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Background: We assessed cost–effectiveness of insertable cardiac monitors (ICMs) in a US cryptogenic
stroke population. Materials & methods: We modelled lifetime costs and quality-adjusted life years for
three monitoring strategies post cryptogenic stroke: ICM starting immediately, ICM starting after Holter
monitoring (delayed ICM) and standard of care involving intermittent ECG and Holter monitoring. Pa-
tient characteristics and detection efficacy were based on the CRYSTAL-AF trial. AF detection altered the
modelled anticoagulation therapy and subsequent stroke and bleed risks. Results & conclusion: Immedi-
ate ICM was found to be cost-effective versus standard of care and cost-saving versus delayed ICM. Results
were robust to sensitivity analyses. ICMs are a cost-effective diagnostic tool for the prevention of recurrent
stroke in a US cryptogenic stroke population.

Graphical abstract:

Is a cost-effective tool for AF diagnosis ($31,345 per

QALY gained).

Immediate ICM:

Results

Cardiac monitoring

Model flow – AF detection and treatment

AF status Treatment given

Aspirin only

Aspirin only

NOAC
(unless precluded by prior bleeds)

AF
detected

Events with

temporary health

consequences

Extracranial
hemorrhage

Non-fatal

Ischemic
stroke

Non-fatal

Hemorrhagic
stroke

Non-fatal

Fatal
Cerebrovascular

event

Abbreviations: AF: Atrial fibrillation; NOAC; Non-vitamin-Koral anticoagulants;
CRNM: Clinically relevant non-major bleed.

Death

Intracranial
hemorrhage

Non-fatal

CRNM bleed

Events with

permanent health

consequences

Cost-effectiveness of an insertable cardiac monitor (ICM) to detect

atrial fibrillation in patients with cryptogenic stroke

Standard of care (SoC)
Crystal-AF intermittent ECG & Holter

monitoring

Patient AF status
and treatment
Patient status on AF

diagnosis and treatment is

tracked throughout the

model in all health states

Cerebrovascular

and bleeding
events

These have either

temporary or permanent

health consequences

Delayed ICM
After negative Holter monitor

Immediate ICM insertion

Population

Patients with cryptogenic

stroke at risk of AF

(crystal-AF trial)

•

•

•

Was associated with 60 fewer strokes per 1000

patients compared with SoC, due to higher rates of AF

diagnosis and treatment.

Is cost-saving compared with a Delayed ICM approach.

AF free

AF
undetected

J. Comp. Eff. Res. (2021) 10(2), 127–141 ISSN 2042-6305 12710.2217/cer-2020-0224 C© 2020 Laura Sawyer

https://orcid.org/0000-0002-0854-6222
https://orcid.org/0000-0003-2766-5347


Research Article Sawyer, Witte, Reynolds et al.

Lay abstract: When patients have a stroke with no identifiable cause, there is a chance that it was caused
by an abnormal heart rhythm called atrial fibrillation (AF). If a patient is found to have AF, their risk
of having another stroke is much higher and their doctor will usually try to prescribe a blood thinner to
prevent further strokes. Guidelines recommend that blood thinners are only prescribed after the presence
of AF is confirmed. In the absence of AF they increase bleed risk without clear benefits.

The standard way to diagnose AF after a stroke, is to check the patient’s heart rhythm using an ECG and –
sometimes but not always – to have the patient wear an external ECG monitor at home. Insertable cardiac
monitors (ICMs) are a new alternative to this – they are inserted under the skin on the patient’s body by a
minor surgical procedure – and record data on the heart continuously, for several years if required. ICMs
are better at finding AF than standard methods and as a result they should help to prevent more strokes
in the long run. They have a higher upfront cost because the devices and the minor operation must be
paid for and there are also costs for the regular check-ups to review data from the ICM.

This project aimed to determine whether ICMs are a good investment for the US healthcare system to
detect AF in patients who have had a stroke with no identifiable cause. We did this using an economic
model that took into account all possible healthcare costs related to the care of this population and their
condition and predict what might be expected to happen given the more complete AF detection that
ICMs can provide.

The results of the model suggest that although ICMs cost more to administer than standard care without
an ICM, they are likely to increase the length and quality of life that is preserved by preventing additional
strokes. These benefits are highly valued within the US healthcare system, meaning ICMs are considered
cost-effective.

Tweetable abstract: An economic analysis developed in the US healthcare setting has found that in-
sertable cardiac monitors are a cost-effective way to detect atrial fibrillation in patients presenting with
cryptogenic stroke.
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Atrial fibrillation (AF) is associated with quality of life (QoL) impairment, an increase in the risk of stroke,
cardiovascular morbidity and mortality and significant increases in the total cost of care [1,2]. Upon stroke occurrence,
the underlying cause cannot be determined in 20–40% of cases, resulting in the classification by exclusion of
cryptogenic stroke [3,4]. The risk of recurrent stroke in patients with AF can be significantly reduced by oral
anticoagulation. Guidelines recommend a confirmed diagnosis of AF before initiation of anticoagulant therapy
whereas in the absence of proven AF, antiplatelet therapy is usually recommended [5]. Several trials have demonstrated
prophylactic anticoagulation in people without proven AF to be an ineffective strategy [6,7].

AF is often paroxysmal and asymptomatic. Consequently, it can remain undetected in many patients undergoing
standard of care (SoC) cardiac monitoring [8,9]. Insertable cardiac monitors (ICMs) are capable of continuous
monitoring of heart rhythm and are indicated across a range of conditions where this diagnostic information
has value [10]. CRYSTAL-AF, a global randomized controlled trial, reported that use of ICMs in patients with
cryptogenic stroke provided almost a ninefold higher AF detection rate compared with SoC, leading to a greater
proportion of patients initiating oral anticoagulants [11]. Noninvasive cardiac rhythm monitoring has a lower
diagnostic yield in patients with paroxysmal AF, even when longer duration and repeated monitoring is used [12,13].
A simulation study using CRYSTAL-AF data showed that the sensitivity of external monitors to detect AF relative
to ICM-detected AF ranged from 1.3% (24-h monitor) to 22.8% (30-day monitor) [14].

The purpose of the current analysis is to assess if ICM use is cost-effective in cryptogenic stroke patients from a
US payers’ perspective.

Materials & methods
We constructed a Markov model in Microsoft Excel R© to estimate lifetime quality-adjusted life years (QALYs)
and costs from a US payer perspective, discounted 3% annually as recommended in current guidelines for health
economic evaluation [15]. Life-years gained and stroke events avoided were also modeled. The model considered a
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hypothetical cohort of patients with a recent cryptogenic stroke or transient ischemic attack, matching those of the
CRYSTAL-AF study allocated to receive either: an immediate ICM; SoC (comprised of ECGs and intermittent
Holter monitor use ranging from 24 h to 7 days, with the distribution of frequencies taken from the control arm
of the CRYSTAL-AF study) [11] a strategy of delayed ICM, comprising a 7-day external Holter monitor, followed
by an ICM in patients remaining undiagnosed with AF.

The effectiveness of these strategies to detect AF is based on the CRYSTAL-AF clinical trial [11] as well as
a previously published simulation that used continuous monitoring data from ICMs to model the rate of AF
detection with different external cardiac monitoring strategies in patients matching those in CRYSTAL-AF [14].

To ensure all relevant costs and health-related QoL (HRQoL) impairments are captured, a lifetime horizon is
used. Outcomes are evaluated at fixed time increments (cycles) of 3 months, consistent with the scheduled patient
follow-up intervals in the CRYSTAL-AF trial and models used in a previous Institute for Clinical and Economic
Review assessment of AF treatment [16].

Model structure
Movement of patients through the model is shown in Figure 1. In each cycle, the cohort has a probability of
having AF detected, or developing it without detection. If AF is detected, patients receive a nonvitamin-K oral
anticoagulants (NOAC), as recommended by current clinical guidelines [17]. If AF is undetected, patients continue
to receive only aspirin.

Secondary stroke and bleeding risks are based on the cohort’s cerebrovascular risk and the efficacy and safety of
treatments received. Patients can experience up to two recurrent strokes within the model; first and second recurrent
strokes each have an associated level of permanent disability as captured in distinct ‘post-stroke’ health states. AF
detection and treatment change can still occur in these states, but the only transition patients can make following
a second recurrent stroke is to death.

Monitoring in delayed ICM arm
Patients in the delayed ICM arm started by receiving a 7-day external Holter monitor. After 3 months (upon
the beginning of the next model cycle), an ICM is implanted, if no AF has been detected and patients have not
experienced a hemorrhagic stroke. If a patient has experienced a hemorrhagic stroke they are assumed to become
ineligible for NOACs, so diagnosing AF does not provide the benefit of a change in treatment; thus these patients
do not progress to an ICM and transition to SoC instead.

Input parameters
Event probabilities used in the model are shown in Table 1. Values were derived from published studies of baseline
risks and calculated via application of drug treatment effects on those risks. Further details of model input parameters
are given in Supplementary Figures 1–4 & Supplementary Tables 1–13.

AF incidence & detection
The definition of AF considered in this analysis is the same as used in the CRYSTAL-AF trial (episodes >30 s) [11].
Data from the first 36 months of CRYSTAL-AF were used to model AF detection with an ICM (REVEAL R© XT,
Medtronic), a 7-day Holter and SoC. The relationship between ICM and SoC strategies was defined by the hazard
ratio for AF detection observed in the trial: 8.8 (95% CI: 3.5–22.2) [11]. Detection probabilities vary between
cycles; for the first cycle, they are 8% for ICM, 1% for the Holter in the delayed ICM arm and 0.9% for SoC. Since
an ICM may not accurately identify all episodes of AF, we applied a 96.1% sensitivity rate to the device to estimate
the true incidence of AF [31]. For patients in the delayed ICM arm who transition to ICM, the rate of detection
following transition to ICM is assumed to catch up with the rate of detection in the immediate ICM arm within
one cycle.

Ischemic stroke risk & severity
The risk of ischemic stroke in the model depends on AF status, CHADS2 score, treatment and age. Gage et al. [18]

reported the annual risk of ischemic stroke among patients with diagnosed AF receiving aspirin divided by CHADS2

score. These data were used as baseline risks, with the effect of AF status, treatment and age applied using a range of
sources [19,20,22,29,32]. The risks of a second recurrent stroke (either ischemic or hemorrhagic) and a first recurrent
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Figure 1. Model schematic. Nonvitamin-K oral anticoagulants are administered in base case analysis, warfarin is
substituted in sensitivity analysis.
AF: Atrial fibrillation; CRNM: Clinically relevant nonmajor; ECH: Extracranial hemorrhage; HS: Hemorrhagic stroke;
ICH: Intracranial hemorrhage; IS: Ischemic stroke.

stroke are independent. This is a conservative assumption, made based on clinical expert opinion in the absence of
empirical data.

A distribution of the severity for a secondary ischemic stroke was defined based on data from recent cost–
effectiveness analyses [23,28] and was independent of treatment. Based on expert opinion, it was assumed that a
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Table 1. Annual stroke and bleeding event risks and severity profile, by atrial fibrillation status and
treatment received.

Annual risks and severity profile Ref.

AF free AF undetected AF detected

Treatment received Aspirin Aspirin NOAC†

Risk of ischemic stroke‡ 0.0528 0.0785 0.0319 [18–20]

Risks of major and minor bleeding§

ICH 0.0055 0.0055 0.0056 [21]

GI bleed 0.0115 0.0115 0.134 [20,22]

Clinically relevant nonmajor bleed 0.0756 0.0756 0.0864 [23–27]

Distribution of major bleed type All patients

% of ICH that is hemorrhagic stroke 59.7% [23,28]

% of ECH that is GI bleed 41.8% [23,28]

Severity of first recurrent stroke event (%) Mild Moderate Severe Fatal

Ischemic stroke 42% 26% 10% 22% [23,28]

Hemorrhagic stroke 28% 23% 12% 37% [23,28]

†NOAC was used as treatment in base case and warfarin was considered in sensitivity analysis.
‡ Ischemic stroke risk was adjusted by a factor of 1.46 (95% CI: 0.8–2.16) per decade [29].
§Bleeding risks were adjusted by a factor of 1.97 (95% CI: 1.79–2.16) per decade [30]. ECH, extracranial hemorrhage.
AF: Atrial fibrillation; ECH: Extracranial hemorrhage; GI: Gastrointestinal; ICH: Intracranial hemorrhage.

second recurrent ischemic stroke will be at least as severe as the first recurrent ischemic stroke. The likely severity
of a second recurrent stroke was modeled by redistributing the probable severity of a first recurrent stroke.

Bleeding risk
Bleeding risks were taken from several studies and were treatment- and age-related [24,30,32–34]. The breakdown of
different major bleeding events, in terms of type and severity, was taken from two cost–effectiveness analyses [23,28]

and was assumed to apply independently of treatment.
In the model, patients experiencing clinically relevant nonmajor bleeds are assumed to remain on treatment

without discontinuation. Patients experiencing hemorrhagic stroke while on NOAC, discontinued and switched
to aspirin. Hemorrhagic stroke patients on aspirin did not discontinue treatment following major bleeding events
but were precluded from ever changing to NOAC, even if they were subsequently diagnosed with AF. The severity
of a second recurrent hemorrhagic stroke was modeled using the same method as for ischemic stroke outlined in
the previous section.

Among model patients on NOACs, a nonfatal extracranial hemorrhage or other intracranial hemorrhage would
prompt 25 and 56%, respectively, to permanently switch to aspirin [35,36]. The remainder of the patients stopped
NOAC temporarily, resuming after 6 weeks. The same percentages were precluded from subsequently receiving
NOAC therapy if the bleeding event occurred while on aspirin.

Nonfatal extracranial hemorrhage, other intracranial hemorrhage and clinically relevant nonmajor bleeds carry
temporary consequences lasting only the cycle in which the bleed occurred. The consequences of ischemic stroke
and hemorrhagic strokes were assumed to be permanent, with the impact on costs, HRQoL and long-term mortality
dependent on the severity of the stroke (Table 2).

Mortality
Age-dependent mortality risks in the model were based on US life tables [41] and were adjusted, where applicable,
to exclude deaths due to cerebrovascular events which were explicitly modeled [41,42]. Following a nonfatal stroke,
an individual’s mortality risk increases depending on the stroke’s severity and their treatment.

Health-related quality of life
Calculating QALYs requires estimating patients’ utility, or HRQoL, over time on a scale between 1 (perfect health)
and 0 (equivalent to death). We used evidence from the OXVASC study and Gage et al., to obtain HRQoL
values for stroke events and from other published models for disutility values, or utility decrements, associated
with bleeding (Table 2) [23,28,38,39]. These were applied to baseline utility estimates taken from the CRYSTAL-AF
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Table 2. Costs and utilities of interventions, events and health states.
Event, intervention or health state Cost mean (SE), US$ Utility mean (SE) Ref.

Stroke events†

Mild IS 12,398 (1898) 0.76 (0.05) [18,37]

Moderate IS 26,248 (4018) 0.39 (0.02) [18,37]

Severe IS 60,811 (9308) 0.11 (0.01) [18,37]

Fatal IS 29,709 (4547) 0 [37]

Mild HS 11,975 (1833) 0.76 (0.05) [18,37]

Moderate HS 29,101 (4454) 0.39 (0.02) [18,37]

Severe HS 69,836 (10,689) 0.11 (0.01) [18,37]

Fatal HS 34,955 (5350) 0 [37]

Disutility for all secondary stroke events (acute period)† -0.15 (0.039) [18]

Other events

Other intracranial hemorrhage event 34,955 (5350) 0.7 (0.093) [23,28,37–39]

Clinically relevant nonmajor bleed 10,795 (1647) -0.181 (0.014)‡ [23,28,37]

Gastrointestinal bleed 38,892 (6791) -0.181 (0.014)§ [23,28,37]

Other extracranial hemorrhage 38,892 (5350) -0.181 (0.014)§ [23,28,37]

Health states before any event

Starting utility and No-AF N/A 0.774 (0.013)

Disutility for presence of AF N/A -0.014 (0.019)

Post-stroke health states (per cycle)

Annual post mild stroke (IS or HS) 12,922 (1989) 0.727 (0.012) [37]

Annual post moderate stroke (IS or HS) 24,752 (3789) 0.582 (0.035) [37]

Annual post severe stroke (IS or HS) 61,876 (9471) 0.397 (0.065) [37]

Disutility for secondary stroke (post-acute period) N/A -0.068 (0.024) [18]

One-time intervention costs

ICM acquisition and insertion 7042.20 N/A [40]

ICM removal 738.10 N/A [40]

Monitoring & follow-up (per cycle)

ICM 118.61 N/A [40]

SoC (year 1) 45.38 N/A [40]

SoC (year 2) 23.22 N/A [40]

SoC (year 3 and beyond) 17.38 N/A [40]

Drug costs (per cycle)

Aspirin 54.16 N/A

OAC 118.73 N/A

†Utility and cost values in the model are adjusted for a 3-month cycle length.
‡Disutility from CRNM bleed assumed to last 2 days.
§Disutility from extracranial hemorrhage assumed to last 2 weeks.
AF: Atrial fibrillation; CRNM: Clinically relevant nonmajor; HS: Hemorrhagic stroke; ICM: Insertable cardiac monitor; INR: International normalized ratio; IS: Ischemic stroke; OAC:
Oral anticoagulation; SE: Standard error; SoC: Standard of care.

trial [11]. All utilities were adjusted to account for the age and sex of the population, using published formulae [43].
Further details are available in Supplementary Tables 14 & 15.

Resource use & costs
SoC arm

The frequency and number of tests for SoC were based on those observed in the control arm of the CRYSTAL-
AF trial [11]. We separated first-, second- and third-year tests performed on patients (Supplementary Table 16)
and assumed that third year clinical care would be typical of long-term follow-up. Tests include infrequent use of
electrocardiograms, 24-h, 48-h and 7-day Holter monitors. The frequency of unscheduled office visits was obtained
from an unpublished post-hoc analysis of CRYSTAL-AF data. The unit cost for diagnostic tests and office visits
were based on national average Medicare payments [44]. A mark-up of 25% was applied to Medicare payments to
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Table 3. Total costs and quality-adjusted life years over patient lifetime.
Analysis SoC Immediate ICM Delayed ICM Immediate ICM vs SoC

Deterministic results

Total costs (US$) 95,877 102,088 102,223 6211

Total ischemic strokes 0.6393 0.5794 0.5795 -0.0599

QALYs 6.786 6.985 6.983 0.198

LYS 10.037 10.264 10.263 0.226

ICER vs SoC, US$/QALY Reference 31,345 32,200 –

ICER vs SoC, US$/LY Reference 27,438 28,160 –

Probabilistic results

Total costs (95% CI), US$ 96,859
(82,159 to 114,475)

103,069
(88,294–120,478)

103,217
(88,460–120,608)

6210

Total ischemic strokes (95% CI) 0.638
(0.493 to 0.79)

0.575
(0.431–0.732)

0.575
(0.431–0.732)

-0.063

QALYs (95% CI) 6.795
(6.162–7.407)

6.998
(6.34–7.646)

6.997
(6.339–7.644)

0.203

LYs (95% CI) 10.05
(9.379–10.6)

10.282
(9.639–10.821)

10.281
(9.638–10.82)

0.232

ICER vs SoC, US$/QALY Reference 30,613 31,499 –

ICER vs SoC, US$/LY Reference 26,798 27,548 –

Probability of being the most cost–effective

WTP of US$50k/QALY 14.7% 85.3% 0% –

WTP of US$100k/QALY 1.9% 98.1% 0% –

WTP of US$150k/QALY 1.0% 99.0% 0% –

ICER: Incremental cost–effectiveness ratio; SoC: Standard of care; QALY: Quality-adjusted life year; WTP: Willingness to pay.

estimate commercial payer payments. Final blended model costs were calculated by applying commercial rates to
the proportion of cryptogenic stroke patients in the US with commercial plans (40%) and those (60%) reimbursed
by Medicare.

ICM arm

There are one-time costs associated with ICM insertion and subsequent removal. A per-cycle cost associated with
follow-up of an ICM patient includes the cost of visiting a healthcare provider if AF was detected and regular remote
and in-person interrogation of the ICM. The frequency of in-person visits was obtained from an unpublished post-
hoc analysis of the Reveal LINQ Registry [37,40]. The ICM battery life is 3 years, at which point the model assumed
it was removed. Following removal, patients yet undiagnosed with AF continued to receive SoC monitoring. The
annual risk of unplanned ICM removal before 3 years is 3%, which comprises clinical, technical and personal
reasons [11].

Delayed ICM arm

For delayed ICM, there is an initial visit, a cost for the Holter monitor and the subsequent ICM-related costs in
patients who go on to receive an ICM.
Per cycle costs for drug treatment and health states, as well as one-time event costs were obtained from vari-
ous sources (Table 2). The cost of oral anticoagulation therapy was estimated by averaging across all NOACs
(Supplementary Table 17).

Analysis
The cost–effectiveness of ICM compared with delayed ICM and SoC was estimated with the incremental cost–
effectiveness ratio (ICER), which synthesizes QALYs and healthcare costs accrued over the cohort’s lifetime. We
use the US payers’ willingness-to-pay thresholds of $50,000, 100,000 and 150,000 per added QALY [45,46]. The
base–case analysis was based on CRYSTAL-AF patient characteristics [11] and patients diagnosed with AF were
switched to a NOAC. We also performed subgroup analyses by CHADS2 score [11]. A deterministic one-way
sensitivity analysis was performed on all model parameters: baseline characteristics, diagnostic accuracy, treatment
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Table 4. Results of alternative delayed insertable cardiac monitor strategies and scenario analyses.
Scenario Immediate ICM vs delayed ICM ICER

Incremental costs (US$) Incremental QALYs

Results of alternative delayed one-off ICM strategies

7-Day Holter (base case) -135 0.001 Immediate ICM dominates

24-hour Holter -153 0.001

48-hour Holter -140 0.001

21-day Holter -75 0.001

30-day monitor -221 0.001

Results of alternative delayed quarterly ICM strategies

24-hour Holter quarterly -211 0.008 Immediate ICM dominates

48-hour Holter quarterly -178 0.008

7-day Holter quarterly -177 0.006

Scenario analyses (compared with base case 7-day Holter)

50% Holter compliance -173 0.001 Immediate ICM dominates

15% dropout rate 679 0.03 Immediate ICM extendedly dominates

One-off strategies are use of a Holter once, before transitioning to an ICM after 3 months. Quarterly strategies are the quarterly use of a Holter for a year, before transitioning
to an ICM. A strategy is described as economically dominant if it is cost saving and leads to better health outcomes. The 15% dropout scenario assumes that 15% of the
patients eligible for an ICM in the delayed ICM arm, are lost to follow-up before they receive it.
ICER: Incremental cost–effectiveness ratio; ICM: Insertable cardiac monitor.

efficacy and safety, utility and cost values. A scenario was tested in which the battery life of an ICM is increased to
4.5 years, by extrapolating AF detection rates via two methods: assuming a linear increase in AF detection at the
end of the trial and assuming 50% of the linear rate. Probabilities of treatment discontinuation for reasons other
than bleeding were also considered. A range of different Holter lengths were considered as part of the delayed ICM
strategy, as was lower Holter compliance and dropout of patients being lost to follow-up before progressing to an
ICM (Table 4). Use of warfarin instead of NOACs was considered, with additional results presented in the Data
Supplement. A probabilistic sensitivity analysis was also performed (1,000 samples) and appropriate distributions
were fitted to all model variables (Supplementary Table 18).

Results
Base–case analysis for patients using NOAC therapy
The deterministic analysis comparing the immediate ICM versus SoC strategies over the patient’s lifetime showed
an incremental benefit of 0.198 QALYs and 0.226 life years, a reduction of 60 strokes per 1,000 patients and
an incremental cost of US$6,211 (Table 3). These benefits were driven by the 3 years of ICM monitoring. The
immediate ICM strategy was associated with higher initial costs for the technology and its use and higher bleed-
related costs compared with SoC. It was also associated with lower stroke event costs and lower long-term health
related costs. Based on these deterministic results, the comparison of the immediate ICM and SoC strategies showed
an estimated ICER of $31,345 per QALY and US$27,438 per life year gained, making the ICM a cost-effective
intervention in the US setting.
Compared with delayed ICM, the immediate ICM strategy was associated with 0.001 additional QALYs and
US$135 lower costs on average over a patient’s lifetime. This means that an immediate ICM strategy had comparable
effectiveness yet was cost-saving compared with delayed ICM. In the delayed ICM strategy, 7-day monitor costs
totaled US$233,300 per 1,000 patients but captured only 3% of patients ultimately diagnosed with AF (the
remaining 97% were detected via ICM).
A detailed breakdown of the results is available in Supplementary Tables 19–27.

Sub-group analysis by CHADS2 score
Relative to the base–case analysis, the ICER increased when we considered patients with CHADS2 scores of 2 and
3 (US$53,492 and 38,415 vs 31,345, respectively). When we considered a higher risk population (CHADS2 scores
4–6), the ICER decreased to US$19,514 per QALY gained.

134 J. Comp. Eff. Res. (2021) 10(2) future science group



Cost–effectiveness of AF detection strategies Research Article

Hazard ratio of IS with AF vs without AF

HR of  IS with NOAC vs. Aspirin (0.33)

CHADS 2–6

Utilities

Cost of ICM device & implantation

% discontinue NOACs after ECH

NOAC uptake following detection

Ntiaos 2016 stroke risks

NOAC discontinuation for
reasons unrelated to bleeding

4.5 years battery & constant detection
at a 50% reduced rate

Acute event costs

Warfarin instead of NOACs

Cost of ICM explantation

% discontinue NOACs after “other ICH”

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000

ICER ($ QALY)

0.22

4,5,6

20%

$6402

Lower CI
(0.01)

Upper CI
(0.69)

100%

Ntiaos 2016

0%

Upper CI
(2.09)

Lower CI
(1.09)

4.5 years

30% -30%

NOACs

$671

Lower CI
(0.43)

0.49

2

-20%

$8003

90%

Gage 2004

3.2%

3 years

Warfarin

$839

Upper CI
(0.69)

Figure 2. Immediate insertable cardiac monitor versus standard of care incremental cost–effectiveness ratio: tornado diagram. Vertical
line represents the base case ICM of US$31,345.
ECH: Extra-cranial hemorrhage; HR: Hazard ratio; ICER: Incremental cost–effectiveness ratio; ICH: Intracranial hemorrhage; ICM: Insertable
cardiac monitor; IS: Ischemic stroke; NOAC; Nonvitamin-K oral anticoagulant; QALY: Quality-adjusted life-year.

Sensitivity analysis
We used deterministic sensitivity analysis to test the importance of several input parameters (Figure 2). The most
important driver of cost–effectiveness was the efficacy of NOACs versus aspirin, followed by total utility estimates.
Increasing the hazard ratio for ischemic strokes on NOACs versus aspirin to its upper confidence interval limit
(0.49), increased the ICER to $60,767 (compared with US$20,299 at the lower bound of 0.22). An increase in
utilities of 20% led to an ICER of $26,120, compared with US$39,181 for a 20% decrease. Varying the cost of ICM
device and insertion cost yielded a range of ICERS from $28,114 to 36,191. The rate of NOAC discontinuation
for reasons other than bleeding was varied from 0 to 3.2%, leading to modest changes in the ICER (US$30,249,
32,458). Varying the hazard ratio for ischemic stroke rate with and without AF, also led to modest changes in the
ICER ($30,444, 32,584).

We tested a number of relevant scenarios. One with a significant impact was the ICM battery life. Increasing the
ICM battery life from 3 to 4.5 years and assuming a linear extrapolation of AF detection after the 3-year trial data,
yielded an ICER of US$26,717. If the linear increase is reduced by 50%, the ICER increases to US$29,304, though
is still improved from the base case. Another important parameter was the rate of uptake of NOACs following AF
detection. Reducing this from 100 to 90% increased the ICER to US$35,508. One scenario tested the situation in
which patients received warfarin instead of NOACs. This increased the ICER to US$32,183 because although the
acquisition cost of warfarin is lower, it is counterbalanced by additional INR monitoring costs and higher bleeding
risks.

The length of external Holter monitoring used as part of the delayed ICM strategy was also varied. For one-time
monitors ranging from 24 h to 30 days, the immediate ICM strategy remains cost-saving, with a range of US$75–
221 average cost savings per patient. For all quarterly monitoring scenarios tested, immediate ICM extendedly
dominates delayed ICM, meaning that immediate ICM is more effective than delayed ICM and has a lower ICER
versus SoC.

Table 3 shows results from the probabilistic sensitivity analysis. The probabilities that the ICM strategy would
be cost-effective under willingness-to-pay thresholds of US$50,000, 100,000 and 150,000 per QALY were 85.3,
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Figure 3. Cost–effectiveness acceptability curve. Costs are in US$.
ICM: Insertable cardiac monitor; QALY: Quality-adjusted life-year; SoC: Standard of care.

98.1 and 99.0%, respectively. SoC was more effective and less costly than immediate ICM in only 3% of samples.
Delayed ICM was never found to be more cost-effective than immediate ICM. A cost–effectiveness acceptability
curve is shown in Figure 3.

Discussion
The cost–effectiveness of a diagnostic strategy is determined by the performance of the diagnostic tool and by
the impact that an accurate and timely diagnosis can have on treatment and subsequent health events. ICM is
associated with an almost ninefold higher rate of AF detection, compared with SoC [11], which leads to significantly
more patients switching to oral anticoagulation. In the model, this resulted in fewer strokes and therefore lower
costs associated with secondary stroke events, as well as increased life expectancy and more QALYs compared
with SoC. Costs associated with bleeding events were higher in the immediate ICM arm (due to increased oral
anticoagulant usage), as were the upfront diagnostic costs associated with the device, but these were partially offset
by the savings associated with a reduction in recurrent stroke events. The ratio of the additional costs to the QALY
gains of immediate ICM was found to be consistently cost-effective compared with SoC. An ICER of US$31,345
per QALY gained was estimated versus SoC which is below the willingness-to-pay thresholds (US$50,000–150,000
per QALY gained) typically considered in the US payer setting [45–47].

Compared with delayed ICM, immediate ICM was associated with a lower rate of ischemic strokes. The model
shows that few patients with AF are detected by short term Holter monitoring such that the majority will eventually
receive an ICM. The delay to ICM of 3 months (after a one-time Holter monitor) to a year (after four quarterly
Holter monitors), means that a substantial percentage of patients with AF are delayed from receiving the appropriate
treatment while all patients accrue the costs of Holter monitoring and are exposed to the risk of undetected AF.
This assumption follows real world evidence from the Optum US electronic health record database, showing an
average of 101 days between patients receiving a negative Holter reading and receiving an ICM [48]. Compared
with delayed ICM, immediate ICM was consistently cost saving, with comparable clinical effectiveness.

This study used a range of scenario analyses, to examine the impact of key assumptions. Results were estimated
for different CHADS2 subgroups (2, 3 and 4–6) demonstrating the combined effect of AF prevalence in the
population, the relative accuracy of ICM versus SoC and stroke risk on the cost–effectiveness of ICMs. Results
showed that ICMs are most cost-effective in the highest risk group, but still good value in those with lower CHADS2

score.
ICMs are cost-effective in so far as they enable patients with AF to be diagnosed and then anticoagulated.

Anything that negatively impacts this relationship will reduce cost–effectiveness of ICMs. For example, the rate of
uptake of NOACs following AF diagnosis is a key driver. The model assumed all patients would initiate NOAC
at the time of AF detection, but in practice this might vary. Real-world observational datasets describe the uptake
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rate following cryptogenic stroke to be consistently >90%, supporting our assumptions [11,49,50]. At a level of
90%, ICMs remain cost-effective and uptake would need to reduce to below 67% for ICMs to no be considered
cost-effective at the US$50k threshold. Likewise, high rates of NOAC discontinuation will reduce the value of
ICM as a strategy to prevent recurrent strokes. The annual rate of discontinuation for reasons unrelated to bleeding
would need to be more than 10% for the ICER of ICM to exceed US$50,000 per QALY gained.

Over time, ICM devices are expected to evolve and battery longevity will increase. Our results suggest that
lengthening the battery life from 3 to 4.5 years would improve the cost–effectiveness of ICMs, though the magnitude
of the improvement depends on the rate of detection after the 3 years of observation from the CRYSTAL-AF trial.

Across deterministic and probabilistic sensitivity analyses, ICM was consistently found to be cost-effective, a
finding which demonstrates the robustness of the base–case conclusions. In deterministic sensitivity analysis, only
varying the comparative effectiveness of NOACs and aspirin pushed the ICER above the US$50,000 threshold for
immediate ICM compared with SoC. In probabilistic sensitivity analysis, immediate ICM was cost-effective in 85%
of simulations at the US$50,000 threshold and delayed ICM was never the most cost-effective option. Delayed
ICM was essentially a less cost-effective variant of the immediate ICM strategy, meaning that their cost–effectiveness
varies in tandem within probabilistic analysis.

The model used for this analysis builds on a previous economic evaluation of ICM in a cryptogenic stroke
population within the UK National Health Service (NHS) setting [51]. In contrast to the previous model which
only allowed for one recurrent stroke, this new analysis incorporates the risks and consequences of up to two
recurrent strokes, which gives a fuller account of health consequences of ICMs. It also includes an additional
comparator, delayed ICM, which is highly relevant to clinical decision-making given the widespread use of Holter
monitors and the existence of coverage policies held by some third-party payers requiring negative Holter monitoring
prior to ICM. It has the added advantage of drawing on registry data, which gives an accurate account of real-world
clinical practice.

ICMs were recently the subject of a health technology appraisal by the National Institute of Health and Care
Excellence (NICE) in the UK [52]. On the basis of its clinical and cost–effectiveness, guidance from the Institute
recommends the routine adoption of the Reveal LINQ ICM to detect AF following a cryptogenic stroke. A recent
literature review by Chew et al. identified eight cost–effectiveness analyses of extended monitoring in a cryptogenic
stroke population [53,54]. Strategies included 7–10-day ECG monitoring, 30-day ECG monitoring and prolonged
monitoring with ICMs. They found that most studies reported ICERs within the traditionally accepted cost–
effectiveness range for high income European countries, Canada, the USA and Australia. A new cost–effectiveness
analysis, published after Chew et al. literature review, found ICM to be a cost-effective monitoring strategy in the
US healthcare setting [55]. The present analysis further substantiates these previous findings that ICM monitoring
in cryptogenic stroke patients is cost-effective, specifically in the USA. STROKE AF is an ongoing study examining
the effectiveness of ICMs in patients with ischemic strokes of presumed known origin [56]. It will enable future
cost–effectiveness analysis of ICMs to include this population.

Limitations
Model input data were derived from a clinical trial which, although providing the best available evidence for a
cryptogenic stroke population, had patient selection criteria and treatment pathways that may not reflect current US
clinical practice. However, the ICER for immediate ICM was consistently below US$50,000 per QALY gained even
after adjusting for variations expected within US practice, such as stroke risks and treatment costs. If AF detection
rates are higher in real-world use than in CRYSTAL-AF, as reported by Ziegler et al. then the cost–effectiveness of
ICMs is likely to be even better [57].

The delayed ICM strategy represents a scenario in which clinicians attempt to detect AF without immediately
resorting to internal monitor placement and thus is likely to be highly relevant. The detection efficacy of a delayed
approach is unknown. In the model, it is conservatively assumed that cumulative detection under delayed ICM
catches up with the immediate ICM arm in the same cycle that ICM is inserted. No data are available to inform
alternative assumptions, but it is likely that this represents the highest possible detection efficacy that could be
expected in a delayed ICM strategy. Further, it is assumed that 100% of eligible patients receive an ICM, whereas in
reality a portion of patients might opt out or be lost to follow-up. If fewer patients receive an ICM after short-term
monitoring, the delayed ICM strategy becomes less expensive, but also less effective. The costs saved in this scenario
are not worth the health benefits forgone and immediate ICM remains the more cost-effective strategy.
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CHA2DS2-VASc has been introduced as an updated alternative to CHADS2. Although this score was not directly
captured in the CRYSTAL-AF trial, a future model could assess the impact of mapping and modeling the new risk
score.

This analysis included a number of subgroups, but future analyses could further explore subgroups defined
according to different clinical criteria that might affect their likelihood of having AF or their stroke risk, for
example, age and atrial size. There has been discussion about the length of AF that must be detected to consider
it clinically meaningful [58]. The CRYSTAL-AF study used a 30-s threshold, although the ICM was automatically
limited to detect only AF episodes >2 min, while the SoC arm included episodes of 30 s or more, which is
a conservative assumption. Different definitions could be tested within further research. A subgroup analysis of
CRYSTAL-AF found 95% of patients in the ICM arm who were diagnosed with AF experienced an episode
>6 min [59]. This suggests that results would be robust to assuming a higher AF threshold [59].

In US clinical practice, decisions can vary about whether and when to discontinue NOACs after patients
experience different types of major bleeds, including hemorrhagic stroke. In our model, we took a conservative
approach in which hemorrhagic stroke leads to immediate and permanent discontinuation of NOACs with no
exceptions. A future analysis could investigate the effect of allowing a proportion of patients to resume NOACs
after a hemorrhagic stroke or take up a NOAC at the point of AF diagnosis despite a history of hemorrhagic stroke
on ICM’s cost–effectiveness.

Finally, use of a payer perspective means that our model does not capture the societal costs of ischemic strokes in
a relatively young population, many of whom might be employed. Although the ICER was highest in the younger
subgroup of patients with CHADS2 score of 2, the societal costs may be greater. Future evaluations taking a societal
costing perspective might show a reduced ICER in this subgroup and overall.

Conclusion
Our analysis shows that by identifying AF patients who will benefit from anticoagulation therapy accurately and
in a timely manner, ICMs are a cost-effective diagnostic tool for the prevention of recurrent stroke in cryptogenic
stroke patients in the USA. Results were most sensitive to the cerebrovascular risk in the population, uptake and
adherence to anticoagulant therapy and the time over which ICMs can detect patients with AF. ICMs were most
cost-effective when the risk in the population is high and where AF detection leads to improved management in the
long term. Compared with delayed ICM, immediate ICM was consistently cost saving, accompanied by a marginal
gain in clinical effectiveness. These results have relevance for the USA and other value-based healthcare systems
that assess costs relative to outcomes.

Future perspective
ICM technology is constantly evolving in ways that may improve the cost–effectiveness of ICM devices in future,
assuming their pricing remains relatively similar. Engineering advances have resulted in smaller devices with longer
battery life and improved data transmission. It is likely that battery longevity will continue to increase in future.
Computational upgrades continue to provide more efficient and intelligent analysis of the raw monitoring data
reducing analytical burden on doctors and improving the chance of AF detection. Furthermore, as safer and
more effective anticoagulants come to market, the benefit of early and accurate detection of AF increases. These
improvements may be accompanied by increased costs.

STROKE AF is examining the effectiveness of ICMs in patients with ischemic strokes of presumed known origin.
The findings from this study may support expanding the use of ICMs to patients who have experienced strokes
that were not cryptogenic. Given the speed of change in this field, it is important to understand how evolving
technology and costs impact the value of ICM monitoring within the US healthcare system.
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Summary points

• The purpose of the current analysis is to assess if insertable cardiac monitor (ICM) use to detect atrial fibrillation
(AF) is cost-effective in cryptogenic stroke patients from a US payers’ perspective.

• A Markov model was constructed to estimate lifetime quality-adjusted life years (QALYs) and costs for three
monitoring strategies: immediate ICM, delayed ICM and standard of care involving ECGs and intermittent Holter
monitoring. AF detection efficacy was based on the CRYSTAL-AF study. Other efficacy estimates and inputs were
based on previously published analyses or registry data.

• Immediate ICM was associated with a QALY gain of 0.198 and life year gain of 0.226 versus standard of care, at an
incremental cost of US$6211. This yielded a cost-effective ICER of US$31,345 per QALY gained.

• Compared with delayed ICM, the immediate ICM strategy delivered similar QALY benefit, but was cost-saving.
• Benefits were driven by 3 years of ICM monitoring, during which time the improved AF detection resulted in more

cryptogenic stroke patients being given preventive anticoagulation therapy and thus avoiding a recurrent stroke.
• Findings were robust to sensitivity analyses and suggest that ICM is a cost-effective strategy for the monitoring of

AF in cryptogenic stroke patients within the US healthcare setting.
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