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Abstract
Background Since the CRYSTAL-AF trial, implantation and usage of implantable loop recorder (ICM) after cryptogenic stroke
(CS) for detection of atrial fibrillation (AF) has increased. However, it is unclear which CS patients would most benefit from long
term ICM monitoring. This study aims to determine the risk factors in patients that would confer maximum benefit from ICM
placement following CS.
Methods A Columbia University Institutional Review Board (IRB) approved retrospective analysis of medical records of 125
patients with CS followed by implantation of ICM was evaluated. Univariable and multivariable time-to-event analyses were
performed on demographics, hours of activity and variability (HRV), stroke location, thrombosis etiology, and CHA2DS2 −
VASc score. The primary outcome was presence of ICM-detected AF defined as AF lasting at least 2 min.
Results One hundred twenty-five patients (mean 67.6 years ± 2.4 years, 60%male) were followed for at least 3 months. Twenty-
two patients (18%) were found to have clinically verified detectedAF; median of time to detection was 95 days. Upon univariable
demographic analysis followed by multivariable Cox regression analysis, individuals with age 75 or older (HR: 3.987, p =
0.0046) or LVEF 40% and lower (HR: 3.056, p = 0.0213) had significantly higher risk of AF. Diabetics also had a lower AF
detection in multivariable analysis (HR: 0.128, p = 0.0466).
Conclusions Age 75 or older and LVEF ≤40% were the factors on multivariable analysis that predicted AF detection. Diabetes is
a possible significant factor which should be evaluated further. CHA2DS2 −VASc score was notably not predictive of AF
detected on ICM.
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1 Introduction

The use of remote digital monitoring has increased during the
COVID-19 pandemic, with a newfound importance placed on
technology which can allow for patients to be observed from
afar [1]. ICMs are a remote monitoring solution which can
give a tremendous amount of information to physicians

without seeing patients in person and will likely only have
added importance in the post-pandemic era. Features which
would be especially important in this type of digital monitor-
ing would be rhythm, heart rate, hours of activity, and HRV,
especially given the ability of these metrics to measure chang-
es to cardiac homeostasis [2–5]. It remains uncertain how
useful these specific features are for detecting AF.

Cerebral vascular accident (CVA) and transient ischemic
attacks (TIA) are two of the leading causes of mortality world-
wide. Despite widespread public health success in the field,
the causes of all types of CVA and TIA are not fully under-
stood [6]. In 20–40% of patients with stroke, it is difficult to
determine a clear etiology after routine evaluation, leading to
classification of the stroke as CS [7]. As one in six strokes can
be traced to AF, with rates as high as 36% for those over the
age of 80, undiagnosed AF remains a prime suspect cause of
CS [8]. Identifying underlying AF on extended cardiac mon-
itoring suggests cardio-embolic etiology and often prompts
anticoagulation to reduce risk of recurrent CVA [9].
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The landmark CRYSTAL-AF trial showed a sixfold or
higher increase in detection of AF with ICM as compared to
traditional 24-h Holter monitoring [10]. The results of this trial
lead to ICM implantation following CS to become wide-
spread, as evidenced by the increasing number of ICMs im-
planted at the Columbia University Medical Center between
2013 and 2017. Guidelines following this landmark study
have been modified to reflect this added importance of cardiac
monitoring following CS [11]. However, uncertainty regard-
ing the economic value and appropriate usage duration of
ICM cardiac monitoring post-CS still persists. ICM monitor-
ing has been noted to have a considerable cost associated with
it, which represents a significant road-block in its wider dis-
tribution and underscores the need for a deeper understanding
of which patients would benefit the most [12]. Although an
ICM is easy to place and there is minimal risk, more research
is needed to determine which patients would benefit the most
from longer-term ICM monitoring and what digital health
information from monitor may be used to predict occurrence
of AF.

2 Methods

2.1 Patient population and data elements

We conducted a retrospective chart review study of all patients
with ICM placed at the Columbia University Medical Center
from 2013 to 2017 for indication of CS or TIA with follow-up
of up to 36 months to determine the characteristics of patients
who most benefit from ICM placement and time to AF detec-
tion after ICM placement with IRB approval obtained prior to
the start of the study. We obtained several baseline character-
istics for each patient including age, race, components of
CHA2DS2 −VASc score, and medications. Furthermore, we
recorded imaging reports for each patient including CT head,
MRI brain, MRA head and neck, echocardiogram, and EKG.
ICM data collected included minimum heart rate, maximum
heart rate, hours of activity, HRV, duration of longest AF
episode, number of AF episodes recorded, and whether or
not there were reported symptoms.

For patients to be included in our study, eligibility require-
ments included placement of ICM for indication of cryptogen-
ic CVA or TIA. We verified indication for ICM both in ICM
reports and in corresponding clinical documentation. Some
patients were referred for ICM placement without the index
CVA or TIA at CUMC. Therefore, we deferred classification
of cryptogenic CVA/TIA to the medical providers evaluating
each index event. Patients were required to have at least 3
months of follow-up after ICM placement to be included in
our study. Patients were also required to have no longer than 3
years, or 36 months, of ICM duration to account for device
battery life. Furthermore, AF events were required to be at

least 2 min of duration, within the bounds of LINQ ICM’s
detection capabilities. These episodes were only included in
the study if corresponding clinical documentation confirmed
that episodes in ICM reports were consistent with AF after
review of rhythm strips. All patients were implanted with
Medtronic Reveal LINQ ICMs. HRV was determined by the
device, bymeasuring each atrial interval or ventricular interval
and calculating the median atrial/ventricular interval every
5 min which was then plotted as a variability value in milli-
seconds for each day. Data from the ICM was obtained
through remote monitoring. When an AF episode was detect-
ed, the first 2 min of ECG from that episode was stored in the
device. The longest detected AF episode ≥10 min in duration
is preserved in the ICM memory. In addition, several param-
eters where used for alerts: bradycardia ~30 bpm for 3 s,
asystole for 3 s, ventricular tachycardia 16 beats at appropriate
rate based on age.

2.2 Statistical analysis

After completion of chart review, univariable and multivari-
able analyses were performed using both Excel and SAS
Software (SAS Studio Release 3.8, Cary, North Carolina).
Baseline characteristics were assessed comparing patients
with and without AF reported by ICM, with chi-square and t
tests being performed to compare the two groups. Time-to-
event analyses were performed using the Kaplan-Meier meth-
od. Multivariable time-to-event analyses included age, sex,
and other variables with a p value < 0.20 in univariable anal-
yses. Statistical tests were run with a two-sided alpha-value of
0.05.

3 Results

A total of 478 ICM devices were placed at the Columbia
University Medical Center between 2013 and 2017. Of these,
154 were placed for indication of cryptogenic stroke or TIA,
and 125 of these 154 patients had between 3 and 36 months of
follow-up (Fig. 1). Of these 125 patients, 22 patients had
ICM-reported AF over the follow-up period. Average time
to ICM implant post-stroke was 821 days for the entire cohort
and was not significantly different between patients with AF
detected and those without (168 vs. 971 days, p = 0.52).

Baseline characteristics for patients are seen in Table 1. The
mean age of patients was 67.6 years, and 60% of patients were
men. The mean CHA2DS2 −VASc score prior to index event
was 3.12 for all patients. Within the study group of 130 pa-
tients, only 22 (18%) were found to have verified episodes of
AF. On average, the ICMs were in place for 492 days with a
range from 94 to 1094 days or approximately 3 years. ICMs
remained in place for a longer amount of time in patients
where AF was detected compared to those where AF was
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not detected (646 days vs. 460 days, p = 0.01). Of demograph-
ic variables observed in Table 1, age, sex, LVEF, diabetes,
and BMI all had p values <0.20 and were included in subse-
quent multivariable Cox regression analyses. Of these vari-
ables, age, sex, and diabetes had p values <0.05, reflecting
significant differences between patients with and without de-
tected AF.

The duration of verified AF episodes ranged from 2 to
1440 min (24 h), with a median duration of 120 min and an
average duration of 174.5 min. Hours of activity and HRV
were not significantly different between patients with or with-
out verified detected AF (Table 2). Furthermore, there were no
significant differences in the maximum number of daily activ-
ity hours of the ICM between patients with or without verified
detected AF.

The median time to verified AF detection was 95 days, or
approximately 3 months, and ranged from 3 days to 3 years
(Fig. 2). Furthermore, there was an increasing cumulative rate
of AF detection over the study period, however, of the entire
patient cohort 50% of the AF was detected within the first 250
days of follow-up.

Time-to-event analyses analyzing time to verified AF de-
tection showed discrepancies between age group categories
(Fig. 3). Patients were divided into age groups less than 75
years old (n = 81) and greater or equal to 75 years old (n = 44).
These group cut-offs correspond to the same 75-year-old cut-
off used in calculating CHA2DS2 −VASc score. The mean
time to AF detection in age groups less than 75 years and
greater than or equal to 75 years, respectively, were 447 and
403 days, reflecting earlier AF detection in older individuals.
The longest time to AF detection in the age group less than 75
years was 795 days compared to 559 days in the 75 or older
age group.

Multivariable Cox regression analysis showed a statistical-
ly significant difference between these two age groups, with
individuals 75 or older having a statistically higher risk of AF
compared to those less than 75 (HR = 3.987, p = 0.0046,
Table 3). Furthermore, of included variables shown in
Table 3 multivariable analysis, LVEF ≤40% (HR = 3.056, p
= 0.0213) showed statistically greater risk of AF compared to
those with LVEF > 40%. Interestingly, patients with diabetes
had a statistically lower risk of AF (HR = 0.128, p = 0.0466)
than those without when evaluated in a multivariable model.
Sex and BMI both did not yield significant differences in AF-
likelihood when observed in the multivariable analysis.

4 Discussion

Through this retrospective chart review of patients placedwith
an ICM at the Columbia University between 2013 and 2017,
we find several significant findings which can impact future
clinical practice and how remote monitoring is used in an
increasingly distanced care setting, especially given the sig-
nificant cost associated with such monitoring. AF was report-
ed in the ICMs of 22 patients (18%) over the 36-month fol-
low-up period. Therefore, a significant percent of the cohort
had detected and verified AF, underscoring the high rate of
AF in this population. Furthermore, it seems as though the
first 250 days of monitoring are especially important in de-
tecting AF as 50% of the ultimate verified AF was detected by
ICM within this initial interval. Current American Heart
Association guidelines call for cardiac rhythm monitoring
for up to 30 days in cryptogenic stroke patients. Data from
this study supports ICM monitoring > 30 days, offering pos-
sible evidence that this 30-day monitoring period could be

Fig. 1 Flowchart for exclusion
criteria of patients placed with
ICMs at CUMC. Patients meeting
the criteria of ICM placement for
cryptogenic stroke, at least 3
months of follow-up post-ICM
implantation, and AF detected
within 3 years post-ICM implan-
tation were included for study
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Table 1 Baseline characteristics of included patients

Characteristic Study group (n = 125) AF detected (n = 22) AF not detected (n = 103) p value

Age (years) 67.6 (65.2, 70.0) 73.2 (67.1, 79.3) 66.3 (63.7, 69.0) 0.03

Sex

Male 70 (60%) 14 (63%) 61 (59%) 0.02
Female 50 (40%) 8 (36%) 42 (41%)

Race or ethnicity

White 67 (54%) 13 (59%) 54 (52%) 0.81
Black 10 (8%) 1 (5%) 9 (9%)

Hispanic or Latino 2 (2%) 0 (0%) 2 (2%)

Other or not available 46 (37%) 8 (37%) 38 (37%)

BMI

Underweight (<18.5) 56 (45%) 10 (45%) 46 (45%) 0.16
Normal (18.5–24.9) 22 (18%) 5 (23%) 17 (17%)

Overweight (24.9–30) 31 (25%) 2 (9%) 29 (28%)

Obese (>30) 16 (13%) 5 (23%) 11 (11%)

LVEF

LVEF ≤40% 30 (24%) 9 (41%) 21 (20%) 0.13
LVEF >40% 95 (76%) 13 (59%) 82 (80%)

Index event

CVA 100 (80%) 17 (77%) 83 (81%) 0.72
TIA 25 (20%) 5 (23%) 20 (19%)

NIH stroke score 5.0 (3.3, 6.7)* 2.4 (0.9, 3.9) 5.3 (3.4, 7.2) 0.27

Patent foramen ovale 24 (31%)** 7 (50%) 17 (27%) 0.09

Prior stroke or TIA 44 (35%) 10 (45%) 34 (33%) 0.27

CHF 11 (9%) 1 (5%) 10 (10%) 0.44

Hypertension 83 (66%) 14 (64%) 69 (67%) 0.76

Diabetes 26 (21%) 1 (5%) 25 (24%) 0.04

Non-obstructive CAD 5 (4%) 1 (5%) 4 (4%) 0.89

Obstructive CAD 23 (18%) 5 (23%) 18 (17%) 0.56

Peripheral vascular disease 5 (4%) 1 (5%) 4 (4%) 0.89

Hyperlipidemia 59 (47%) 9 (41%) 50 (49%) 0.52

Current tobacco use 4 (3%) 1 (5%) 3 (3%) 0.69

CHA2DS2−VASc
0 8 (6%) 0 (0%) 8 (8%) 0.61
1 19 (15%) 3 (14%) 16 (15%)

2 24 (19%) 6 (27%) 18 (17%)

3 21 (17%) 3 (14%) 18 (17%)

4 21 (17%) 3 (14%) 18 (17%)

5 16 (13%) 5 (23%) 11 (11%)

6 15 (12%) 2 (9%) 13 (13%)

7 1 (1%) 0 (0%) 1 (1%)

Antiplatelet agent 91 (73%) 17 (77%) 74 (72%) 0.60

Sleep apnea 4 (3%) 0 (0%) 4 (4%) 0.31

Location of stroke

Cortical 50 (40%) 10 (45%) 40 (39%) 0.74
Subcortical 9 (7%) 2 (9%) 7 (7%)

Other 66 (53%) 10 (45%) 56 (54%)

Thrombosis etiology

Large vessel 42 (34%) 8 (36%) 34 (33%) 0.82
Small vessel 19 (15%) 4 (18%) 15 (15%)

Other 64 (51%) 10 (45%) 54 (52%)
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extended to a greater than 30-day monitoring suggestion to
detect more AF in these patients. Furthermore, this finding
further underscores the overall importance of using remote
monitoring for patients with cryptogenic stroke indications,
as a considerable cohort of these patients had detected AF.

In terms of predictive metrics, the findings of the study
reveal that age, LVEF, and diabetes status were all predictive
metrics of AF detected by ICM. Interestingly, individuals
aged 75 and older had a significantly greater risk of AF com-
pared to those less than 75, even when included in a multi-
variable context. This result suggests increased importance of
remote monitoring specifically for the age group 75 and older.
We chose to dichotomize age in our analysis to investigate
what age became a significant risk factor of AF detection.

Furthermore, multivariable findings also found similarly
statistically significant greater AF risk in patients with LVEF
≤ 40% or without diabetes. It is important to note, however,
that only 26 patients of the overall 125 (21%) were diagnosed
with diabetes, of which only 1 patient had reported AF.
Therefore, due to the small sample size of individuals with
both diabetes and AF, it is difficult to conclude a relationship
between the two variables and further studies should be con-
ducted to evaluate this finding on larger samples. Analyses
from the CRYSTAL-AF trial found similar predictive capa-
bilities of age and diabetes, but unlike our study, also found
CHADS2 score to be a predictive indicator of AF [13].
Although meeting the threshold for being included in the mul-
tivariable analysis from the univariate analyses, sex and BMI
did not yield significant findings, despite their traditional im-
portance in recognizing patients at risk of AF. It is important
to note that the findings of the multivariable analysis can stand

alone; therefore, these significant findings suggest that LVEF
and age (and possibly diabetes, however, its smaller sample
size is a possible limitation) are strongmetrics that may inform
higher priority for certain patients to be implanted with ICMs
for AF monitoring following CS, likely for a period 100 days
or longer.

The CRYSTAL-AF trial results reflected a median time to
AF detection of 84 days. The results of this study were con-
sistent with the results of the CRYSTAL-AF trial, finding a
median time of 95 days [10]. Furthermore, the rate of detec-
tion of AF in the CRYSTAL-AF trial was consistent with that
in this study after 12 months of follow-up, with 12.4% of
patients in the CRYSTAL-AF trial having detected AF (ver-
sus 9% in our study). At the 36-month follow-up time period,
however, the CRYSTAL-AF trial detected AF in roughly
30% of patients compared to just 18% in our study. This
difference could possibly be due to differences in assessments
of patients between the two studies before diagnosis of cryp-
togenic TIA. Other observational studies have shown detec-
tion rates of AF higher than this study, showing rates upwards
of 25% using ICMs [14].

In this study of real-world implantation of ICMs and utili-
zation of remote monitoring resources, we show that patients
of a higher age group derive the most benefit from remote
monitoring. This study is also novel in that it is the first study
to study clinical data regarding HRV and hours of activity for
patients following CS [15–21]. These two factors were mon-
itored in our analysis as they were hypothesized to be impor-
tant prognostic variables. However, they were not statistically
significant predictors of AF.

Table 1 (continued)

Characteristic Study group (n = 125) AF detected (n = 22) AF not detected (n = 103) p value

Left atrial size (cm) 3.8 (3.7, 3.9) 3.8 (3.4, 4.3) 3.8 (3.6, 3.9) 0.75

Time to implant (days) 821 (−99, 1740) 168 (52.4, 284) 961 (−149, 2070) 0.52

Averages are presented with either 95% confidence interval or corresponding group percentage in parentheses. The bold value just highlights data which
has p value <0.05

LVEF, left ventricular ejection fraction; CHF, congestive heart failure mentioned in medical record; CAD, coronary artery disease

*NIHSS reported for 47% of patients

**Presence or Absence of PFO reported for 62% of patients

Table 2 Assessment of variables
downloaded via remote
monitoring in included patients

Variables downloaded Study group (n = 125) AF (n = 22) No AF (n = 103) p value

Min. HR 59.5 (58.3, 60.8) 59.2 (56.8, 61.6) 59.8 (58.4, 61.2) 0.70

Max. HR 90.1 (87.8, 92.4) 89.6 (84.7, 94.5) 90.7 (88.1, 93.3 0.71

Max. daily activity hours 3.1 (2.7, 3.5) 2.6 (1.9, 3.3) 3.2 (2.8, 3.6) 0.19

Max HR variability (ms) 153 (146, 160) 162 (155, 169) 151.1 (144, 159) 0.21

ICM AF detected 32% (24, 40) 100% (100, 100) 14% (8, 21) <0.01

The bold value just highlights data which has p value <0.05
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5 Limitations

This study has a few possible limitations which may impact
study results. As this was a retrospective study, it is important
to note that associations found do not imply causal relationships.
Given there was no fixed criteria for assessment of CVA/TIA
and this was left up to the interpretation of clinicians, misclassi-
fication bias could impact which patients were ultimately includ-
ed in the study. This was also a retrospective chart analysis,
limiting certain aspects of follow-up which may have detected
more AF. A considerable number of patients in this study also
had history of prior CVA/TIA (35%), raising the possibility that
they may have had previously undiagnosed AF that could

potentially give rise to stroke. The rate of AF detection in CVA
patients in our study was 17% and the rate of AF detection in
TIA patients was 20%.Our statistical test for differences between
AF detection between these two groups yielded a p value of 0.72,
and so, we concluded that there did not appear to be a significant
difference in our study between CVA and TIA index events and
AF detection. However, given that we had significantly more
CVA patients than TIA patients, further studies on larger subsets
could possibly explore this further.

While there was no statistically significant difference in time
from index event to device placement between the groups, the
averagewas high at 821 days for the group at awholewith a very

Fig. 2 Time-to-event curve of 125 patients with probabilities of
experiencing AF over 36 months. Patients without AF were censored at
the latest point with follow-up data available post-ICM implantation
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Fig. 3 Time-to-event curve of
125 patients with probabilities of
experiencing AF over 36 months
separated by age category.
Patients without AF were
censored at the latest point with
follow-up data available post-
ICM implantation

Table 3 Multivariable model predicting primary endpoint of ICM-
detected AF

Endpoint Hazard ratio 95% CI p value

Age (years)

<75 Reference 0.0046
75 or older 3.987 1.531–10.381

Sex

Male Reference 0.5710
Female 1.308 0.517–3.312

LVEF

LVEF ≤40% 3.056 1.181–7.908 0.0213
LVEF >40% Reference

Diabetes

Yes 0.128 0.017–0.970 0.0466
No Reference

BMI

Underweight (<18.5) 1.955 0.613–6.241 0.2575

Normal (18.5–24.9) Reference

Overweight (24.9–30) 0.483 0.088–2.639 0.4011

Obese (>30) 2.145 0.533–8.633 0.2829

Cox proportional-hazards modeling was used to obtain values. The bold
value just highlights data which has p value <0.05
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large standard deviation of 920 days. This also raises the possi-
bility that certain patients, especially those with longer follow-up
times,may have hadAF during thewindow between index event
and device placement, and is a limitation of this study. This
finding could therefore potentially explain part of the high detec-
tion rate within the first 250 days of the study in which 50% of
eventual AF was discovered. Furthermore, there were very few
patients less than 40 years of age (5% of overall cohort), none of
whom had AF detected. Likewise, few study participants (6% of
overall cohort) had a CHA2DS2 −VASc score of 0. These rela-
tively low amounts of patients falling into these categories may
possibly impact the predictive ability of these variables in regres-
sion analyses. The average follow-up time for patients in this
retrospective study was 477 days, which although is long may
not have been long enough to catch an arrhythmic episode caus-
ing stroke. Unfortunately, 25% of the patients were lost to
follow-upwhich limited our longer term follow-up. Further stud-
ies should be performed on larger cohorts to test the viability of
both age and CHA2DS2 −VASc score in terms of predictive
ability for AF to ascertain if there is a lower age limit which
confers a low-risk for whom remote monitoring may not be
necessary.

6 Conclusion

Remote monitoring will have increased importance in the era
following the SARS-CoV-2 pandemic. HRV and hours of activ-
ity information are both added strengths of remote monitoring,
however, neither were predictive of AF in our analysis despite
their clinical value. Multivariable Cox Regression analysis found
that individuals 75 or older had a significantly greater risk of AF.
LVEF also shows significant potential predictive capabilities on
its own in multivariable models, with significantly greater risk of
AF for patients with LVEF 40% or lower. Diabetes also shows
promise as a predictive tool of AF; however, further studies must
be conducted to further substantiate this hypothesis. While sex
andBMI are important variables in estimating stroke risk, neither
is significantly predictive for AF following CS in multivariable
models. Overall, roughly 18% of patients followed between
2013 and 2017 at CUMC following cryptogenic stroke had
clinician-verified detected AF, reflecting the high rate of AF in
this population. This study also suggests that clinicians should
continue to employ remote monitoring for a period of at least 30
days following cryptogenic stroke, with evidence supporting lon-
ger follow-up periods, especially those at higher-risk spectrums
of age and LVEF.
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