Heart failure (HF),

e Hypertension (HYP),
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We denote the set of these conditions as Sconditions. that is
Sconditions = {AF, CHD, HF, HYP}. (46)

The codes are:

Cardiothoracic surgery service (170),

Cardiac surgery service (172),

Cardiothoracic transplantation service (174),

Cardiology service (320),

Cardiac rehabilitiation service (328),

e Congenital heart disease service (331).

We denote the set of codes as S¢oges, that is

Seodes = {170, 172, 174, 320, 328, 329, 331}. (47)

C.6.2 Pre-lockdown
Initial conditions

We can directly estimate the initial conditions for the patient populations using the processed time-
series data from Section A. We will use the mean values of the time-series over the pre-lockdown
epoch.

We can estimate the initial condition for the symptomatic population as the mean of the proportion
of the population registered at a GP practice with cardiology symptoms

-1
LE'

S S,

(48)

conditions
We can estimate the initial condition for the GP waiting list population as the mean of the
proportion of GP appointment bookings that involve patients with cardiology symptoms

_ -1

Sconditions

We can estimate the initial condition for the diagnostic waiting list population as the sum of the
mean number of patients on the diagnostic waiting list waiting for an echocardiogram, an electrophys-
iology test, a cardiology MRI and a cardiology CT

—1 —1 —1 —1
PS - Wec + Wep + WMRI ¢ + WCT c* (50)

We can estimate the initial condition for the consultant waiting list population as the sum of the
mean number of patients on the consultant waiting list waiting to see a cardiothoracic-surgery or
cardiology consultant

0 —1 —1
Pc = WCS incomplete + WC incomplete’ (51)
We can estimate the initial condition for the treatment waiting list population as the sum of the

mean number of patients on the consultant waiting list whom are waiting to see a cardiothoracic-
surgery or cardiology consultant, where a decision to admit for treatment has been made

0 _ il —1
PT - WCS incomplete DTA + WC incomplete DTA (52)
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We set the initial condition for the patients that died in the symptomatic population to 0
0 _
F’SM =0. (53)
We set the initial condition for the patients that died in the GP waiting list population to 0
0 _
PGM =0. (54)
We set the initial condition for the patients that died in the diagnostic waiting list population to 0
0 _
PDM =0. (55)
We set the initial condition for the patients that died in the consultant waiting list population to 0
0 _
PCM =0. (56)
We set the initial condition for the patients that died in the treatment waiting list population to 0

0 _
P =0, (57)

Direct parameter estimation

We can directly estimate the appointment supply parameters using the mean of the processed time-
series from Section A. We will use the mean values of the time-series over the pre-lockdown epoch.
We can estimate the GP appointment supply as the mean proportion of the GP appointments that
are for patients with cardiology symptoms
1 _ =1 7L
aG - psconditions AGP' (58)

We can estimate the consultant appointment supply as the the mean number of consultant ap-
pointments marked with cardiology codes

-1
Olé - NA codes (59)

We can estimate the diagnostic appointment supply as the mean number of diagnostic appoint-
ments for echocardiography, electrophysiology, cardiology MRI and cardiology CT

—1 —1 —1 —1
a]13 = N6C+Nep+NMRIC+NCTC (60)

We can estimate the treatment appointment supply as the the mean number of finished consultant
episodes marked with cardiology codes that included a procedure

1 —1
OéT = NFCEP codes (61)

We can estimate the proportion of GP appointments that result in a referral to a consultant as
the mean number of consultant appointments for cardiothoracic surgery and cardiology divided by the
mean number of GP appointments

-1 -1
N w T NG new
Béc — CS ne al C ne (62)
G

We can estimate the proportion of consultant appointments that result in discharge to the GP
waiting list as the the mean proportion of consultant appointments that resulted in a finished consultant
episode

-1
N codaes



Indirect parameter estimation

We can then use the steady-state assumption applied to the treatment waiting list population (Equa-
tion (20)) to estimate the proportion of consultant appointments with referral to treatment, 6:ch'
from

d
EPT =R —Mp, — T, (64)
0=p 0k~ BP0 - ol (65)
We can rearrange the equation to get
1
L, = e (LP0+al ) (0
o‘C

We can use the steady-state assumption applied to the consultant waiting list population (Equation
(19)) to estimate the proportion of diagnostic appointments with referral to consultant, 6L1)C, from

d
E'Dc =Recc+ Roe + Tre + Rpe — MPC —Rer = Rep = Deg — Rec (67)
0= alpl, +al +abgl, - L0 - ab (Bl + 6L + 6L ) (69

Using the conservation of the consultant appointment supply proportions (Equation (23)) we can
simplify the expression to get

1
L = or (BLpe+ el (1-0L ) —alpl —al) ()
D

We can use the conservation of the diagnostic appointment supply proportions (Equation (22)) to
estimate the proportion of diagnostic appointments with discharge to GP, ,6[1)6, as

Bro =1-0,. (70)

We can use the steady-state assumption applied to the GP waiting list population (Equation (17))
to estimate the proportion of symptomatic patients booking GP appointments, ﬁéG. This gives

d
E'DG:BSG+DDG+DCG_MPG_DGS_RGD_RGC (71)
0= POBka +alh, + @Bl — LY (72)
_(ﬁés—i_ﬁéD—i_ﬁéc)aé‘ (73)

Using the conservation of the GP appointment supply proportions (Equation (21)) we can simplify
the expression to get

1
1 1 p0 1 11 11
Bsc = PO <5I\/I PG o, — aD’BDG B aC'BCG>' (74)
S
We can use the steady-state assumption applied to the symptomatic population (Equation (16))
to estimate the proportion of GP appointments with discharge to the symptomatic population, ﬁ(l;s.
This gives
d
E'Ds :S+DGS_BSG_MPS (75)
0=pBs +alpL — P2Bsc —BLPY. (76)
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We can rearrange the equation to get
1
Bes = o <Pso (5,1%- +ﬁﬂlﬂ> —[3%)- (77)
G

We can use the conservation of the GP appointment supply proportions (Equation (21)) to esti-
mate the proportion of GP appointments with referral to diagnostics, ﬁéD, as

ﬁéozl_ﬁéc_ﬁés' (78)

We can use the steady-state assumption applied to the diagnostic waiting list population (Equation
(18)) to estimate the proportion of consultant appointments with referral to diagnostics, ﬁgD, from

d

—p
dt

D — RGD+RCD_MPD — Dps = Rpe (79)
0= 1,0, + 61,015 — o} (B3, + 6L ). (0

Using the conservation of the consultant appointment supply proportions (Equation (22)) we can
simplify the expression to get

1
6L, = or (P2 +al —pl0l ). @

C

Optimisation problem

Even with the steady-state assumptions, we don’t have enough equations to fully parameterise the
model. We are left with two free parameters ﬁgc and B;. We can formulate a suitable optimisation
problem to estimate these two free parameters. Once we have estimates for these, we can compute
the remaining parameters in B using equations (66) - (81). Define the vector of free parameters as

=18t B 1. (82)

Let §; be a threshold tolerance which determines whether the valid proportions assumptions from
Section C.2.2 are satisfied. We use §; to define the following constraints

Cua 1) = |2, + 6L, + 6L~ 1| <51, (83)
Co(a'.BY) = B+, — 1‘ < 61, (84)
Cs(a',B") = |BL, +BL, +BL +BL — 1| < é1. (85)

Let 0> be a threshold tolerance which determines whether the pre-lockdown steady-state assump-
tion from Section C.2.1 is satisfied. We use d» to define the following constraint

d d d d d
Ca(a*,BY) = |—=Pi+—P,+—P,+—P.+—P
e i R i
In order to ensure the non-negativity assumption from Section C.2.4 is satisfied we define the
remaining constraints:

< 02. (86)

74



Cs(al,Bt) =al >0, (87)

Co(a’,BY) =B" 20, (88)

If we denote the model output of stock X at time ¢, as ﬁx(tdk, al,B'), we can compute the root-
mean-squared error between the estimated ground truth and the model output during the pre-lockdown
epoch for a stock X as

A1)

1 de R _ 2
1 1 @l 1
e (@ BY)= 53— | X <Px(tdk,a1,ﬁ ) — PX(tdk)> (89)
tee” — ta, TN,
We can then denote the total root-mean-squared error between the model output and the ground
truth estimate for the GP waiting list, diagnostic waiting list, consultant waiting list and treatment
waiting list in the pre-lockdown epoch as

Li{]\/ISE(al’ﬁl) = GPG (al’ﬁl) + GPD (al’ﬁl) + GPC(al’ﬁl) + GPT(al'ﬁl) (90)
We can then define the loss function which we would like to minimise as
L(alyﬁl) — LéMSE(alyﬁl) + Lconstraints(alvﬁl) (91)
where
0 Cila',BYHYA...ACs(at,BY)
L nstrain alv = . 92
constra ts( ﬂ ) {106 Otherwise ( )
We can now formulate the optimisation problem as
ml/'n L(al,BY)
ﬁopt (93)
st. 0< ﬁépt
C.6.3 Lockdown
Initial conditions
Let
Bo) =B B (94)

be the solution to the optimisation problem (93). We can then compute all remaining parameters in
B using equations (63)— (81) which gives us

B' =18, B B Bes Bip Pec Bro Boc Beo Bep Bel BLrl. (95)

We can then fully characterise the model in the pre-lockdown epoch by defining the initial conditions
and rate equations for each stock in Table 29.
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Stock | Initial condition Rate equation
Fy 'Ds? %PS:'Bé*—i_aé'BéS_PS(ﬁ.]S-G—i_'BA:lA)
P, P dtPo = PubBsc + i By, +alBl, — B, P — g
Pl 5Py = BL,00, + BL,04LP, — o (B3, + Bl
ol R GP-allral el —aLR - al(1-gY)
R fPe =Blal ~BLP, —al

Py, o SlPy, 1 =By, P

PGM Pc?M %PGM:ﬁI%APS

PDM PSM %’DDM:ﬁnlAPd

Feu PSM %PCMzﬁl\lAPC

P |, 1P, ] = BLP,

If we run the model from t = tc(lj) tot=

denoted by ﬁx(tl(jel),al,ﬁl) as the initial conditions for the optimisation problem in the lockdown

epoch.

Direct parameter estimation

Table 29

g

we can use the value of each stock at time t = tgl),

e

We can directly estimate the appointment supply parameters using the mean of the relevant time
series from Section A calculated using the following equations:

a?2 =N

D

—2
Acp

G S

conditions
2 —2
OLC =N A codes

2 -—2 -—2 -—2
ec + Nep + NMRIC + NCTC

2 -2
OéT - NFCEP codes

(96)

(97)

(98)

(99)

We can also directly estimate 5§C and BgG using the mean of some of the time-series from A

calculated using equation LABEL.

2 2
2 NCSHQW+NC new
'BGC - 2
aG

(100)



N2
6?5 — FCE codes (101)

NA codes
Model characterisation/definition

Stock | Initial condition Rate equation

Po | Pty alph) atPs = P§ + agBi, — Pi(B36 +B})

Po | Polti) e Bh) | P = Publs +al2, + 2B —BLP, — o

Po | a8 | R = B0 + 02,0200 — o (B2, + B2

P | P a8 | =026 et v a3, - 2P - o2 (12,

Pe | Pty B GePr = 0202 — B2 Py — o2

P, | P, (t% al,Bh) 4P, 1 =B2P,

Fe., 'BGM(tgli)'alﬁl) & P =B, P

Pow | Poy(te) ' BY) FePo, —%Pd

Pew | Py, (0. 0" B8Y) P, = B3P

Pr, | P, (1 a8 ElP, ] = 55 Pr

Table 30

Optimisation problem

If we denote the model output of stock X at time tdk as fD\X(tdk, a2,ﬁ2), we can compute the root-
mean-squared error between the estimated ground truth and the model output during the lockdown
epoch for a stock X as

2
)

2

1

2 2 2

e, (Ta,. o’ B%) = (2)—(1)“ Z <P (tg a@?,B°)— P (tdk)> - (102)
% tdk:tc(/?

We can then denote the total root-mean-squared error between the model output and the ground

truth estimate for the GP waiting list, diagnostic waiting list, consultant waiting list and treatment

waiting list in the lockdown epoch as

RMSE

Lose (0%.8%) = €. (a®,B%) + €, (o®, %) + €, (a®,B%) + €, (a®, B7). (103)
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B2 =82 B2 B2, B2, B2, B2 B2, B> B2] (104)

; 2 2 a2
m2m LR,MSE(a B )

Bopt
st 1—B2 -6 <B2 +B2, <1-B2 +61,
1-061 <B2, +B5, <1461, (105)
1-p2, -6 <P +PB2. +B2, <1-B2, +61,
0<pB%
0<a?
C.6.4 Post-lockdown
Initial conditions
Let
(B2) = 16 % B2 B2 B2 B2 6% B2 6% (106)

be the solution to the optimisation problem (105). We can then compute all remaining parameters in
B2 in the same manner as in the first epoch, which gives us

B =18, B B BL Be, Bee Pot Bt Bee B2 B P (107)

We can then fully characterise the model in the lockdown epoch by defining the initial conditions and
rate equations for each stock as follows:
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Stock | Initial condition Rate equation
P | Pt alBY) $iPy = B2 + o262 - P (6% +BY)
P, | Pt ol 4P, =PB% +a2p% + 2B —BYP, — A2
Po | Polt 0l B) | iR = B202 + 20280, - od (B + B3
P | Pt 0t BY) | P — 2B + ot +ad6E —BhP -2 (1- 62 )
Pe | Pulty) alBh) $ePr = B0 — BYyPy — o}
Py, | Py, (8. at.BY) SR, ] = B3Py
Pew | Pey(t) o' .BY) $Ps,, = BUP:
Poy | Po, (¢ 028" Py, = BYP,
Pey | Pey(ts,) a.B") §iPoy = BuPe
Py | Pry (1) 0.8 §elPo, ) = Bl Px

Table 31

If we run the model from t = tcf) tot= tg,f) we can use the value of each stock at time t = tg,f),

denoted by ﬁx(tf, az,ﬁz) as the initial conditions for the optimisation problem in the post-lockdown
epoch.

Direct parameter estimation

We can directly estimate the appointment supply parameters using the mean of some of the time-series
from Section A calculated using equation (96)

_ —3
a?G) - piconditions AGP (108)
3 -—3
ac = NA codes (109)
-3 -3 -3 -3

Oli :Nec+Nep+NMRIc+NCTC (110)

3 -3
OéT = NFCEP codes (111)

We can also directly estimate 52’6 and BSG using the mean of of the relevant time series from
Section A calculated using the following equations:

—3 —3
NCS new + NC new
3
aG

B2 = (112)
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N3
6?5 — FCE codes (1 13)

NA codes
Model characterisation/definition
Stock | Initial condition Rate equation
Po | Pty a®p) atPs = P& + aiBl, — Pi(Bis + )
Po | Polti) 0B | P = PBls +a}fl, +oif —BLP — ol
Po | D028 | R, =Bl + 03,0085 —ab (L + B2
P | P08 | g =02 et v o - 2P - a2 (12
Pe | Pu(ty).0? %) GePr =02 0% — B3Py — o
Poy | Ps, () @%8%) Sy, ] = B3P,
Fe., 'BGM(tgli)'O‘Zﬁ2) & P =B, P
Pow | Pyt @® 6%) P, = 63&
Pew | Py, (2, 0257 ePe, = B3P
P, | P, (. a2.8?) ElP, ] = 53 Pr
Table 32

Optimisation problem

If we denote the model output of stock X at time tdk as /3X(tdk,a3,ﬁ3), we can compute the root
mean squared error between the estimated ground truth and the model output during the lockdown
epoch for a stock X as

3
£

2
e;, (ta. a®.8%) = <3>1<3>+1 Z() <P (to,, a2.8%) — (tdk)> - (114)
ds ty, =t

d = s

We can then denote the total mean squared error between the model output and the ground truth
estimate for the GP waiting list, diagnostic waiting list, consultant waiting list and treatment waiting
list in the lockdown epoch as

Lowise (02.8%) = €. (a®.B%) + €, (0. B%) + €, (. B%) + e, (. B7). (115)

RMSE
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ﬁgpt - [Bi 5?@ ﬁgs 63[1 Bgc ﬁgc BED ﬁ?c 6?7'] (116)

; 3 3 33
mgm LR,MSE(a B )

Bt
st. 1= —6 <G +6, <1-62 +61,
1-6, <P +B. <1+61, (117)
1-62. -6 <B +B. +B2 <1-B2 +d1,
0<p°
0<a®

C.7 Projection epoch

Once we have fitted the model parameters to the available data, we would like to make future pre-
dictions about the behaviour of the system. In particular, we illustrate how uncertainty in the model
output can be characterised through a simple Monte Carlo sampling procedure and how interventions
in the system affect the output. Let

(83,0 = 63 6% 6% 62 6% 62 6% 62 6% (118)
be the solution to the optimisation problem (117).

C.7.1 Modelling uncertainty with Monte Carlo

We would like to model the uncertainty in the model predictions. We implemented a Monte Carlo
sampling procedure on one of the free parameters as an illustration of how uncertainty in the model
parameters may be propagated forward in the model predictions. We choose to sample 6?C from a
uniform distribution over the interval of +/- 5% of ,Bgc,

4
Bee ~ u[o.95ﬁg*c,1.o5ﬁg*c]' (119)

We need to update the other consultant appointment proportion parameters, namely ,6?6, [3§D, and
,BSD, in order to ensure the proportions constraint is still satisfied. If we define «y as

4 3%
6CC - 6CC

V= =5 = (120)
B +BEc + B

we can maintain the relative sizes of these proportions by adjusting 37_, B2, and B2, as follows

Bl =(1-vpB (121)
B =1 -8 (122)
Bee = (1 =MB, (123)
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C.7.2 Interventions

We illustrate how simple interventions on the supply of appointments affect the model output. In
particular, we implement a y, % increase in an appointment supply in the projection epoch, ai, as
follows

ai::(y§<l4—fgb>. (124)

We have

B = [53 ,B?* 532 '6(3;: 53; 52c ﬁffé 532 (1 _'Y)ﬁgc (1 —’Y)ﬁ?,i u[o.95ﬁg*c,1.o5ﬁg*c] (1 _7)5(?;]

(125)
and
at = [ag <1 + 1):;0) ai (l + 1yODO> ag <1 + ng) a? (1 + 1yOTO> ] (126)
C.8 Running the model
Stock | Initial condition Rate equation
G $1R1 =05 + a3l — Piokc — 02
2 P dilPo) = PBsg + e B +alBl, — Bl P o, ¥ tg) <t <)
P, P Py = Blool, + L0l — B R, —ai, ¥t <t<tf)
Po | P IR -l o a8l —pLP - (1-8L ) ¥ ) <<
Pr P &P =Bl ol —BLP —al, ¥ t) <t<t]
P, 0 LR, 1=B,p ¥V tP<t<t)
P, 0 &P, 1=BP v t) <t<tl)
Py, 0 dip, =8P Vv t <t<tl)
P, 0 LP, ) =BP. Vv t{) <t<t)
| o IS P
Table 33
B=I[B'B BB (127)
a=[a' a® a® a*] (128)
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D Results

D.1 Increasing the GP appointment supply
® Vo Yo Yo ¥71 =10,0,0,0]
® Vo Yo Yo ¥71 =15.0,0,0]
® Vs Vo, Ye. y7] =1[10,0,0,0]

—— Ground truth —— Model: 5% increase
—— Model: no intervention —— Model: 10% increase
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Figure 64: Model output for the GP waiting list population with no intervention, a 5% increase in the
GP appointment supply and a 10% increase in the GP appointment supply.
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—— Ground truth —— Model: 5% increase

%105 —— Model: no intervention —— Model: 10% increase
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Figure 65: Model output for the consultant waiting list population with no intervention, a 5% increase
in the GP appointment supply and a 10% increase in the GP appointment supply.

—— Ground truth —— Model: 5% increase
—— Model: no intervention —— Model: 10% increase
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Figure 66: Model output for the diagnostic waiting list population with no intervention, a 5% increase
in the GP appointment supply and a 10% increase in the GP appointment supply.
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—— Ground truth —— Model: 5% increase

%104 —— Model: no intervention —— Model: 10% increase
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Figure 67: Model output for the treatment waiting list population with no intervention, a 5% increase
in the GP appointment supply and a 10% increase in the GP appointment supply.

D.2 Increasing the diagnostic appointment supply
® [y..¥p. ¥, ¥ =10,0,0,0]
® V6. Y5, Ye ¥71 =10,5,0,0]
® Vs.¥5.Ye ¥71 =10,5,0,0]

—— Ground truth —— Model: 5% increase

5 —— Model: no intervention —— Model: 10% increase
x10

1.95

1.80

1.65 Wj'\ U
o o U
-.1.50 Ly
o
&
1.35
1.20
1.05
9 Q A% 1% 1%
oY Qb ol ol Y
o7 o7 o7 a7 Ko
Date
—— lockdown  —— projection period

Figure 68: Model output for the GP waiting list population with no intervention, a 5% increase in the
diagnostic appointment supply and a 10% increase in the diagnostic appointment supply.
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—— Ground truth —— Model: 5% increase

%105 —— Model: no intervention —— Model: 10% increase
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Figure 69: Model output for the diagnostic waiting list population with no intervention, a 5% increase
in the diagnostic appointment supply and a 10% increase in the diagnostic appointment supply.

—— Ground truth —— Model: 5% increase
—— Model: no intervention —— Model: 10% increase
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Figure 70: Model output for the consultant waiting list population with no intervention, a 5% increase
in the diagnostic appointment supply and a 10% increase in the diagnostic appointment supply.
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—— Ground truth —— Model: 5% increase
—— Model: no intervention —— Model: 10% increase

x10*

4.00

3.75

275 /\

2.50
) N N 12 1
oY N St St St
oY o7 o7 o R
Date
—— lockdown  —— projection period

Figure 71: Model output for the treatment waiting list population with no intervention, a 5% increase
in the diagnostic appointment supply and a 10% increase in the diagnostic appointment supply.

D.3 Increasing the consultant appointment supply
® [V V. Y. ¥r] =10,0,0,0]
® V6. Y5, Ye ¥71 =10,0,5,0]
® [V, ¥p: Yo ¥y =10,0,10,0]

—— Ground truth —— Model: 5% increase
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Figure 72: Model output for the GP waiting list population with no intervention, a 5% increase in the
consultant appointment supply and a 10% increase in the consultant appointment supply.
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—— Ground truth —— Model: 5% increase
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Figure 73: Model output for the diagnostic waiting list population with no intervention, a 5% increase
in the consultant appointment supply and a 10% increase in the consultant appointment supply.

—— Ground truth —— Model: 5% increase
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Figure 74: Model output for the consultant waiting list population with no intervention, a 5% increase
in the consultant appointment supply and a 10% increase in the consultant appointment supply.
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—— Ground truth —— Model: 5% increase
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Figure 75: Model output for the treatment waiting list population with no intervention, a 5% increase
in the consultant appointment supply and a 10% increase in the consultant appointment supply.

D.4 Increasing the treatment appointment supply
® [V.. V. Yo ¥-1 =10,0,0,0]
o [yG’yD'yC'yT]:[O'OYOVS]
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Figure 76: Model output for the GP waiting list population with no intervention, a 5% increase in the
treatment appointment supply and a 10% increase in the treatment appointment supply.
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—— Ground truth —— Model: 5% increase
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Figure 77: Model output for the diagnostic waiting list population with no intervention, a 5% increase
in the treatment appointment supply and a 10% increase in the treatment appointment supply.
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Figure 78: Model output for the consultant waiting list population, with no intervention, a 5% increase
in the treatment appointment supply and a 10% increase in the treatment appointment supply.
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—— Ground truth —— Model: 5% increase

%10 —— Model: no intervention —— Model: 10% increase
3.6
3.0
o 2.4
o
018
& ‘
12
0.6
0.0
) Q N 12 l
oY N St St St
oY o7 o7 o R
Date
—— lockdown  —— projection period

Figure 79: Model output for the treatment waiting list population, with no intervention, a 5% increase
in the treatment appointment supply and a 10% increase in the treatment appointment supply.

D.5 Increasing all the appointment supplies
® Vo Yo Yo, ¥71 =10,0,0,0]
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Figure 80: Model output for the treatment waiting list population with no intervention, a 5% increase
in all the appointment supplies and a 10% increase in all the appointment supplies.
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—— Ground truth —— Model: 5% increase
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Figure 81: Model output for the treatment waiting list population with no intervention, a 5% increase
in all the appointment supplies and a 10% increase in all the appointment supplies.

—— Ground truth —— Model: 5% increase
%105 —— Model: no intervention —— Model: 10% increase
3.6
32
Q
028
(@)
()
o
2.4
2.0
1.6
A AP A A A
0 N N St W
Date
—— lockdown  —— projection period

Figure 82: Model output for the treatment waiting list population with no intervention, a 5% increase
in all the appointment supplies and a 10% increase in all the appointment supplies.
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—— Ground truth —— Model: 5% increase
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Figure 83: Model output for the treatment waiting list population with no intervention, a 5% increase
in all the appointment supplies and a 10% increase in all the appointment supplies.
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