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Editorial on the Research Topic
CardioNeurology: Basic, translational and clinical research

Recent advances are allowing a better understanding of the interaction between the
heart and the brain. Many acute cardiovascular events require a detailed neurological
evaluation, and vice versa. With the advancement of knowledge, studies have allowed
us to verify more points of connection between stroke, dementia, cerebral small vessel
disease and its relationship with congestive heart failure, myocardial infarction, atrial
fibrillation (AF), and other cardiovascular conditions (1).

In this Frontiers Research Topic, an international selection of high-quality studies
has contributed to advancing our understanding of CardioNeurology, both in the field of
diagnosis, treatment and imaging technologies. We believe that this edition about such
a hot topic will become a valuable source of information for clinicians and researcher in
the field.

To illustrate this view, Ernst et al. presented a study on whether low heart rate
variability could predict stroke and other complications after hip surgery. Follow-up was
6 months and findings were related to mortality, pneumonia, stroke, and myocardial
infarction (Ernst et al.). Zhou et al. studied about gender and age-specific associations
and visit-to-visit blood pressure variability with anxiety. In their studies that included
48,023 patients, women were more likely to develop anxiety and among the predictors
advanced age, cardiovascular, metabolic, and gastrointestinal diseases stood out (Zhou
et al.). Naranjo et al. in a cohort of 245 ischemic strokes evaluated the presence of 28%
of antiphospholipid antibodies (aPL) with an OR 2.40. Other risk factors such as arterial
hypertension, atrial fibrillation, and active smoking have also been identified (Naranjo
etal.).

In addition, Risseeuw et al. presented a case of a 69-year-old woman with
a history of cigarette smoking, arterial hypertension, type 2 diabetes mellitus,
hypercholesterolemia, right subcapital femur fracture, with repetitive episodes of

frontiersin.org
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Takotsubo syndrome (T'TS). In this case the authors observed
the link between neurological disease and TTS, especially
with involvement of the medulla oblongata (Risseeuw et al.).
Teodoro et al. evaluated whether the percentage of patients with
undetermined etiology according to the TOAST classification
decreased after transthoracic echocardiography. In a total
of 1,100 patients, echocardiography reduced the odds of an
indeterminate TOAST score and the risk of in-hospital mortality
(Teodoro et al.). In the retrospective study by Long et al. with
7,528 septic patients. The presence of a coagulation disorder in
the first 24 h after admission to the ICU was found to be an
independent risk factor for AF and its 90-day mortality varies
with the severity of the clotting disorder (Long et al.).

Another study by Lu et al. with 296 patients the incidence
of bleeding events in AF patients treated with ticagrelor was
comparable to that in patients treated with clopidogrel plus
aspirin at 6 month. In another study in Hong Kong, Mui et al.
demonstrated that the use of sodium-glucose cotransporter 2
inhibitors is associated with lower risks of dementia, Parkinson’s
disease, and cerebrovascular mortality compared with dipeptidyl
peptidase-4 inhibitors in patients with type 2 diabetes mellitus.

In a Bayesian Network Meta-Analysis, Duan et al.
analyzed adequate time from collapse to return of spontaneous
circulation (ROSC), which is an ideal indication for targeted
temperature management (TTM) to improve survival and
neurological outcome. The authors found that survival and
good neurological outcome are closely associated with the
time to collapse for ROSC (Duan et al.). In another study
Zhang et al. investigated the acute hemodynamics of the
lower extremities during enhanced external counterpulsation.
Counterpulsation acutely improved blood flow, blood flow
velocity, and maximum systolic accelerations of the anterior
tibial artery. As well as significantly increased blood flow velocity
and peripheral resistance of the inferior knee artery, while
markedly reducing blood flow in the posterior tibial artery
(Zhang et al.).

In an experimental model Park et al. found that reducing
expression of the huntingtin gene mutation in the heart
benefits cardiovascular function in the BACHD Mouse Model
of Huntington’s Disease. In the study by Primessnig et al.
found that B-type natriuretic peptide (BNP) improves diastolic
tension during adrenergic stress in human atrial myocardium
and may have long-term positive effects on inotropic reserve.
And that BNP and Sacubitril 4 valsartan can reduce atrial

References

1. Qiu Q, Song W, Zhou X, Yu Z, Wang M, Hao H, et al. Heart
rate variability is associated with cerebral small vessel disease in patients
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arrhythmogeneity during adrenergic stress in vitro (Primessnig
et al.).

In the case study Moreno et al. demonstrated that
non-compaction cardiomyopathy (NCCM) is associated
with neuromuscular disorders. Patients with NCCM with a
phenotype of dilated left ventricle with reduced left ventricular
ejection fraction must be treated promptly to avoid the
progression of heart failure (Moreno et al.). Another study
by Zhu et al. demonstrated an expert consensus on the use
of coated stents to treat complex cerebrovascular diseases.
Other authors have shown that covered stents are an effective
treatment option for complex cerebrovascular diseases, such
as complex aneurysms, direct carotid-cavernous fistulas and
internal carotid artery injuries (Zhu et al.).

In conclusion, the innovations presented in this valuable
topic were fundamental to further strengthen and clarify
the interrelationship between the cardiovascular and cerebral
segments. Undoubtedly, they are extremely complex and
intertwined systems. A holistic and complementary view of
cardiology and neurology is essential for a more complete
management of patients affected by such pathologies.
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After a Hip Fracture Operation

Gernot Ernst"?*, Leiv Otto Watne3“, Frede Frihagen*°, Torgeier Bruun Wyller*®,
Andreas Dominik” and Morten Rostrup?®

" Department of Anesthesiology, Kongsberg Hospital, Kongsberg, Norway, 2 Section of Cardiovascular and Renal Research,
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(KITE), Giessen, Germany

Background: One-year mortality after hip fractures is underestimated and is reported as
25%. An improved risk stratifying could contribute to a better follow up of these patients.
Heart Rate Variability (HRV) is an easy point-of-care investigation and is been used in
cardiology, endocrinology, and perioperative care. This observational study intended to
explore relevant associations between HRV parameters and 6-months mortality and
morbidity after a hip fracture.

Methods: One hundred and sixty-five patients admitted to two hospitals were included,
and short-time HRV measurements (5 min, and 10 min at the two hospitals, respectively)
were obtained. Mortality data were gathered by means of the Norwegian central address
register. Patients, close relatives of patients, and in some cases their general physicians
or nursery home physicians were interviewed 6 months postoperatively regarding the
incidence of pneumonia, cardiac events, or stroke.

Results: One and hundred fifty-seven (95.2%) patients were followed up after 6
months post-surgery. Twenty-one (13%) died during this period. Twenty patients (13%)
developed pneumonia, eight (5 %) stroke, and four (2%) myocardial infarction. No
HRV parameter was associated with 6-month general mortality. However, patients who
developed stroke had significantly lower High Frequency Power (HF, p< 0.001) and lower
Very Low Frequency Power (VLF, p = 0.003) at inclusion compared to patients without
complications. Patients who developed pneumonia had at the inclusion lower root mean
square of successive differences (RMSSD, p = 0.044). Patients with a history of coronary
heart disease (n = 41) showed a mortality of 7%. Mortality in this group was associated
with standard deviation of beat-to-beat intervals (SDNN, p = 0.006), Total Power (TP,
p = 0.009), HF (p = 0.026), and Low Frequency Power (LF, p = 0.012). Beta-blocker
intake was associated with lower heart rate, but not with differences in HRV parameters.
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Hip Fracture HRV Stroke Prediction

Conclusion:

In this exploratory study, we present for the first-time significant

associations between different preoperative HRV parameters and stroke, myocardial
infarction, and pneumonia during a 6-month period after hip fracture. HRV might be a
simple and effective tool to identify patients at risk that would warrant better follow-up.

Keywords: heart rate variability, stroke, hip fracture, prediction, pneumonia, myocardial infarction

BACKGROUND

Hip fractures occur frequently in older people, and the incidence
is increasing (1). The normal therapeutic approach is surgery.
This is associated with a significant proportion of complications
both perioperatively and during the hospital stay until discharge
(2). Moreover, a hip fracture may also have effects on many
aspects of the patient’s well-being after they are discharged
from the hospital (3, 4). Long-term mortality after hip fractures
has to a large extent been neglected for many years. Some
studies report a 5-year mortality of 55-68% (compared to 12%
in population-based controls adjusted for age and previous
hospitalization for serious disease). The highest mortality is
reported during the first 6 months (5-7). One-year mortality
rates of hip fractures in Norway are 25% according to the
Norwegian Hip Fracture Register (8). The fact that one third
of all postoperative complications and 50% of postoperative
mortality are due to cardiac events, underlines the importance
of risk estimation (9). Besides cardiac events, the risk for
stroke after operations might be increased up to six times in
patients over 80 (10), and anesthesia and surgery by themselves
might increase the odds ratio to 2.9 (11). Currently, no ideal
risk estimation tool to predict long term mortality exists (9,
12). Ischemic stroke risk models have still only moderate
predictive value in different patient groups (13). Thus, simple
risk estimation tools to identify low-risk and high-risk groups
are needed.

Short-term heart rate variability (HRV) is a simple point-
of-care investigation. Patient’s heart rhythm is evaluated by an
ECG measurement over 5-10 min. The beat-to-beat variance
measured by QRS distances shows variability in different
frequency areas. This time series can be analyzed with several
mostly simple algorithms which can be differentiated between
time domain, frequency domain, fractal analysis, or measures of
entropy (14). Since 1996, a general accepted standard procedure
has been used which makes studies comparable (15). In time
domain the standard recommends standard deviation of beat-
to-beat intervals (SDNN), and root mean square of successive
differences (rMSSD). In frequency domain, one determines the
frequency bands Total Power (TP), Very Low Frequency (VLF),
Low Frequency (LF), High Frequency (HF), and the ratio of
LF/HF. After this standard was established, HRV has been
investigated as risk estimator in cardiology, perioperative care,
and diabetes, among others (16). Short-term heart rate variability
has been tested perioperatively in unselected patients (17, 18)
and patients at risk of coronary artery disease (19), but not in
patients undergoing surgery after hip fractures during a long-
time follow up.

This prospective observational study intended to explore
relevant associations between linear and non-linear HRV
parameters and mortality and morbidity 6 months after hip
fracture surgery. We hypothesized that decreased heart rate
variability parameters might be associated with 6-months
mortality, and 6-months incidence of pneumonia, stroke and
myocardial infarction. We anticipated that such associations
would be especially prominent in patients with known coronary
heart disease. Since Beta-blockers might influence HRV results
(20, 21), we also planned to look specifically into possible effects
of these drugs.

METHODS

Patients with hip fractures admitted to Oslo University Hospital
(OUS) and Kongsberg Hospital between 2008 and 2013 and with
sinus rhythm in ECG were eligible for inclusion in the study.
The patients at OUS were at the same time participating in
another randomized study investigating the effect of geriatric
care on cognitive function (22). Exclusion criteria were technical
problems to take a short-time ECG (e.g., due to delirium),
patients with unstable circulation, patients with operations the
last month before admission, neoplasms, high energy trauma,
and patients with short life expectancy. Patients signed written
informed consent. In Oslo, substitute decision-makers were
allowed to consent if the patients were not capable, evaluated by
the including physician. An ECG signal was obtained within the
1st day after admission before operation and digitalized. We used
Biocom ECG recorders (Biocom 3000 in Kongsberg, Biocom
4000 in Oslo), equipped with dry silver/ silver chloride ECG
electrodes being mounted on the index fingers of the right and the
left hand, respectively. After a relaxing period of 5min an ECG
signal was recorded over 5 min (Oslo) or 10 min (Kongsberg).
Signal measurement and processing were done according
to recommendations the Task Force of the European Society
of Cardiology and the North American Society of Pacing and
Electrophysiology (15), and the methods are described in detail
in recent publications (16, 23). Briefly, we used a sampling
rate of 1,024 Hz (>512 Hz recommended for 5 min recordings).
All ECGs were visually inspected and manually edited. Ectopic
beats and noisy events were removed, and mean values was
interpolated based on preceding and successive beats. Patients
with more than 10% of ectopic beats or noise events were
also excluded at this stage. Linear parameters (time domain:
SDNN, rMSSD; frequency domain: HE, LE VLE, LF/HF) were
calculated by a Heart Rhythm Scanner - Version 2.0 — (Biocom
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TABLE 1 | Preoperatively identified illnesses according to the case
notes (n = 165).

lliness Number %
Coronary heart disease 41 25
Hypertension 62 38
Diabetes (insulin) 7 4
Diabetes (tablets) 15 9
COPD 31 19

Technologies — U.S.A). The frequency domain calculations were
conducted non-parametrically with Fast Fourier Transform.

The sample size was estimated according to reference values
reported earlier (24). The calculation was based on mortality.
Assuming a 6-months mortality between 3 and 8% according
to Dahl (25), 150 patients were expected to be sufficient to test
the hypothesis of a significant association between mortality
and HRV.

Normal distribution of data was tested with the Kolmogorov-
Smirnov test. To test univariate associations, the independent
samples T-test was applied. The Chi-Square test or Fisher’s exact
test were used in case of nominal data, as appropriate. Statistical
analyses were conducted by the Statistical Package for Social
Sciences (SPSS), release 18.0.3 (September 2010). Values are given
in mean 4/— SEM.

Every person in Norway is identified by a unique number in
the Central Personal Register. Deceased patients were identified
by the Norwegian central address register which provides exact
data for the time of death. In addition, patients, close relatives of
patients and in some cases their general physicians or nursing
home physicians were interviewed 6 months postoperatively
in the Kongsberg group regarding pneumonia, cardiac events,
and stroke. In the Oslo group patients, close relatives of
patients and in some cases their general physicians or nursing
home physicians were interviewed regarding pneumonia, cardiac
events and stroke within the first 6 months postoperatively. In
both groups the results of the interviews were cross-validated by
the hospital journals and—if relevant—nursery home journals
regarding new hospital admissions within 6 months after the
operation date.

The study protocol was reviewed and approved of the
Regional Committee for Medical and Health Research Ethics of
Southern Norway (11.1.2008, S-07307b) and the Data Protection
Officer of Oslo University Hospital.

RESULTS

One hundred sixty-five patients (123 females and 42 males,
mean age 80, 9 & 9.9 Std. dev.) were included. All HRV data
were normally distributed. At admission, one in four patients
had an established diagnosis of coronary heart disease, one in
three patients had hypertension and nearly one fifth COPD.
Other patient details (other illnesses, medication,) are reported
in Tables 1, 2.

TABLE 2 | Preoperative drug treatment (0 = 165).

Drug treatment Number %
Beta blocking agents a7 29
AT2 antagonists 23 14
ACE inhibitors 27 16
Calcium channel blockers 22 13
Diuretics 37 22
Glucocorticoids 13 8
Lipid lowering drugs 37 22
Sedatives 25 15
Antidepressive drugs 35 21
Antiepileptic drugs 7 4

One hundred fifty-seven (95%) patients were followed up at
6 months (with a similar proportion of illnesses, medication,
ECG abnormalities and blood sample results compared to the
original group).

Patients taking beta-blockers had a slightly lower heart rate (76
vs. 80, p = 0.04). There were no significant associations between
intake of beta-blockers and HRV parameters. Thus, we did not
include beta blockers as a variable in the statistical models.

Twenty-one patients (13%) died during the study period
of 6 months after operation. Twenty-one patients (13%)
developed pneumonia, eight (5%) stroke, and four (3%)
myocardial infarction. Before discharge from the hospital, four
(2.4%) patients deceased, 14 (8.5%) developed pneumonia,
two (1.2%) patients developed stroke, and three (1.8%)
myocardial infarction.

No HRV parameter was associated with 6-month mortality.
Patients who developed stroke had at inclusion lower HF (p <
0.001), and lower VLF (p = 0.003, Figure 1), compared patients
without complications. There were no statistical differences
regarding sex, age, or other prevalent illnesses at inclusion.
Patients who developed pneumonia had at inclusion lower
RMSSD (p = 0.044, Figure2) compared to patients without
complications. Patients developing pneumonia had significantly
more often COPD (p = 0.004) and depression (p = 0.048). We
also found that patients with coronary heart disease (n = 41)
had a mortality of 7%. Mortality within this patient group was
associated with SDNN (p = 0.006), TP (p = 0.009), HF (p =
0.026), and LF (p = 0.012, Figure 3). There were no statistical
differences regarding sex, age, or other prevalent illnesses at
inclusion in this group. All HRV results are presented in Table 3.

DISCUSSION

This prospective study showed strong associations between the
incident of stroke and lower HF and VLF at time of admission.
Pneumonia was associated with lower RMSSD. Mortality in
patients with coronary heart disease was associated with lower
SDNN, TP, LE, and HF. We found no association between HRV
parameters and 6 months mortality.
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FIGURE 1 | Lower HF and VLF at admission was associated with increased stroke incidence within the first six postoperative months.
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Mean rMSSD

yes|

Pneumonia after 6 months
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FIGURE 2 | Reduced RMSSD was associated with higher incidence of pneumonia during the 6-month follow-up period.

no

Our study has some limitations. Due to practical
circumstances, we recorded ECG for 10min in Kongsberg,
and 5min in Oslo. Previous studies reported no relevant
differences in HRV assessments of 5 or 10 min (26). Mortality
was analyzed by retrieving data from the central address register
and can be considered as very reliable. Our follow up percent was
high (95%). Since the diagnosis of stroke, myocardial infarction
and pneumonia was made at different places, different criteria

might have been used. On the other hand, especially diagnosis
of stroke and myocardial infarction are highly standardized,
and most patients were treated for these illnesses in the same
two hospitals. The diagnosis of pneumonia, however, was
established in hospitals, nursing homes, or by general physicians.
It is possible that we were not able to identify all patients
with milder forms of pneumonia, either because they were
not recognized as pneumonia or because some patients did
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FIGURE 3 | Mortality in the subgroup of patients with coronary heart disease is associated with lower TP, HF, LF, and SDNN.
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TABLE 3 | HRV results in hip fracture patients without and with complications during the first 6 months postoperatively.

Mean (S.E.M.) No complications (n = 131) Stroke (n = 8) Pneumonia (n = 21) Myocardial infarction (n = 4)
Heart rate 78.1 (£ 1.0) 84.0 (£ 3.9) 78.8 (£2.6) 81.1 (£7)

SDNN (ms) 35.9 (+ 2.67) 54.8 (+ 20.3) 49.1 (+ 10.4) 28.8(+ 11.8)

rMSSD (ms) 17.5 (+ 0.86) 14.7 (£ 1.5) 13.7 (£ 1.7)* 19.6 (+ 6.4)

TP (ms?) 1515.6 (+ 331.4) 2436.9 (+ 1718.8) 2486.1 (£ 1260.8) 263.7 (£ 195.1)
LF(ms?) 164.1 (£ 27.7) 101.3 (£ 63.9) 131.6 (£ 41.9) 56.3 (+ 38.5)

HF(ms?) 54.4 (+7.8) 14.6 (+ 3.0)** 59.6 (+21.8) 24.2 (£ 15.7)

VLF (ms?) 101.9 (£ 11.6) 31.9 (£ 11.5)*** 105.9 (+ 36.4) 56.3 (+ 38.5)

LF/HF 1.88 (£ 0.18) 2.61 (£ 1.06) 1.82 (+ 0.30) 1.50 (£ 1.00)

Higher numbers indicate higher variability. "o < 0.05, *p< 0.005, **p < 0.001, SDNN, standard deviation of all normal QRS-distances; rMSSD, square root of the mean squared
differences of successive NN intervals; TP, Total Power; LF, Low Frequency Power; HF, High Frequency Power; VLF, Very Low Frequency Power.

not contact a physician. The HRV measurements were carried
out according to international standards (15) which secures a
sufficient quality. This is an exploratory study where we tried
to identify relevant HRV parameters as predictors of mortality
and morbidity. Many associations were tested. Thus, we should
consider some associations with caution. However, the p-values
of the associations between stroke and HF and VLF are very
low, indicating a high probability. The association between
pneumonia and rMSSD was in accordance with previous
findings seen during the hospital stay of the patients (23).

This is the first study showing an association between
HRV parameters and stroke incidence during a 6-month
postoperative period. Of particular importance is that most
strokes occurred after discharge of the hospital. Only two
studies have reported HRV as a predictor of stroke previously,
none of them in a perioperative setting. The Copenhagen

Holter study followed 678 healthy persons between age 65
and 75 and calculated night-time SDNN between 2.00 and
2.15a.m. based on a 15min measurement. In contrast to 24h
SDNN and Mean NN, night-time SDNN was significantly
associated with stroke in the follow-up period (27). In
the Atherosclerosis Risk in Communities (ARIC) study,
lower HRV was associated with higher risk of stroke, but
only in participants with prevalent diabetes mellitus (28).
HRV has else only been used to characterize patients after
stroke (29).

Reduced HF is associated with reduced parasympathetic
activity. Reduced parasympathetic activity has been associated
with hypercoagulation and increased blood viscosity, and is
possibly associated with arrhythmias (30). The VLF-component
is a major determinant of physical activity and reflects
possibly efferent sympathetic activity (31), in other sources
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modulated by the parasympathetic system (32), though its
origin is controversial (33). Physiological studies indicate that
VLF is mainly generated by stimulation of afferent sensory
neurons in the heart provoking activation of feedback and
feedforward loops (34, 35) and influenced by the renin-
angiotensin system (32). Decreased VLF is often associated with
increased inflammatory parameters like CRP, 1l-6, and WBC
(36). Increased inflammation and coagulation have often been
associated with development of stroke (10, 37). Since both lower
HF and VLF are also associated with these factors, they might
reflect an increased tendency to inflammation and coagulation
in patients predisposed to develop stroke. Most intervention
studies have been conducted in cardiac surgery and showed
that beta-blockers might prevent postoperative stroke in this
patient group (38). Other predictive treatments, however, have
shown conflicting results in studies (39). Our study is too
small to establish HRV as a new risk assessment tool. A next
step would be to include HRV-measurement together with
other predictive parameters in a prediction model. This model
and its possible guiding for interventions had to be tested in
clinical investigations.

Increased incidence of pneumonia during the first 6
months of operation was associated with decreased rMSSD.
A decreased rMSSD may indicate a lower parasympathetic
activity and has been associated with immunologic changes
in patients with hypertension (40), and in an experimental
model where healthy human participants were treated
with low dose endotoxin infusions (41). Decreased rMSSD
has been suggested as an early marker of multiple organ
dysfunction (42). The observed lower rMSSD in our patients
with pneumonia might indicate an increased vulnerability to
develop infections.

In patients with known coronary disease there was an
association between mortality and lower SDNN, TP LE and
HF in our study. This is not surprising. SDNN, LE, and HF
are all associated with increased risk for sudden cardiac death
(43), although SDNN has been much more frequently measured
in 24-h Holter monitoring. In risk populations with coronary
heart disease these HRV parameters are correlated with long
term mortality (44). Filipovic et al. followed patients scheduled
for major elective non-cardiac surgery (e.g., vascular procedures
of the abdominal aorta or lower limb, open intraperitoneal or
intrathoracic procedures, major orthopedic procedures of the
hip or spinal column, or major procedures on the neck). They
observed an association between LF/HF < 2 and mortality,
but did not measure SDNN or TP (19). In our study, we
did not find a significant lower LF/HF ratio, probably because
LF and HF were reduced similarly. Our results confirm these
earlier results.

We did not find associations between HRV parameters
and general mortality. This is in contrast with other earlier
studies. A recent met analysis including at all 21,988 participants
without cardiac disease at baseline and followed up in
cohort studies, demonstrated a robust association between
decreased HRV and later cardiovascular events. Individuals

with low HRV have about 40% increased risk of fatal or
non-fatal CVD compared to individuals with high HRV.
Recent studies had a follow-up of 9 and 15 years (36, 45,
46), as opposed to our study of only 6 months follow-up.
However, we did find associations between HRV parameters,
stroke, and pneumonia. Presence of stroke and recurrent
pneumonia are associated with increased mortality (47, 48).
Thus, we could expect a further increase in mortality in our
study group after 6 months, secondary to events like stroke
and pneumonia.

CONCLUSIONS

We present for the first time a significant association between
preoperative low HF, VLE and stroke during a 6-month period
after hip fracture. Pneumonia in this period was associated
with low preoperative rMSSD. Mortality in cardiac patients was
associated with low SDNN, TP, HE and LF preoperatively. If
these results can be confirmed, HRV might be a simple and
effective tool to identify patients at risk. A better and more
targeted follow-up of these patients might decrease morbidity
and mortality.
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Background: There is a bidirectional relationship between blood pressure variability
(BPV) and anxiety, but few studies have examined the gender- and age-specific effects
of visit-to-visit BPV on incident anxiety. We examined the predictive value of BPV for the
incidence of anxiety in a family clinic cohort.

Methods: Consecutive patients with a first attendance to family medicine clinics in
Hong Kong between January 1, 2000, and December 31, 2002, with at least three blood
pressure measurements available thereafter were included. The primary endpoint was
incident anxiety as identified by ICD-9 coding.

Results: This study included 48,023 (50% males) patients with a median follow-up of
224 [interquartile range (IQR): 217-229] months. Females were more likely to develop
incident anxiety compared to males (incidence rate: 7 vs. 2%), as were patients of
older age. Significant univariate predictors were female gender, older age, preexisting
cardiovascular diseases, respiratory diseases, diabetes mellitus, hypertension, and
gastrointestinal diseases, various laboratory examinations, and the number of blood
pressure measurements. Higher baseline, maximum, minimum, standard deviation (SD),
coefficient of variation (CV), and variability score of diastolic blood pressure significantly
predicted incident anxiety, as did all systolic blood pressure measures [baseline, latest,
maximum, minimum, mean, median, variance, SD, root mean square (RMS), CV, and
variability score].

Conclusions: The relationships between longer-term visit-to-visit BPV and incident

anxiety were identified. Female and older patients with higher blood pressure and higher
BPV were at the highest risks of incident anxiety.

Keywords: blood pressure variability, generalized anxiety disorder, risk prediction, visit-to-visit blood pressure
variability, anxiety
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INTRODUCTION

Anxiety is a common symptom, and anxiety disorder includes a
group of conditions characterized by excessive worry associated
with fatigue, restlessness, muscle tension, irritability, sleeping
difficulty, and concentration problems. It is a major public health
problem in many countries, damaging not only psychological
health but also physical health and quality of life. There is
a bidirectional relationship between blood pressure variability
(BPV) and incident anxiety. The presence of anxiety can exert
effects on BPV. Patients with depressive symptoms presented
a significantly lower nighttime systolic blood pressure (BP)
fall compared with non-depressed patients after controlling for
age, sex, and traditional cardiovascular risk factors (1). The
control of negative emotions has been shown to influence BP
control and BPV (2). Conversely, increased beat-to-beat BPV has
been associated with incident anxiety (3). Longer-term visit-to-
visit BPV has also been reported as an independent predictor
of cognitive impairment in several cohort studies (4-6). With
the widespread measurement of BP measurements at home,
fluctuations in BP, as well as very high or low BP readings
at home, can cause anxiety in patients. However, few previous
studies have examined the longitudinal relationship between
BPV and anxiety disorders in older cohorts. In this study, we
investigated the gender- and age-specific associations of longer-
period visit-to-visit BPV with the incidence of anxiety.

METHODS

Research Design and Data Sources

The study was approved by the Joint Chinese University of
Hong Kong-New Territories East Cluster Clinical Research
Ethics Committee and Institutional Review Board of the
University of Hong Kong/Hospital Authority Hong Kong West
Cluster. This was a retrospective cohort study of patients who
attended family medicine clinics between January 1, 2000, and
March 31, 2002, in the Hong Kong public sector. Patients with
at least three BP measurements before being diagnosed with
anxiety were included to calculate the variability measures. There
were no exclusion criteria. The patients were identified from
the Clinical Data Analysis and Reporting System (CDARS),
a territory-wide database that centralizes patient information
from individual local hospitals to establish comprehensive
medical data, including clinical characteristics, disease diagnosis,
laboratory results, and medication prescription details. The
system has been previously used by both our team and other
teams in Hong Kong to conduct studies on comparative drug
action (7), specific diseases (8-10), model development (11),
or visit-to-visit variability in metabolic parameters (12, 13).
Data were obtained regarding consecutive patients diagnosed
with anxiety, excluding those who died or discharged within
24h after the first diastolic/systolic BP measurement and those
with fewer than three diastolic/systolic BP measurements (study
baseline). Mortality data were obtained from the Hong Kong
Death Registry, a population-based official government registry
with the registered death records of all Hong Kong citizens.
Data on the clinical characteristics, disease diagnosis, laboratory

results (including complete blood count, renal and liver function
tests, glycemic and lipid profiles, and diastolic/systolic BP), and
medication prescription details were extracted. Patients with
anxiety were identified with the diagnosis codes 311, 296.3,
296.2, 308, 300.4, 292.84, 298, 300.02, 291.89, 293.84, 292.89,
294.9, 300.2, 309.24, 300.01, 309.21. The ICD-9 codes for
past comorbidities and historical medication prescriptions are
detailed in the Supplementary Material.

Primary Outcome and Statistical Analysis
The primary outcome was incident cases of anxiety from
the study baseline in a time-to-event analysis. Follow-up
was carried out until December 31, 2019. We extracted
the baseline/latest/maximum/minimum values of diastolic and
systolic BPs and calculated the temporal variability measures of
diastolic and systolic BPs: (1) mean, (2) median, (3) standard
deviation (SD), (4) root mean square (RMS) by first squaring
all BP values and then calculating the square root of the mean
of the squares, (5) coeflicient of variation (CV) by dividing the
BP SD by the mean BP and then multiplying by 100, and (6)
a variability score [from 0 (low) to 100 (high)] defined as the
number of changes in BP of 5 mmHg or more, i.e., 100 x (number
of absolute BP change of each two successive measurements
> 5)/number of measurements.

Clinical characteristics were summarized using statistical
descriptive statistics. Continuous variables were presented as
median [95% confidence interval (CI) or interquartile range
(IQR)], and categorical variables were presented count (%).
The Mann-Whitney U-test was used to compare continuous
variables. The x?2-test with Yates’ correction was used for 2 x 2
contingency data, and Pearson’s x 2_test was used for contingency
data for variables with more than two categories. Univariate Cox
regression models were conducted based on cohorts of males
and females, respectively, to identify the significant predictors
of anxiety. Significant univariate predictors of demographics,
prior comorbidities, clinical and biochemical tests, medication
prescriptions, and BPV were used as input of a multivariate Cox
analysis model, adjusted for demographics and comorbidities.
Hazard ratios (HRs) with corresponding 95% Cls and p-
values were reported. All significance tests were two-tailed and
considered significant if p-values < 0.001. Data analysis was
performed using the RStudio software (version: 1.1.456) and
Python (version: 3.6).

RESULTS

Baseline Clinical Characteristics and

Anxiety Incidence
This study included a total of 48,023 (50% males) patients
with a median follow-up of 224 (IQR: 217-229) months
(Supplementary Figure 1). Among the 23,964 male patients, 495
(incidence rate: 2.1%, median age: 70 [IQR: 57-79] years old)
developed anxiety. By contrast, females had a higher incidence
rate, with 1,687 of 24,059 (incidence rate: 7.0%, median age: 68
[IQR: 56-78] years old) developing anxiety.

The clinical characteristics of the included patients are
provided in Table 1. Compared with female patients, male
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TABLE 1 | Clinical characteristics of patients included in this cohort.

Characteristics Males (N = 23,964; event: 495, Females (N = 24,059; event: 1,687, P

incidence rate: 2.07%; incidence rate: 7.01%;

mortality: 195, 39.4%) mortality: 431, 25.68%)

Median (IQR); Max; N or Count (%) Median (IQR); Max; N or Count (%)
Demographics
Age of first BP test, years 61.4 (50.8-69.8); n = 495 59.3 (49.3-69.3); n = 1,678 0.1453
Past comorbidity
Cardiovascular 347 (70.10%) 1,209 (72.05%) 0.2253
Respiratory 315 (63.63%) 889 (52.97%) <0.0001***
Kidney 148 (29.89%) 287 (17.10%) <0.0001***
Endocrine 25 (5.05%) 83 (4.94%) 0.2588
Diabetes mellitus 79 (15.95%) 287 (17.10%) 0.1086
Hypertension 336 (67.87%) 1,131 (67.40%) 0.3494
Gastrointestinal 275 (55.55%) 942 (56.13%) 0.2378
Obesity 3(0.60%) 6 (0.35%) 0.8561
Stroke 190 (38.38%) 475 (28.30%) <0.0001***
Medications
ACEI 90 (18.18%) 188 (11.20%) 0.0025**
ARB 2 (0.40%) 9 (0.53%) 0.8262
Calcium channel blockers 140 (28.28%) 379 (22.58%) 0.1477
Beta blockers 156 (31.51%) 537 (32.00%) 0.5235
Diuretics for heart failure 14 (2.82%) 51 (3.08%) 0.5597
Diuretics for hypertension 59 (11.91%) 197 (11.74%) 0.2936
Nitrates 74 (14.94%) 203 (12.09%) 0.8393
Antihypertensive drugs 114 (23.03%) 81 (4.82%) <0.0001***
Antidiabetic drugs 54 (10.90%) 175 (10.42%) 0.5855
Statins and fibrates 75 (15.15%) 258 (15.37%) 0.6512
Complete blood count
Mean corpuscular volume, fl 91.3 (88.3-94.0); n = 242 89.4 (86.2-92.5); n = 889 0.1994
Basophil, x109/L 0.04 (0.02-0.046); n = 113 0.03 (0.01-0.08); n = 390 0.35
Eosinophil, x10%/L 0.1(0.1-0.2); n =132 0.1 (0.1-0.2); n = 485 0.3711
Lymphocyte, x10%/L 1.78 (1.3-2.2); n = 133 1.8 (1.4-2.4); n = 489 0.1135
Monocyte, x10%/L 0.5(0.4-0.7);n = 132 0.4 (0.3-0.6); n = 486 0.6279
Neutrophil, x10%/L 4.3(3.5-6.55);n =132 1(3.2-5.53); n = 485 0.6455
White cell count, x10%/L 7.16 (6.0-8.95); n = 243 6.8 (5.6-8.3); n = 892 0.787
Mean corpuscular hemoglobin, pg 31.1(29.85-32.1); n = 242 30.5 (29.1-31.5); n = 889 0.8937
Platelet, x10%/L 229.0 (191.0-265.0); n = 243 244.0 (209.0-293.0); n = 891 0.431
Reticulocyte, x10°/L 31.9(28.8-60.9);n =3 60.9 (44.0-91.77);n =17 <0.0001***
Red cell count, x10'?/L 4.65 (4.34-5.01); n = 241 4.31 (4.04-4.6); n = 889 0.3762
Hematocrit, L/L 0.43 (0.4-0.45); n = 226 0.38 (0.4-0.4); n = 836 0.9949
Renal and liver function tests
Potassium, mmol/L 4.15 (3.89-4.5); n = 337 4.2 (3.9-4.47); n = 1,041 0.297
Urate, mmol/L 0.398 (0.35-0.475); n = 86 0.32 (0.26-0.39); n = 253 0.1253
Albumin, g/L 42.25 (40.0-44.368); n = 290 42.0 (39.8-44.0); n = 941 0.9327
Sodium, mmol/L 141.0 (139.0-142.0); n = 337 141.0 (139.0-142.0); n = 1,041 0.5236
Urea, mmol/L 5.7 (4.835-6.8); n = 336 5.3 (4.3-6.3); n = 1,039 0.9642
Protein, g/L 74.0 (70.69-77.35); n = 287 74.0 (71.0-78.0); n = 939 0.6126
Creatinine, wmol/L 98.0 (88.0-111.0); n = 337 75.0 (67.0-85.0); n = 1,041 <0.0001***
Alkaline phosphatase, U/L 75.0 (60.84-92.0); n = 248 77.0 (60.0-93.5); n = 815 0.7759
Aspartate transaminase, U/L 23.0 (17.0-27.0); n = 68 21.0 (18.0-26.0); n = 214 0.544
Alanine transaminase, U/L 23.0 (17.0-35.0); n = 225 19.0 (14.0-27.0); n = 740 0.0023**
Bilirubin, wmol/L 10.0 (7.5-18.0); n = 250 9.0 (6.3874-11.3); n = 824 0.3542

(Continued)
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TABLE 1 | Continued

Characteristics Males (N = 23,964; event: 495, Females (N = 24,059; event: 1,687, P

incidence rate: 2.07%; incidence rate: 7.01%;

mortality: 195, 39.4%) mortality: 431, 25.68%)

Median (IQR); Max; N or Count (%) Median (IQR); Max; N or Count (%)
Glycemic and lipid profiles
Triglyceride, mmol/mol 6 (1.1-2.3); n = 156 4 (0.97-2.0); n = 546 0.6491
LDL, mmol/mol 3.3(2.8-3.7);n =116 2(2.6-3.9);n =373 0.3887
HDL, mmol/mol 1.2(1.02-1.4);n =118 1.4 (1.195-1.66); n = 390 0.3572
HbA1c, g/di 13.9 (12.9-15.1);n =215 12.8 (11.7-13.6); n = 788 0.0031**
Cholesterol, mmol/L 5.2 (4.6-5.7); n = 156 5.4 (4.8-6.1); n = 548 0.128
Fasting glucose, mmol/L 5.8 (6.2-7.5); n = 240 5.6 (5.1-7.0); n = 787 0.9374
Diastolic blood pressure measurements
Number of measurements 7 (5-10); n = 495 7 (6-10);n =1,678 0.1225
Baseline, mmHg 77.0 (68.0-84.5); n = 495 72.0 (65.0-80.0); n = 1,678 0.041*
Latest, mmHg 74.0 (66.0-81.0); n = 495 70.0 (63.0-78.0); n = 1,678 0.6643
Maximum, mmHg 89.0 (81.5-97.0); n = 495 86.0 (79.0-93.0); n = 1,678 0.8432
Minimal, mmHg 63.0 (66.0-70.0); n = 495 58.0 (62.0-66.0); n = 1,678 0.0323*
Mean, mmHg 75.4 (69.8-81.6); n = 495 71.9 (66.2-77.2); n = 1,678 0.0065**
Median, mmHg 75.5(69.5-81.0); n = 495 71.5 (66.0-77.0); n = 1,678 0.0234*
Variance 54.3 (31.4-88.9); n = 495 56.1(33.4-84.3); n = 1,678 0.2326
SD 7.4 (5.6-9.4); n = 495 7.5(5.8-9.2);n = 1,678 0.5344
RMS 75.9 (70.3-81.9); n = 495 72.3 (66.6-77.6); n = 1,678 0.0422*
cv 0.09 (0.07-0.12); n = 495 0.1001 (0.073-0.1); n = 1,678 <0.0001***
Variability score 57.1(46.2-66.7); n = 495 55.8 (47.4-66.2); n = 1,678 0.5416
Systolic blood pressure measurements
Number of measurements
Baseline, mmHg 135.0 (120.0-150.0); n = 495 132.0 (117.0-147.0); n = 1,678 0.1594
Latest, mmHg 132.0 (121.0-143.0); n = 495 131.0 (119.0-142.0); n = 1,678 0.7247
Maximum, mmHg 156.0 (144.0-169.0); n = 495 157.0 (140.0-1738.0); n = 1,678 0.7289
Minimal, mmHg 111.0 (102.0-121.0); n = 495 109.0 (101.0-120.0); n = 1,678 0.1322
Mean, mmHg 134.0 (125.4-142.4); n = 495 132.5 (123.3-141.0); n = 1,678 0.3252
Median, mmHg 133.0 (125.0-142.0); n = 495 132.0 (122.5-141.0); n = 1,678 0.2253
Variance 165.7 (96.9-255.0); n = 495 161.8 (91.7-256.7); n = 1,678 0.1806
SD 12.9(9.8-15.9); n = 495 12.7 (9.6-16.0); n = 1,678 0.2178
RMS 134.7 (126.2-143.0); n = 495 133.4 (124.0-141.9); n = 1,678 0.2509
cVv 0.09 (0.07-0.11); n = 495 0.09 (0.07-0.12); n = 1,678 0.2264
Variability score 70.0 (60.0-77.0); n = 495 70.6 (67.1-78.6);n = 1,678 0.7872

ACEI, angiotensinogen-converting enzyme inhibitor; ARB, angiotensin receptor blocker; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; SD, standard

deviation; RMS, root mean square; CV, coefficient of variation.
*p <0.05, *p < 0.01, **p < 0.001.

patients were more likely to suffer from cardiovascular diseases
(63.63 vs. 52.97%, p < 0.0001), kidney disease (29.89 vs. 17.10%,
p < 0.0001), and stroke (38.38 vs. 28.30%, p < 0.0001). They were
more likely to be prescribed angiotensinogen-converting enzyme
inhibitors (ACEI) (18.18 vs. 11.20%) and other antihypertensive
drugs (23.03 vs. 4.82%) than female patients.

Nevertheless, female patients had a higher reticulocyte level
(median: 60.9, IQR: 44.0-91.77 vs. median: 31.9, IQR: 28.8-
60.9, p < 0.0001), lower creatinine level (median: 75.0, IQR:
67.0-85.0 vs. median: 98.0, IQR: 88.0-111.0, p < 0.0001), lower
alanine transaminase amount (median: 19.0, IQR: 14.0-27.0 vs.
median: 23.0, IQR: 17.0-35.0, p = 0.0023), and lower HbA1c level
(median: 12.8, IQR: 11.7-13.6 vs. median: 13.9, IQR: 12.9-15.1,

p = 0.0031). Regarding diastolic BP measurements, female
patients had a lower mean (median: 58.0, IQR: 52.0-66.0 vs.
median: 63.0, IQR: 56.0-70.0, p = 0.0323), median (median: 71.9,
IQR: 66.2-77.2 vs. median: 75.4, IQR: 69.8-81.6, p = 0.0065),
RMS (median: 72.3, IQR: 66.6-77.6 vs. median: 75.9, IQR: 70.3—
81.9, p = 0.0422), and CV (median: 0.1001, IQR: 0.073-0.1 vs.
median: 0.09, IQR: 0.07-0.12, p < 0.0001).

Incidence of Anxiety on Follow-Up and
Significant Predictors

The age-specific incidences of anxiety among male and female
subgroups are shown in Figure 1. The number of female patients
developing anxiety was more than double that of male patients
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FIGURE 1 | Age-specific incidence of anxiety among male and female subgroups.
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FIGURE 2 | Kaplan-Meier survival curves of incident anxiety development for the whole cohort (top) and stratified by gender (bottom).

among those over 30 years of age. Kaplan-Meier survival curves
in Figure 2 show that females had a higher risk of developing
anxiety than males.

Univariate Cox regression demonstrated the following
significant predictors for incident anxiety: demographics,
namely, gender [female as comparison: HR for male: 0.30, 95%
CI: [0.27, 0.33], p < 0.0001"**] and older age [HR: 1.23, 95%
CI: [1.19, 2.03], p < 0.0001]. The specific risks differed between
age groups: [40, 50] years old [HR: 1.42, 95% CI: [1.27, 1.57],
p < 0.0001], [50, 60] years old [HR: 1.30, 95% CI: [1.18, 1.43],
p < 0.0001], [60, 70] years old [HR: 1.11, 95% CI: [1.01, 1.22],
p = 0.0008], [70, 80] years old [HR: 1.71, 95% CI: [1.64, 1.79],
p < 0.0001], [80, 90] years old [HR: 1.46, 95% CI: [1.37, 1.57],
p < 0.0001]; past history of cardiovascular diseases [HR: 4.00,
95% CI: [3.64, 4.39], p < 0.0001], respiratory diseases [HR:
1.33, 95% CI: [1.22, 1.45], p < 0.0001], diabetes mellitus [HR:
1.17, 95% CI: [1.05, 1.31], p = 0.0062], hypertension [HR:
1.17, 95% CI: [1.07, 1.28], p = 0.0008], and gastrointestinal
disorders [HR: 1.90, 95% CI: [1.74, 2.07], p < 0.0001]; laboratory

parameters, namely, lower neutrophil [HR: 0.35, 95% CI: [0.24,
0.50], p < 0.0001], less white cell count [HR: 0.92, 95% CI: [0.89,
0.95], p < 0.0001], lower mean corpuscular hemoglobin level
[HR: 0.94, 95% CI: [0.92, 0.96], p < 0.0001], higher red cell count
[HR: 1.001, 95% CI: [1.001, 1.002], p = 0.0002], lower urate
level [HR: 0.03, 95% CI: [0.01, 0.07], p < 0.0001], higher albumin
level [HR: 1.04, 95% CI: [1.03, 1.06], p < 0.0001], lower urea level
[HR: 0.87, 95% CI: [0.85, 0.90], p < 0.0001], lower creatinine
level [HR: 0.98, 95% CI: [0.979, 0.982], p < 0.0001], lower
alkaline phosphatase level [HR: 0.995, 95% CI: [0.993, 0.997],
p < 0.0001], lower bilirubin level [HR: 0.97, 95% CI: [0.95, 0.98],
p < 0.0001], higher high-density lipoprotein (HDL) level [HR:
1.54, 95% CI: [1.25, 1.91], p = 0.0001], and lower fasting glucose
level [HR: 0.96, 95% CI: [0.93, 0.98], p = 0.0007]; diastolic BP
measures, namely, higher baseline value [HR: 1.49, 95% CI: [1.08,
2.45], p < 0.0001], higher maximum value [HR: 1.19, 95% CI:
[1.06, 1.54], p < 0.0001], higher minimum value [HR: 1.23, 95%
CIL: [1.08, 2.06], p < 0.0001], larger SD [HR: 1.18, 95% CI: [1.03,
1.95], p = 0.0008], larger CV [HR: 1.13, 95% CI: [1.05, 1.38],
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TABLE 2 | Univariate Cox analysis to predict incident anxiety and mortality.

Characteristics Anxiety (N = 2,173) P Mortality (N = 626) p

HR [95% CI]

HR [95% Cl]

Demographics

Male gender 0.30[0.27, 0.33] <0.0001*** 1.74[1.69, 1.79] <0.0001***
Age at first blood pressure test, years 1.283[1.19, 2.03] <0.0001*** 1.10[1.10, 1.11] <0.0001***
[0, 10] - - - -
[10, 20] 0.31[0.10, 0.97] 0.0446* 0.01[0.00, 0.07] <0.0001***
[20, 30] 0.54[0.36, 0.79] 0.0019** 0.13[0.10, 0.17] <0.0001***
[30, 40] 1.10[0.91, 1.33] 0.3140 0.06 [0.05, 0.08] <0.0001***
[40, 50] 1.42[1.27,1.57] <0.0001*** 0.11[0.10, 0.12] <0.0001***
[50, 60] 1.30[1.18, 1.43] <0.0001*** 0.25[0.24, 0.27] <0.0001***
[60, 70] 1.11[1.01, 1.22] 0.0008** 0.97 [0.94, 1.00] 0.0749
[70, 80] 1.71[1.64, 1.79] <0.0001** 3.51[3.41, 3.61] <0.0001***
[80, 90] 1.46[1.37,1.57] <0.0001*** 6.00 [5.78, 6.23] <0.0001***
90+ - 0.9640 8.76[7.75,9.89] <0.0001***
Past comorbidity
Cardiovascular 4.00 [3.64, 4.39] <0.0001*** 2.18[2.12, 2.24] <0.0001***
Respiratory 1.33[1.22, 1.45] <0.0001*** 3.90[3.77, 4.02] <0.0001***
Kidney 0.87[0.78, 0.96] 0.0076** 2.15[2.09, 2.22] <0.0001***
Endocrine 1.12[0.92, 1.36] 0.2500 2.08[1.97, 2.20] <0.0001***
Diabetes mellitus 1.17[1.05, 1.31] 0.0062** 0.96 [0.92, 1.00] 0.0385*
Hypertension 1.17[1.07, 1.28] 0.0008"** 0.87[0.84, 0.90] <0.0001***
Gastrointestinal 1.90[1.74, 2.07] <0.0001*** 1.20[1.17, 1.23] <0.0001*
Obesity 2.07 [1.08, 3.98] 0.0296* 0.39[0.25, 0.62] <0.0001***
Stroke 1.07[0.98, 1.17] 0.1410 1.94[1.89, 2.00] <0.0001***
Medications
ACEI 0.66 [0.59, 0.75] <0.0001*** 1.80[1.74, 1.86] <0.0001***
ARB 0.80[0.44, 1.45] 0.4600 1.50[1.29, 1.75] <0.0001***
Calcium channel blockers 0.70[0.64, 0.78] <0.0001*** 1.85[1.80, 1.91] <0.0001***
Beta blockers 1.20[1.10, 1.32] 0.0001*** 1.06 [1.03, 1.10] 0.0001***
Diuretics for heart failure 0.67 [0.52, 0.85] 0.0013** 3.98 [3.79, 4.18] <0.0001***
Diuretics for hypertension 0.84[0.73, 0.95] 0.0073** 1.40[1.35, 1.45] <0.0001***
Nitrates 1.05[0.93, 1.20] 0.4130 1.91[1.84, 1.98] <0.0001***
Antihypertensive drugs 0.72[0.62, 0.84] <0.0001*** 2.23[2.15,2.31] <0.0001***
Antidiabetic drugs 0.59[0.51, 0.67] <0.0001*** 1.40[1.35, 1.45] <0.0001***
Statins and fibrates 1.11]0.98, 1.24] 0.0908 1.06 [1.02, 1.10] 0.0068**
Complete blood count
Mean corpuscular volume, fl 0.995 [0.988, 1.002] 0.1930 1.021 [1.018, 1.024] <0.0001***
Basophil, x109/L 0.20[0.02, 1.68] 0.1370 2.00 [1.05, 3.79] 0.0339*
Eosinophil, x10%/L 0.81[0.54, 1.22] 0.3160 1.11[1.02, 1.21] 0.0178*
Lymphocyte, x10%/L 1.03[1.01, 1.06] 0.0161* 0.66 [0.63, 0.68] <0.0001***
Monocyte, x10%/L 1.88[0.33, 10.83] 0.4800 1.04 [0.65, 1.66] 0.871
Neutrophil, x10%/L 0.35[0.24, 0.50] <0.0001*** 2.10[1.96, 2.26] <0.0001***
White cell count, x10%/L 0.92[0.89, 0.95] <0.0001*** 1.08 [1.08, 1.09] <0.0001***
Mean corpuscular hemoglobin, pg 0.94 [0.92, 0.96] <0.0001** 1.06 [1.086, 1.06] <0.0001***
Platelet, x10%/L 1.00[0.98, 1.01] 0.6170 1.03[1.08, 1.04] <0.0001***
Reticulocyte, x10°/L 11.70 [0.38, 357.50] 0.1590 1.780.89, 3.56] 0.105
Red cell count, x10'?/L 1.001 [1.001, 1.002] 0.0002*** 0.998 [0.998, 0.998] <0.0001***
Hematocrit, L/L 1.003 [0.993, 1.013] 0.5270 0.999 [0.996, 1.001] 0.312
Basophil, x10°%/L 0.97 [0.88, 1.06] 0.4620 0.57 [0.55, 0.59] <0.0001***
Eosinophil, x10%/L 0.63[0.19, 2.07] 0.4490 0.50[0.12, 0.81] <0.0001***
(Continued)
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TABLE 2 | Continued

Characteristics Anxiety (N = 2,173) P Mortality (N = 626) p

HR [95% Cl] HR [95% ClI]
Renal and liver function tests
Potassium, mmol/L 0.880.79, 0.97] 0.0102* 0.95[0.92, 0.98] 0.0026 **
Urate, mmol/L 0.03[0.01, 0.07] <0.0001*** 10.65 [8.23, 13.77] <0.0001***
Albumin, g/L 1.04 [1.08, 1.06] <0.0001*** 0.88[0.87, 0.88] <0.0001***
Sodium, mmol/L 1.02 [1.00, 1.04] 0.0196* 0.948 [0.943, 0.952] <0.0001***
Urea, mmol/L 0.87[0.85, 0.90] <0.0001*** 1.111[1.108, 1.114] <0.0001***
Protein, g/L 1.01[1.00, 1.02] 0.0528 0.95[0.95, 0.95] <0.0001***
Creatinine, pmol/L 0.98[0.979, 0.982] <0.0001** 1.003 [1.003, 1.003] <0.0001***
Alkaline phosphatase, U/L 0.995 [0.993, 0.997] <0.0001** 1.002 [1.002, 1.002] <0.0001***
Aspartate transaminase, U/L 1.000 [0.998, 1.001] 0.6580 1.001 [1.000, 1.001] <0.0001***
Alanine transaminase, U/L 0.999 [0.997, 1.001] 0.4250 0.998 [0.997, 0.999] <0.0001***
Bilirubin, wmol/L 0.97 [0.95, 0.98] <0.0001*** 1.007 [1.005, 1.009] <0.0001***
Glycemic and lipid profiles
Triglyceride, mmol/mol 0.98 [0.92, 1.04] 0.4300 0.97 [0.95, 0.99] 0.0024 **
LDL, mmol/mol 1.03[0.93, 1.13] 0.6050 0.91[0.88, 0.95] <0.0001***
HDL, mmol/mol 1.54 [1.25,1.91] 0.0001*** 0.82[0.75, 0.90] <0.0001***
HbA1c, g/dl 1.01[1.00, 1.03] 0.0613 0.98[0.98, 0.98] <0.0001***
Cholesterol, mmol/L 1.04[0.98, 1.11] 0.2230 0.92[0.90, 0.94] <0.0001***
Fasting glucose, mmol/L 0.96 [0.93, 0.98] 0.0007** 1.05[1.05, 1.06] <0.0001***
Diastolic blood pressure measurements
Number of measurements 0.89[0.18, 1.23] 0.1352 0.53[0.42, 1.71] 0.2342
Baseline, mmHg 1.49 [1.08, 2.45] <0.0001*** 1.03[1.01, 1.24] <0.0001***
Latest, mmHg 1.001 [0.997, 1.004] 0.6870 1.07 [1.02, 1.28] <0.0001***
Maximum, mmHg 1.19[1.06, 1.54] <0.0001*** 1.04 [1.02, 1.08] <0.0001***
Minimal, mmHg 1.23[1.08, 2.06] <0.0001*** 1.09[1.01,1.2] 0.0442*
Mean, mmHg 1.03[1.01, 1.39] 0.0011** 1.1[1.03,1.7] <0.0001***
Median, mmHg 1.04 [1.01, 1.53] 0.0026™* 1.28[1.16, 1.98] <0.0001***
Variance 1.002 [1.001, 1.003] 0.0491* 1.003 [1.003, 1.003] <0.0001***
SsD 1.18[1.03, 1.95] 0.0008"** 1.06 [1.05, 1.06] <0.0001***
RMS 1.23[1.09, 1.6] 0.0078** 1.18[1.02, 1.93] <0.0001***
CcVv 1.13[1.05, 1.38] 0.0002*** 40.89 [28.15, 59.38] <0.0001***
Variability score 1.16[1.04, 1.85] 0.0003*** 1.001 [1.000, 1.002] 0.0082**
Systolic blood pressure measurements
Number of measurements
Baseline, mmHg 1.25[1.04, 1.93] <0.0001*** 1.015[1.014, 1.015] <0.0001***
Latest, mmHg 1.34[1.12,1.88] <0.0001*** 1.009 [1.008, 1.010] <0.0001***
Maximum, mmHg 1.15[1.04, 1.33] <0.0001** 1.009 [1.009, 1.010] <0.0001***
Minimal, mmHg 1.04 [1.01, 1.07] <0.0001** 1.022 [1.021, 1.023] <0.0001***
Mean, mmHg 1.26 [1.03, 1.56] <0.0001** 1.031 [1.030, 1.032] <0.0001***
Median, mmHg 1.16 [1.04, 1.29] <0.0001** 1.030 [1.029, 1.031] <0.0001***
Variance 1.04[1.01, 1.1] <0.0001*** 1.001 [1.001, 1.001] <0.0001**
SD 1.17[1.07, 1.85] <0.0001** 1.061 [1.059, 1.063] <0.0001***
RMS 1.59[1.18, 1.99] <0.0001*** 1.031[1.030, 1.032] <0.0001***
cVv 1.07 [1.02, 1.23] <0.0001*** 629.90 [424.60, 934.40] <0.0001***
Variability score 1.26 [1.04, 1.82] 0.0008 *** 1.000 [0.999, 1.001] 0.8170

ACEI, angiotensinogen-converting enzyme inhibitor; ARB, angiotensin receptor blocker; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; SD, standard
deviation; RMS, root mean square; CV, coefficient of variation.

*p <0.05, *p < 0.01, **p < 0.001.
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TABLE 3 | Multivariate Cox regression analysis to predict incident anxiety.

TABLE 3 | Continued

HR[95% CI]  Z-value P HR[95% CI]  Z-value P

Demographics Maximum, mmHg 1.00 [0.96, 1.04] 0.09 0.9302
Male gender 0.23[0.11,048 —3.93  0.0001** Minimal, mmHg 1.04[1.01,1.19]  2.27 0.003*
Age at first blood pressure test, years  1.04 [1.02, 1.07] 0.15 0.0029** Mean, mmHg 0.49[0.02,11.33] -0.44 0.6579
[20, 30] 1.24 [1.26, 5.98] 0.27 0.0019** Median, mmHg 1.04 [0.93, 1.16] 0.68 0.4949
[30, 40] 1.07 [1.02, 2.14] 0.56 0.0034** Variance 1.00 [0.99, 1.01] 0.38 0.7017
[40, 50] 1.98[1.38,10.24] 0.82 <0.0001"*  SD 1.08[0.70,1.67]  0.36 0.7162
[50, 60] 1.47 [1.22,9.92] 0.39 0.0056** RMS 1.96 [0.09, 44.35] 0.42 0.6719
[60, 70] 1.48 [1.05, 4.88] 0.63 <0.0001*** CV 1.04 [1.01, 1.09] 1.14 0.2540
[70, 80] 1.06 [1.01,16.38]  0.004 0.0069** Variability score 1.08 [1.01, 1.05] 1.27 0.7872
Past comorbidities ACEI, angiotensinogen-converting enzyme inhibitor; HDL, high-density lipoprotein
Cardiovascular 369[1.99,6.84] 416  <0.0001"" cholesterol; SD, standard deviation; RMS, root mean square; CV, coefficient of variation.
Respiratory 1.68 [0.96, 2.94] 1.83 0.0670 *p <0.05, **p < 0.01, **p < 0.001.
Kidney 1.72]0.98, 3.04] 1.88 0.0603
Diabetes mellitus 2.04 [1.14, 3.68] 2.39 0.0169*
Hypertension 1.42[0.69,2.88]  0.96 0.3390 p = 0.0002], and larger variability score [HR: 1.16, 95% CI: [1.04,
Gastrointestinal 1.24[0.74,2.07]  0.82 0.4101 1.85], p = 0.0003]; and larger values of all systolic BP measures
Medications (baseline, latest, maximum, minimum, mean, median, variance,
ACEI 0.95[0.54,1.68] —0.18  0.8545 SD, RMS, CV, and variability score) (HR: >1, p < 0.001).
Calcium channel blockers 0.62[0.36,1.09] —1.67  0.0947 In addition, the significant univariate predictors of all-
Beta blockers 154[1.12,259] 165  0.0016* cause mortality after anxiety presentation were also identified
Diuretics for heart failure 1.68[0.77,3.67]  1.31 0.1915 (Table 2). Significant univariate predictors (p < 0.05) were
Diuretics for hypertension 0.92[0.51,1.67] —-027  0.7879 entered into a multivariate Cox regression model, with most of
Antihypertensive drugs 0.77[0.36,1.68] —0.66  0.5125 the above univariate predictors remaining significant (Table 3).
Antidiabetic drugs 0.39[0.20,1.79] —2.61 0.242 Next, we further analyzed different BP values in patients who
Complete blood count developed anxiety with age stratification (Figures3, 4 and
Neutrophil, x109/L 0.98[0.85,1.14] —0.21 0.8336 Supplementary Table 2). There is an age-related increase in
White cell count, x 10%/L 100[0.87,1.14] —003  0.9728 mean, median, and measures of variability for both diastolic and
Mean corpuscular hemoglobin, pg ~ 1.07 [0.95, 1.21]  1.09  0.2749 systolic BPs.
Red blood count, x10'2/L 1.08 [0.58, 1.99] 0.23 0.8179
Renal and liver function tests Comparisons of BP Measurements Before
Urate, mmol/L 0.21[0.02,2.51] —1.24  0.2161 and After Anxiety Development
Albumin, g/L 1.00[0.93,1.07] -0.14  0.8891 Gender-specific BP measure changes before and after initial
Urea, mmol/L 0.97[0.83,1.13] —042  0.6770 anxiety presentation were identified as shown in Table 4.
Creatinine, pmol/L 1.00[0.98,1.01 —0.65  0.5184 Regarding systolic BP, males had larger variance (median: 172.4,
Alkaline phosphatase, U/L 0.99[0.98,1.00] —1.44  0.1498 IQR: 99.5-262.7 vs. median: 165.7, IQR: 96.9-255.0, p < 0.0001),
Bilirubin, wmol/L 1.02[1.00,1.04]  2.22 0.0264* larger RMS (median: 137.1, IQR: 125.5-144.0 vs. median: 134.7,
Glycemic and lipid profiles IQR: 126.2-143.0, p = 0.0489), and larger variability score
HDL, mmol/mol 1.00[0.50, 1.98] —0.01 0.9921 (median: 73.6, IQR: 60.5-80.3 vs. median: 70.0, IQR: 60.0-77.0,
Fasting glucose, mmol/L 1.04[0.98,1.11] 1.32 0.1885 p = 0.0332) after initial presentation of anxiety diseases; and
Diastolic blood pressure measurements females had larger variance (median: 174.2, IQR: 88.8-259.2
Baseline, mmHg 108[1.01,1.07] 169 <0000t~  vs. median 161.8, IQR: 91.7-256.7, p < 0.0001) and larger
Maximum, mmHg 098[091,1.06] -048 06316 variability score (median: 74.4, IQR: 60.5-79.3 vs. median: 70.6,
Minimal, mmHg 104[1.01,1.14] 090 00071 IQR: 57.1-78.6, p = 0.0136) after initial presentation of anxiety
Mean, mmHg 110[1.02,146] 061  0.0011* diseases. In diastolic BP measurements, males had larger variance
Median, mmHg 091074, 112] —09 0.3679 (median: 65.5, IQR: 30.3-81.0 vs. median: 54.3, IQR: 31.4-88.9,
sD 070[040,124] 123 02204 p < 0.0001) and larger variability score (median: 63.3, IQR:
oV 105[.01, 142 105 0.0659" flO'.2‘—71.2 vs. m_edian: 57.%, IQR: 46.2-66.7, p < 0.9091) after
Variabilty score 102[100.1.04] 201  0.0047" 1n1t1al. presentation of anxiety; female§ had larger minimal test

. (median: 63.0, IQR: 54.0-67.0 vs. median: 58.0, IQR: 52.0-66.0,
Systolic blood pressure measurements X R
Baseline, mmHg 145[1.08,1.85 040  <0.0001" p ='0.0003), larger variance (median: 61.8, IQR: 31.4—8'1.4’ vS.
Latest, mmHg 1011088, 1.03  1.18 02389 median: 56.}, IQR: 33.4-84.3, p < 0.0001), and lrftrger variability

score (median: 62.3, IQR: 43.2-67.54 vs. median: 55.8, IQR:
(Continues)  474-66.2, p < 0.0001).
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FIGURE 3 | Box plots showing diastolic blood pressure (DBP) measurements stratified by gender and age at anxiety presentation.
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FIGURE 4 | Box plots showing systolic blood pressure (SBP) measurements stratified by gender and age at anxiety presentation.

DISCUSSION

The main findings of this study are that (1) higher
baseline, maximum, minimum, SD, CV, and variability

score of diastolic BP significantly predicted anxiety, as
did all systolic BP measures (baseline, latest, maximum,
minimum, mean, median, variance, SD, RMS, CV, and
variability score) and (2) female and older patients with
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TABLE 4 | Gender-specific blood pressure measurement changes before and after anxiety development.

Males Females

Before anxiety After anxiety P Before anxiety After anxiety P
Systolic blood pressure measurements
Closest 133.0 (121.5-144.5); 211.0  136.0 (120.0-150.0); 217.0 0.1024 132.0 (119.0-144.0); 222.0  134.0 (120.0-148.0); 225.0 0.2226
Maximum 156.0 (144.0-169.0); 233.0  156.0 (143.0-170.0); 233.0 0.8723 157.0 (140.0-173.0); 246.0  156.0 (140.0-171.0); 246.0 0.2414
Minimal 111.0 (102.0-121.0); 164.0 ~ 112.0 (103.0-122.5); 173.0 0.7634 109.0 (101.0-120.0); 183.0  110.0 (102.0-121.0); 196.0 0.6821
Mean 134.0 (125.4-142.4); 191.6  135.5 (124.9-143.45); 187.0 0.2356 132.5 (123.3-141.0); 193.3  135.1 (122.9-143.0); 214.7 0.1386
Median 133.0 (125.0-142.0); 187.0  134.0 (123.25-143.0); 184.0 0.7631 132.0 (122.5-141.0); 195.0  135.8 (121.0-143.0); 223.0 0.0986
Variance 165.7 (96.9-255.0); 1,512.5 172.4 (99.5-262.7); 930.5 <0.0001"*  161.8 (91.7-256.7); 2,964.5 174.2 (88.8-259.2); 2,056.2 <0.0001***
SD 12.9(9.8-15.9); 38.9 13.1 (10.0-16.2); 30.5 0.4429 12.7 (9.6-16.0); 54.4 12.4 (9.4-16.1); 45.4 0.6199
RMS 134.7 (126.2-143.0); 192.4 137.1 (125.5-144.0); 187.4 0.0489* 133.4 (124.0-141.9); 193.6  135.7 (123.6-143.7); 215.1 0.1332
cv 0.09 (0.07-0.11); 0.2 0.09 (0.07-0.1); 0.2 0.9125 0.09 (0.07-0.12); 0.27 0.09 (0.07-0.11); 0.28 0.2305
Variability score 70.0 (60.0-77.0); 94.4 73.6 (60.5-80.3); 90.4 0.0332* 70.6 (57.1-78.6); 93.8 74.4 (60.5-79.3); 90.5 0.0136*
Diastolic blood pressure measurements
Closest 75.0 (67.0-82.0); 135.0 77.0 (68.0-84.0); 122.0 0.1853 71.0 (63.0-79.0); 115.0 72.0 (65.0-80.0); 110.0 0.0461
Maximum 89.0 (81.5-97.0); 135.0 88.0 (80.0-96.0); 135.0 0.2296 86.0 (79.0-93.0); 128.0 85.0 (78.0-91.0); 122.0 0.7141
Minimal 63.0 (56.0-70.0); 100.0 65.0 (57.0-70.0); 100.0 01777 58.0 (52.0-66.0); 98.0 63.0 (54.0-67.0); 90.0 0.0003***
Mean 75.4 (69.8-81.6); 106.4286 75.5 (69.5-81.3); 106.3 0.5467 71.9 (66.2-77.2); 102.0 72.3 (66.3-77.4); 98.8 0.7072
Median 75.5 (69.5-81.0); 110.0 75.0 (69.0-81.0); 109.0 0.6943 71.5 (66.0-77.0); 102.0 72.0 (66.0-77.8); 97.5 0.0968
Variance 54.3 (31.4-88.9); 512.0 65.5 (30.3-81.0); 273.3 <0.0001*** 56.1 (33.4-84.3); 924.5 61.8 (31.4-81.4); 690.3 <0.0001***
SD 7.4 (5.6-9.4); 22.6 7.0 (6.56-9.0); 16.5 0.4272 7.5(5.8-9.2); 30.4 7.7 (6.6-9.0); 26.3 0.3177
RMS 75.9 (70.3-81.9); 106.6 75.7 (69.9-81.7); 106.43 0.7934 72.3 (66.6-77.6); 102.1 73.7 (66.8-77.7); 99.6 0.7846
cv 0.09 (0.07-0.12); 0.25 0.09 (0.07-0.13); 0.2 0.3691 0.1001 (0.073-0.1); 0.31 0.095 (0.07-0.12); 0.3 0.1045
Variability score 57.1 (46.2-66.7); 93.8 63.3 (40.2-71.2); 93.2 <0.0001*** 55.8 (47.4-66.2); 92.3 62.3 (43.2-67.54); 90.5 <0.0001**

SD, standard deviation; RMS, root mean square; CV, coefficient of variation.
*p < 0.05, *p < 0.01, **p < 0.001.

higher BP and higher BPV were at the greatest risks
of anxiety.

The effects of anxiety on BP and as a potential risk factor have
been extensively examined in previous studies (14). However,
whether BP influences the risk of incident anxiety has not
been investigated in detail, and mixed results were seen in
observational studies. Individuals with hypertension may be
more likely to develop anxiety (14, 15), but this association is seen
only when hypertension coexists with another chronic condition
(16) or when the patients are aware of their hypertension
diagnosis (17). Previously, higher beat-to-beat BPV has been
associated with incident anxiety (3). Longer-term visit-to-visit
BPV has also been reported as an independent predictor of
neurological conditions such as cognitive impairment in cohort
studies (4-6), but whether it can do so for incident anxiety
has never been explored. In this population-based study of
patients attending family medicine clinics in the public sector of
Hong Kong, we established for the first time the predictive value
of different metrics of BP and BPV on incident anxiety.

While the physiological mechanisms underlying the
bidirectional relationship between hypertension and incident
anxiety remain unclear, the phenomenon was reported in
recent studies. Population-based studies demonstrated that
patients with baseline anxiety had an increased risk of essential

hypertension (18-20). By contrast, a territory-wide study
of over two million patients in Sweden demonstrated that
hypertensive patients were more likely to suffer from anxiety
(21). The presence of anxiety increases the risk of poor drug
compliance among hypertensive patients and thus worsens their
BP control (22).

Various hypotheses have been proposed to explain the
association between anxiety and hypertension. First of all,
chronic stress, which induces a persistent maladaptive stress
response that develops into anxiety, results in long-term
cortisol elevation (23). Consequently, the hypothalamic—
pituitary-adrenal axis becomes dysregulated and leads to
hypertension (24). Furthermore, it is postulated that exaggerated
neurobiological sensitivity toward threat results in prolonged
activation of the hypothalamic-pituitary-adrenal axis, which
results in both the autonomic dysregulation underlying
hypertension and the biological change under anxiety (25).
Other mechanisms including increased oxidative stress, physical
inactivity, and hypercapnia were reported to be common in
both the pathogenesis of hypertension and anxiety and thus may
contribute to the association between the two diseases (26-28).

Similarly, hypotheses have been proposed to explain the
predictive value of BPV for incident anxiety. Increased BPV has
been shown to be due to reduced baroreflex sensitivity, which
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may reflect sympathovagal imbalance likely due to sympathetic
hyperactivity, which is observed in anxiety patients (3, 29, 30).
The BP instability may reflect compensatory hemodynamic
changes under reduced arterial compliance and increased aortic
stiffness under systemic inflammatory response, which is both
a cause of hypertension and a consequence of anxiety (31,
32). Furthermore, the pathological worrying in anxiety may be
associated with increased compliance toward antihypertensives,
which are known to increase BPV (33). Moreover, the use
of medications such as beta blockers also predicted incident
anxiety. It may be that anxious patients are more likely
to receive such medications to reduce the symptoms of
anxiety (34).

Limitations

Several limitations should be noted for the present study. Given
its observational nature, there is information bias with regard
to issues of under-coding, missing data, and documentation
errors. Moreover, data on lifestyle risk factors of hypertension,
such as smoking and alcoholism, were unavailable; thus, their
potential influence on the relationship between BP and anxiety
cannot be assessed. Furthermore, the clinical circumstances of
BP measurement during hospital visits were susceptible to the
effects of circumstantial factors, which may introduce additional
variables that affect patients’ BP and BPV. Circadian changes in
BP may be a good predictor of the adverse outcomes. However,
our BP values were measured within the clinical setting. It
was therefore not possible to obtain BP values at nighttime.
Heart rate variability is also an important predictor, and this
should be evaluated for its predictive value and incorporated
into predictive risk models in subsequent studies. Finally, the
diagnosis of anxiety was reliant on ICD-9 coding, and therefore,
not all diagnoses were made by a specialist in psychiatry.
However, results of psychological tools such as Generalized
Anxiety Disorder 7 and Beck Anxiety Inventory are not routinely
coded, and it was therefore not possible to precisely define the
presence of anxiety disorder that fulfills the specialist definition
of this disease.

CONCLUSIONS

The relationships between longer-term visit-to-visit BPV and
incident anxiety were identified. Female and older patients with
higher BP and higher BPV were at the highest risks of anxiety.
Future studies should examine the interacting effects between
BPV and medication use to influence incident anxiety and
anxiety-related outcomes.
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Background: Ischemic stroke is the most common and severe arterial thrombotic
event in Antiphospholipid syndrome (APS). APS is an autoimmune disease characterized
by the presence of thrombosis and antiphospholipid antibodies (aPL), which provide
a pro-coagulant state. The aPL included in the classification criteria are lupus
anticoagulant, anti-cardiolipin (@CL) and anti-B2-glycoprotein-l antibodies (aB2GPI) of
lgG and IgM isotypes. Extra-criteria aPL, especially IgA aB2GPI and IgG/IgM anti-
phosphatidylserine/prothrombin antibodies (@aPS/PT), have been strongly associated
with thrombosis. However, their role in the general population suffering from stroke is
unknown. We aim (1) to evaluate the aPL prevalence in ischemic stroke patients, (2) to
determine the role of aPL as a risk factor for stroke, and (3) to create an easy-to-use tool
to stratify the risk of ischemic stroke occurrence considering the presence of aPL and
other risk factors.

Materials and Methods: A cohort of 245 consecutive ischemic stroke patients
was evaluated in the first 24 h after the acute event for the presence of classic aPL,
extra-criteria aPL (IgA aB2GPI, IgG, and IgM aPS/PT) and conventional cardiovascular
risk factors. These patients were followed-up for 2-years. A group of 121 healthy
volunteers of the same age range and representative of the general population was used
as reference population. The study was approved by the Ethics Committee for Clinical
Research (Reference numbers CEIC-14/354 and CEIC-18/182).

The overall aPL prevalence in stroke patients was 28% and
IgA aB2GPI were the most prevalent (20%). In the multivariant analysis,
the presence of IgA aB2GPI (OR 2.40, 95% CI: 1.03-5.53), dyslipidemia
(OR 1.70, 95% ClI: 1.01-2.84), arterial hypertension (OR 1.82, 95% Cl:
1.03-3.22), atrial fibrillation (OR 4.31, 95% CI: 1.90-9.78), and active
smoking (OR 3.47, 95% CI: 1.72-6.99) were identified as independent

Results:
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risk factors for ischemic stroke. A risk stratification tool for stroke was created based on

these factors (AUC: 0.75).

Conclusions: IgA aB2GPI are an important independent risk factor for ischemic stroke.
Evaluation of aPL (including extra-criteria) in cardiovascular risk factor assessment for
stroke can potentially increase the identification of patients at risk of thrombotic event,
facilitating a decision on preventive treatments.

Keywords: antiphospholipid syndrome, ischemic stroke, antiphospholipid antibodies, IgA anti-b2-glycoprotein-I

antibodies, thrombosis

INTRODUCTION

Stroke is a very serious life-threatening medical condition. It
is the second leading cause of death and one of the most
important causes of disability worldwide (50% of survivors will
be permanently disabled) (1, 2). Strokes can be classified into
two main types: ischemic strokes (about 90%) caused by an
obstruction of blood supply, and haemorrhagic strokes due to
the rupture of blood vessels (3). Ischemic stroke can be due to
intracranial thrombosis or embolism, either from atherosclerotic
plaque in the aortic arch, cervical arteries or the heart (4). When
a cerebral artery is occluded by a clot and blood flow decreases,
the oxygen and nutrients supply is interrupted and neuronal
electrical function ceases. If circulation isn’t restored quickly,
diverse mechanisms of ischemic damage are involved in neuronal
death and irreversible tissue injury causing long-term disability
or even death (5).

Stroke is a complex disease with numerous aetiological
factors and has been associated with numerous risk factors
such as age, hypertension, diabetes mellitus, dyslipidemia,
diet, smoking, or alcohol consumption (6). Furthermore, the
presence of other previous diseases such as carotid artery
disease, atrial fibrillation, mitral stenosis, coronary artery
disease, and antiphospholipid syndrome (APS) are considered
as facilitators of the appearance of arterial occlusions by
thrombotic or cardioembolic mechanisms (7, 8). APS is a
systemic autoimmune disease characterized by venous or arterial
thrombotic events and/or gestational morbidity in patients
positive for antiphospholipid antibodies (aPL). The presence
of aPL contributes to the activation of immune cells, platelets,
trophoblast, and endothelial cells (9-13) through the interaction
of B2GPI-antibody complexes with several membrane receptors
such as toll-like receptors (TLR2, TLR4), annexin 2 or
LDL receptor-related protein 8 (LRP8) (14). Inflammatory
mechanisms mediated by these complexes may be due to
the release of neutrophil extracellular traps (NETs) and the
complement activation. Activation of endothelial cells causes
the loss of its anticoagulant properties and the acquisition of
a pro-inflammatory and pro-coagulant phenotype (15). B2GPI-
antibody complexes also reduce the tissue factor pathway
inhibitor and activated protein C activity (16). However, although
aPL are present, thrombotic events only occur occasionally,
suggesting that aPL-associated clotting must be triggered by an
additional “second hit” that involves a strong activation of the
innate immunity, such as surgery, trauma, or infection (17). This

“second hit” may induce the exposition of cryptic epitopes not
previously accessible.

To date, there are no diagnostic criteria for APS. Classification
criteria (clinical and laboratory criteria) were updated at a
workshop in Sydney (Australia, 2004) in order to identify patients
with APS for research purposes (18). The classification of a
patient as APS requires the combination of one clinical and one
laboratory criterion. Clinical criteria include arterial, venous or
small vessel thrombosis in any tissue or organ, and/or pregnancy
morbidity (19). The laboratory criteria are comprised by lupus
anticoagulant (LA), anti-cardiolipin antibodies (aCL), and anti-
B2-glycoprotein-I antibodies (aB2GPI), both of IgG or IgM
isotypes. The importance of ischemic stroke in APS was already
specified in the initial description of the syndrome in 1983 (20,
21) and the presence of aPL has been reported as an independent
risk factor for the etiology of ischemic stroke (22-29).

There are patients who present APS clinical features where
the evaluation of aPL recognized in the classification criteria
is systematically negative. To describe these types of patients,
Hughes and Khamashta defined the concept of “seronegative
APS” and a growing interest in the development of new
biomarkers that improve the diagnostic accuracy of APS
has emerged (30). New aPL associated with APS clinical
manifestations but not included in the current classification
criteria have been described and are called extra-criteria aPL
(31). Among them, aB2GPI of IgA isotype, IgG and IgM anti-
phosphatidylserine/prothrombin (aPS/PT) antibodies, and IgG
anti-domain I of B2GPI antibodies stand out for their strong
association with APS clinical characteristics and for the existence
of well-standardized diagnostic tests (32-34). Although IgA
aB2GPI were not included in the APS classification criteria,
their clinical importance has increased over the last 16 years
(35-39). Since 2010, the task force of the 13th International
Congress on Antiphospholipid Antibodies recommended testing
for IgA aB2GPI in negative cases for IgG and IgM isotypes where
APS is still suspected (40). The presence of IgA aB2GPI was
demonstrated as a risk factor for the appearance of thrombosis
and stroke. Asymptomatic IgA aB2GP1 carriers had a higher
incidence of strokes than negative aPL people (OR 5.17, 95% CI:
1.13-23.59) within a 5-year follow-up study (37).

In this work, we analyse the prevalence of aPL (classic and
extra-criteria) and well-known cardiovascular risk factors in a
consecutive series of 245 patients with acute ischemic stroke
and in a control group representing the general population. In
addition, we propose a scoring model to stratify the risk of
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ischemic stroke considering the risk factors associated with this
disorder (including aPL) that can be helpful to evaluate patients
for preventive treatments.

MATERIALS AND METHODS
Study Design

We performed a prospective and observational study that
included 245 patients who suffered from acute ischemic stroke
who were followed-up for 2 years. The presence of aPL was
determined in the first 24 h after the acute event.

In this work, we aim (1) to analyse the prevalence of aPL
(classic and extra-criteria) in ischemic stroke patients compared
to a control population, and to assess the clinical evolution of
aPL-positive patients in relation to those negative in a 2-year
follow-up; (2) to quantify the role of aPL as a risk factor for
ischemic stroke; and (3) to propose a risk stratification model
based on the independent risk factors associated with stroke.

Ischemic Stroke Patients

Two hundred and sixty-eight consecutive subjects with suspected
acute stroke were attended at the Stroke Unit of the Hospital 12
de Octubre (Madrid, Spain) from November 1st 2017 to April 6th
2018. These 268 patients constitute the total number of patients
who attended the Emergency Room for suspected stroke in this
period. All patients were assessed by the on-duty neurologists
at admission.

Patients underwent an emergency study including blood
analysis (routine laboratory test, complete blood count,
and coagulation test), electrocardiography study, cerebral
imaging by computer tomography (CT), and CT-angiography.
Complementary tests were performed depending on the
patient’s clinical condition and aetiological suspicion, including
duplex ultrasound of intracranial, and supra-aortic vessels,
transthoracic magnetic resonance imaging, transoesophageal
echocardiography, or Holter ECG monitoring. Detailed
information on vascular risk factors including hypertension,
cardiac disease, hiperlipemia, diabetes mellitus, cigarette
smoking, or alcohol intake was collected (defined below).

Twenty-three subjects were excluded due to a non-vascular
origin of the event or a stroke not confirmed by brain imaging
study. Therefore, 245 patients with a confirmed diagnosis were
included (Supplementary Figure 1) and followed-up for 2 years.
Stroke severity was assessed according to the National Institute
of Health Stroke Scale (NIHSS) and the level of functional
independence by the modified Rankin Score (mRS).

Patients whose symptoms were compatible with ischaemic
stroke were treated with systemic intravenous thrombolysis
using intravenous tissue plasminogen activator (IV-tPA) or by
mechanical thrombectomy according to the Stroke Care Plan.

Control Group and Reference Population

In order to compare the aPL prevalence between ischemic stroke
patients and the healthy population, aPL were evaluated in a
group of 501 anonymous blood donors (age, sex, and clinical data
unknown). The blood donor group has the disadvantage that it

does not include individuals over 65 years old, and those aged
above 50 are underrepresented (age bias).

A second control group of 121 healthy individuals
(reference population) representative of the general adult
population of our area was constituted by 33 volunteers in
the age range of 18-50 recruited consecutively at the blood
bank’s donor room and 88 volunteers aged over 50. Older
participants were recruited from people who underwent
a preoperative study for cataract surgery or other minor
conditions (not related to any vascular pathology) and
had no symptoms at the time of the medical examination
except for minor age-related symptoms. This reference
population and stroke patients were similar in both ethnicity
(96% Caucasians) and area of residence. Individuals with
antecedents of cardiovascular disease, neoplasia, or serious
disease were excluded. Clinical and laboratory data of the
121 members of the reference population were stored in an
anonymized database.

Definitions

Ischemic stroke: was defined as rapidly developing signs of
focal or global disturbance of cerebral functions, lasting more
than 24h or leading to death, with no apparent cause other
than that of vascular origin. Stroke was confirmed by brain
imaging study.

Arterial hypertension: was defined as systolic blood pressure
>140 mmHg or diastolic blood pressure >90 mmHg recorded
on different days during evaluations prior to the stroke (with
evidence of at least 2 readings) or use of medication.

Diabetes mellitus: was defined as hyperglycemia resulting
from defects of insulin secretion, insulin action, or both. It was
diagnosed by medical evaluation.

Dyslipidemia: was defined as serum cholesterol concentrations
>220 mg/dL, LDL >130mg/dL, triglycerides >150 mg/dL or use
of medication in patients with dyslipidemia antecedents.

Smoking: was considered in active or former smokers.

Atrial fibrillation: was confirmed by electrocardiogram
performed during evaluations prior to the stroke or at time
of admission.

Alcohol consumption: was defined as >60 g/day in active or
former drinkers.

Obesity: was considered when the body mass index (BMI) was
>30, or in accordance with the current and past medical history.

Ischaemic heart disease: was considered when a history of
angina or myocardial infarction was present.

Peripheral artery disease: was defined as medical diagnosis of
intermittent claudication during exercise.

Classic aPL: any of the aPL included in the updated APS
classification criteria excluding lupus anticoagulant.

Extra-criteria aPL: aPL not included in the updated APS
classification criteria (IgA aB2GPI and aPS/PT antibodies of IgG
and IgM isotypes).

Autoantibodies Determination
Both classic aPL and extra-criteria aPL levels were quantified
in the first 24h after the acute event at the Autoimmunity
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Laboratory of the Immunology Department. Classic aPL (aCL
and aB2GPI of IgG and IgM isotypes) were quantified using
BioPLex 2200 multiplex immunoassay system APLS (Bio-Rad,
Hercules CA, USA). Antibody levels higher than 18 U/ml were
considered positive for classic aPL (99th percentile of a healthy
population, N = 270).

For extra-criteria aPL, IgA aB2GPI were quantified by
enzyme-linked immunosorbent assay (ELISA) using the
QUANTA Lite B2 GPI IgA (INOVA Diagnostics Inc., San Diego,
CA, USA), and aPS/PT of IgG and IgM isotypes were evaluated
using QUANTA Lite aPS/PT (INOVA DIAGNOSTICS, San
Diego, CA, USA). The cut-off values considered positive were
>20 U/ml for IgA anti-B2GPI, >30 U/ml for IgG aPS/PT, and
>40 U/ml for IgM aPS/PT (41), based on the 99th percentile
of a healthy population (N = 718). The donor population
and the stroke cohort were similar in both ethnicity and area
of residence.

Ethical Issues

Individuals were included in the study in accordance with the
Declaration of Helsinki. To assure the data anonymity, including
both sera (blood drawn) and clinical data, a blind code was
assigned to each patient. Approval was obtained from the Ethics
Committee for Clinical Research of Hospital 12 de Octubre and a
favorable report was received (Reference numbers CEIC-14/354
and CEIC-18/182). Written informed consents were obtained
from all patients and the reference population.

Statistical Methods

Demographic, clinical, and pathological characteristics of
patients were described by the median with interquartile range
(IQR) or relative frequencies. Comparisons of non-normally
distributed scaled variables were performed using the Wilcoxon-
Mann-Whitney test. The Kolmogorov-Smirnov test was used to
evalaute the normality of a distribution.

Comparisons between qualitative variables were determined
with Pearson’s Chi-square test or Fisher’s exact test, where
appropriate. The relative measure of an effect was expressed as
odds ratio (OR), indicating a 95% confidence interval (95% CI).

Logistic regression analysis was used to estimate the
association between risk factors and the outcome (stroke)
(42). The model discrimination was quantified using
an area under a receiver operating characteristic (ROC)
curve and the agreement between predicted and observed
probabilities using the Hosmer-Lemeshow test. The intercept
used to estimate the ischemic stroke risk was adjusted
for the prevalence of ischemic stroke in the general
population (43). A scoring system was created based on
the regression coefficient. Different score values were evaluated
in terms of sensitivity, specificity, likelihood of positive
and negative ratio with their corresponding confidence
intervals (44, 45).

Probabilities <0.05 were considered significant. Statistical
analysis of data were performed using MedCalc Statistical
Software version 19.5 (MedCalc Software, Ostend, Belgium).

RESULTS

Patient’s Characteristics and Conventional

Cardiovascular Risk Factors

The stroke cohort had a similar proportion of men (131,
53.5%) and women (114, 46.5%). Men were significantly younger
than women (p < 0.001), with a median age of 67 (IQR:
57-77) vs. 79 (IQR: 63-85), respectively. In the reference
population, no significant age differences between men (median:
64 years, IQR: 50-75) and women (median: 70 years, IQR:
50-75) were detected (p = 0.963) (Table 1). Comparing both
cohorts, women were significantly older in the stroke cohort
(p < 0.001) but no significant differences in the male age were
observed (p = 0.091).

Furthermore, significant differences were found in the main
cardiovascular risk factors between the reference population
and stroke patients (Table 1): dyslipidemia (35.5 vs. 55.5%, p
< 0.001), diabetes mellitus (14.0 vs. 30.2%, p < 0.001), arterial
hypertension (46.3 vs. 71.0%, p < 0.001), and atrial fibrillation
(6.6 vs. 29.0%, p < 0.001), respectively. No differences in sex (50.4
vs. 53.5%, p = 0.582) or presence of autoimmune/inflammatory
diseases (5.0 vs. 9.4%, p = 0.141) were found between both
populations. Other analytical parameters of stroke patients at
admission are described in Supplementary Table 1.

Prevalence of Antiphospholipid Antibodies
The prevalence of classic aPL in ischemic stroke patients was
6.1%. The prevalence of each classic aPL individually was
2.0% for IgG aB2GPI, 4.1% for IgM aB2GPI, 1.6% for IgG
aCL, and 4.1% for IgM aCL antibodies. The prevalence of
extra-criteria aPL was 7.8% for IgG/IgM aPS/PT, and 20% for
IgA aB2GPI (n = 49) (Table 1). Eighty-two percent of IgA
aB2GPI-positive patients were isolated positive (negative for
other aPL).

If we consider any aPL positivity (antibody levels above the
cut-off for any classic or extra-criteria aPL), a total of 70 stroke
patients (28.6%) were positive for any aPL and 40 of these were
isolated positive for IgA aB2PI. The number and type of aPL
positivity in stroke patients is described in Venn’s diagrams in
Figure 1.

Comparing the aPL prevalence between a control population
of 501 blood donors and stroke patients, we found statistically
significant differences in the prevalence of IgG aB2GPI (0.2 vs.
2.0%, p = 0.008), IgM aB2GPI (0.2 vs. 4.1%, p < 0.001), IgA
aB2GPI (1.0 vs. 20.0%, p < 0.001), IgM aCL (0.0 vs. 4.1%,
p < 0.001), and IgG/IgM aPS/PT (1.2 vs. 7.8%, p < 0.001),
respectively (Supplementary Table 2). The absolute levels of
criteria and extra-criteria aPL in both cohorts are represented in
Supplementary Figure 2.

However, using as control the reference population with
a similar age range to stroke patients, no differences in the
prevalence of most of these antibodies were found between
both populations except for IgA aB2GPI, that was significantly
higher in stroke patients (20%, n = 49) than in the reference
population (6.6%, n = 8) (OR: 3.53, 95% CI: 1.61-7.72, p <
0.001). If we consider any aPL positivity, a total of 70 stroke
patients (28.6%) vs. 16 individuals in the reference population
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TABLE 1 | Clinical characteristics, conventional cardiovascular risk factors, and antiphospholipid antibodies in the ischemic stroke cohort and the reference population.

Variables Reference population (N = 121) Stroke patients (N = 245)
N/median %/1QR N/median %/1QR p-value OR 95% Cl AUC 95% CI
Age (years) 66 49.8-75.0 72 60.0-82.3 <0.001 1.03 1.02-1.05 0.63 0.58-0.68
Sex (men) 61 50.4 131 53.5 0.582
Dyslipidemia 43 35.5 136 55.5 <0.001 2.26 1.44-3.55 0.6 0.55-0.65
Diabetes mellitus 17 14.0 74 30.2 <0.001 2.65 1.48-4.73 0.58 0.53-0.63
Former smoker 20 16.5 46 18.8 0.587
Active smoker 14 11.6 48 19.6 0.054 1.86 0.98-3.53 0.54 0.49-0.59
Avrterial hypertension 56 46.3 174 71.0 <0.001 2.84 1.81-4.47 0.62 0.57-0.67
Atrial fibrillation 8 6.6 71 29.0 <0.001 5.76 2.67-12.43 0.61 0.56-0.66
Obesity 24 19.8 37 156.1 0.254
IgG aB2GPI 0 0.0 5 2.0 0.114
IgM aB2GPI 3 2.5 10 4.1 0.436
IgA aB2GPI 8 6.6 49 20.0 <0.001 3.53 1.61-7.72 0.57 0.51-0.62
IgG aCL 1 0.8 4 1.6 0.536
IgM aCL 3 2.5 10 41 0.436
I9G/IgM aPS-PT 5 44 19 7.8 0.188
Classic aPL 3 2.5 15 6.1 0.130
Any aPL 16 13.2 70 28.6 0.001 2.63 1.45-4.76 0.57 0.51-0.62
aB2GPI, anti-p2-glycoprotein-I antibodies; aCL, anti-cardiolipin antibodies; aPL, antiphospholipid antibodies; aPS/PT, anti-phosphatidylserine/prothrombin antibodies; AUC, area under
the ROC curve.
Multivariate Analysis
Anti B2GP1 Anti Ps/PT The association of aPL and stroke-related conventional
IgA 9G/ight cardiovascular risk factors was examined by univariate analysis

Classic-aPL
aCL or aB2GP1 IgG/igM

FIGURE 1 | Number and type of aPL positivity in the ischemic stroke cohort.
aB2GP!, anti-p2-glycoprotein-| antibodies; aCL, anti-cardiolipin antibodies;
aPS/PT, anti-phosphatidylserine/prothrombin antibodies.

(13.2%) were positive for any aPL (OR 2.63, 95% CI: 1.45-4.76,
p = 0.001) (Table 1). Extra-criteria aPL levels in the reference
population, blood donors, and stroke patients are represented in
Figure 2. Mean and median levels of the different aPL are shown
in Supplementary Table 3.

comparing stroke patients with the reference population. All
factors with a p-value <0.10 in the univariate evaluation were
included in a multivariate analysis model. The presence of any
aPL (OR 2.28, 95% CI: 1.09-4.78, p = 0.028), dyslipidemia (OR
1.69, 95% CI: 1.01-2.83, p = 0.046), arterial hypertension (OR
1.82, 95% CI: 1.03-3.19, p = 0.038), atrial fibrillation (OR 4.40,
95% CI: 1.95-9.90, p < 0.001), and active smoker (OR 3.45, 95%
CIL: 1.71-6.93, p < 0.001) were independent and significant risk
factors for ischemic stroke (Table 2A). A second multivariate
model where the presence of any aPL was separated into classic
aPL, IgG/IgM aPS/PT and IgA aB2GPI positivity was performed
(Table 2B). This second model had a similar area under the ROC
curve (0.756 in the first model vs. 0.758 in the second model) and
the presence of IgA aB2GP1 was an independent risk factor for
stroke, ranking in order of importance below atrial fibrillation,
and smoking habit.

Predictive Model Based on Independent

Risk Factors

The exact probability of stroke can be determined using the
logistic regression formula: probability = 1/[1 + exp —(intercept
value + 0.8141* Arterial hypertension + 0.6392*Dyslipidemia +
1.6108*Atrial fibrillation + 1.1722* Active smoker + 0.9541*IgA
aB2GPI Positive)]. The intercept value (—4.81) was adjusted for
the prevalence of ischemic stroke in the general population by
subtracting —4.18 (0odds(3%)/0dds(66.93%)) from the previous
intercept (—0.62).
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FIGURE 2 | Distribution of extra-criteria aPL levels in blood donors (blue),
stroke patients (white), and reference population (orange). (A) IgA
anti-b2-glycoprotein-| antibodies. (B) IgG anti-phosphatidylserine/prothrombin
antibodies. (C) IgM anti-phosphatidylserine/prothrombin antibodies. The
cut-off of each antibody is represented by the blue lines.

An easy risk-scoring system for stroke was constructed based
on the independent variables identified in the multivariate model
2 (Table 2C). The points associated with each variable of the risk
model and the probability of stroke according to the total score
are described in Table 3. The total score can be calculated using
this formula:

Score = (Dyslipidemia X 1) + (Hypertension X 1)
+ (IgA aB2GPI x 2) + (Atrial fribrillation x 3)
+(Active smoking x 2)

For each patient, the value for the presence of atrial fibrillation,
active smoking, IgA aB2GP1, dyslipidemia, and hypertension is
1 in this formula. The value for the absence of these conditions
is 0. The ROC analysis of the risk predictive model presents an
area under the curve of 0.75 (95% CI: 0.70-0.79). Positive and
negative predictive values, diagnostic odds, and Youden index are
described in Supplementary Table 4.

Using the specificity score value, 3-risk categories were
created (Figure 3): (1) moderate, specificity <80-90% (score =
3, yellow); (2) high, specificity of 90-95% (score = 4, blue), and
(3) very high, specificity >95% (score > 5, red). For example, if
we had a patient with hypertension, positive for IgA aB2GPI, and
smoker, the calculated score would be the following: Score = 0 +
1 4+ 2 + 0 4 2 = 5. The stroke probability associated with this
score value would be 16.7% (Table 3).

Clinical Evolution After a 2-Year Follow-Up
Differences in the level of functional independence using mRS
between patients with any aPL and without aPL were not detected
(OR 1.01, 95% CI: 0.87-1.15, p = 0.972). Besides, no significant
differences between both populations were observed in the
appearance of new strokes (OR 1.43, 95% CI: 0.48-4.32, p =
0.517), ischaemic heart disease (OR 0.81, 95% CI: 0.33-1.97, p
= 0.638), peripheral artery disease (OR 1.39, 95% CI: 0.41-4.71,
p = 0.590) or death (OR 0.99, 95% CI: 0.44-2.24, p = 0.980).
Similarly, the presence of IgA aB2GP1 was not associated with
the clinical prognosis, recurrence of vascular events or mortality.

DISCUSSION

The role of IgA aB2GPI in stroke etiology has been largely
unstudied and its involvement in this pathology is unknown. In
this work we demonstrate that IgA aB2GPI are the most prevalent
autoantibodies in ischemic stroke patients and their presence
constitutes an important independent risk factor associated
with the occurrence of sporadic ischemic strokes, regardless of
whether or not patients have a previous history of systemic
autoimmune disease. The importance of IgA aB2GPI as a risk
factor for stroke is higher than some conventional risk factors
such as dyslipidemia or hypertension. Only smoking habit and
presence of atrial fibrillation constitute risk factors of greater
intensity than IgA aB2GPL

Although aB2GPI of IgA isotype were not included in the APS
classification criteria, their clinical importance has increased over
the last 16 years (35-39) and in the 13th International Congress
on Antiphospholipid Antibodies the task force recommended
testing for IgA anti-B2GPI when other aPL are negative and APS
is still suspected (40).

In clinical studies with APS and other autoimmune disease
patients, control populations are usually blood donors, a very
homogeneous group of people with good health, and an age
range of 18-65 (mainly between 30 and 50 years). However,
it has been known for a long time that stroke has a higher
incidence in the elderly and the presence of autoantibodies
(anti-nuclear, aPL, and anti-thyroid antibodies) is also more
frequent in older populations than in young individuals (46,
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TABLE 2 | (A) Multivariate analysis including variables with a p-value <0.10 identified in the univariate analysis, (B) Second multivariate analysis in which the presence of
any positive aPL was separated into classic aPL, IgG/IgM aPS/PT, and IgA aB2GPI positivity, (C) Multivariate analysis including only the significant variables described in

the second model.

A) 1st Multivariate analysis

Variable Univariate Multivariate

Odds ratio 95% ClI Odds ratio 95% ClI p-value
Age (years) 1.03 1.02-1.05 1.01 0.99-1.03 0.213
Any positive aPL 2.63 1.45-4.76 2.28 1.09-4.78 0.028
Dyslipidemia 2.26 1.44-3.55 1.69 1.01-2.83 0.046
Diabetes mellitus 2.65 1.48-4.73 1.60 0.84-3.06 0.151
Avrterial hypertension 2.84 1.81-4.47 1.82 1.03-3.19 0.038
Atrial fibrillation 5.76 2.67-12.43 4.40 1.95-9.90 <0.001
Active smoker 1.86 0.98-3.53 3.45 1.71-6.93 0.001

AUC 0.756 0.71-0.80

B) 2nd Multivariate analysis
Variable Univariate Multivariate

Odds ratio 95% ClI Odds ratio 95% ClI p-value
Age (years) 1.03 1.02-1.05 1.01 0.99-1.03 0.218
Positive classic aPL 2.56 0.72-9.03 2.038 0.53-7.85 0.304
Positive IgA B2GPI 3.53 1.61-7.72 2.40 1.03-5.53 0.042
Positive IgG/IgM aPSPT 1.95 0.71-5.36 1.14 0.34-3.80 0.835
Dyslipidemia 2.26 1.44-3.55 1.70 1.01-2.84 0.045
Diabetes mellitus 2.65 1.48-4.73 1.59 0.83-3.05 0.161
Avrterial hypertension 2.84 1.81-4.47 1.82 1.03-3.22 0.041
Atrial fibrillation 5.76 2.67-12.43 4.31 1.90-9.78 <0.001
Active smoker 1.86 0.98-3.53 3.47 1.72-6.99 <0.001

AUC 0.758 0.71-0.80

C) Analysis of significant variables in second model
Variable Odds ratio 95% CI Coefficient Std. Error Wald
Positive IgA aB2GPI 2,60 1,13t05,94 0,954 0,422 5,106
Dyslipidemia 1,90 1,15t0 3,11 0,639 0,253 6,380
Arterial hypertension 2,26 1,3610 3,75 0,814 0,259 9,877
Atrial fibrillation 5,01 2,26t0 11,10 1,611 0,406 15,724
Active smoker 3,23 1,63 10 6,41 1,172 0,35 11,207
Raw constant —0,625 0,222 7,905
Adjusted* constant —-4.810 0,222 7,905

aB2GP, anti-B2-glycoprotein-I antibodies; aCL, anti-cardiolipin antibodies, aPL, antiphospholipid antibodies; aPS/PT, anti-phosphatidylserine/prothrombin antibodies; AUC, area under

the ROC curve.
*Adjusted to prevalence in general population. Significant values are written in bold.

47). The autoantibodies in the elderly can be pathology-
related or age-related. Most of the age-related autoantibodies
are scavenger antibodies (not associated with an autoimmune
response) produced in response to an increase of apoptotic
cells caused by tissue damage in the context of the senescence
process (48). In order to minimize the influence of age as
a confounding variable and to properly assess whether the
presence of aPL is associated with a higher incidence of
stroke, we used the reference population as control group of

the healthy population with an age range similar to that of
stroke patients.

Neurological involvement in APS is relatively frequent (49). It
has long been known that ischemic stroke is the most common
and severe arterial thrombotic event in APS, with significant
morbidity (50, 51). There are several studies that reported an
increased frequency of stroke in APS patients (52-54), with a
prevalence of 19.8% for stroke in the Euro-Phospholipid Project
(55). When this cohort was followed-up for 10 years, stroke
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TABLE 3 | Stroke risk scoring system.

A) Score points associated with each variable

Variable Condition Score
Arterial hypertension Absence 0 points
presence 1 points
Dyslipidemia Absence 0 points
Presence 1 points
Atrial fibrillation Absence 0 points
Presence 3 points
Active smoker Absence 0 points
Presence 2 points
IgA anti-B2GPI Positive Absence 0 points
Presence 2 points

B) Total score and stroke probability

Total score Stroke probability
0.008
0.015
0.029
0.053
0.095
0.167
0.275
0.418
0.576
0.720

© 0o N O o~ W N = O

(A) Points associated with each variable of the risk model. (B) Probability of the stroke
occurrence according to the total score. The score can be calculated using the formula:
Score = (Dyslipidemia*1) + (Hypertension*1) + (IgA aB2GPI*2) + (Atrial fibrillation*3) +
(Active smoking*2). The value for the presence and absence of the variables is 1 and
0, respectively.

was the most common thrombotic event that appeared in that
period. Similarly, a well-known association of aPL and ischemic
stroke has been described (56-61), highlighting a meta-analysis
by Chighizola et al. (58) that describes an aPL prevalence of 10%
in stroke patients and a study by Gaspersic et al. (29) that shows
an aPL prevalence of 22% in stroke patients (including extra-
criteria aPL), concluding that aPL represent an independent risk
factor for cerebrovascular events. The lower prevalence of classic
aPL in our group (6.1%) may be due to differences in the cut-off
points and because we did not evaluate the lupus anticoagulant.
Furthermore, an overall aPL frequency of 17.2% was reported in
young patients (<50 years) with a stroke, supporting that aPL
could be considered a leading cause of strokes below the age of
50 (62).

Despite the widespread association of criteria aPL with
stroke, the role of extra-criteria aPL in ischemic stroke is not
sufficiently known. In a previous study, our group observed a
high incidence of thrombotic events (especially ischemic strokes)
in asymptomatic carriers of isolated IgA aB2GPI, proposing a
score to calculate the risk of thrombotic events (37). Besides,
other published studies have also suggested a relevant role for this
antibody in the stroke etiology (63, 64). In addition, the presence

of criteria aPL has been reported as an independent risk factor for
strokes (22-29).

The findings observed at initial evaluation of stroke patients
were not related with the clinical evolution in the 2-year follow-
up in terms of level of functional independence, recurrence of
vascular events or mortality, suggesting that aPL have their role
at the time of the event, and there are no differences from strokes
caused by other reasons. Some previous studies have not found
(60, 65) or have found a weak correlation (66) between serum
aPL levels and the stroke severity or outcome.

Atrial fibrillation is a leading cause of stroke in the elderly
and its prevalence increases with age (67). About a quarter of
acute strokes in older patients are caused by atrial fibrillation,
however, anticoagulation reduces the stroke risk by 70% in atrial
fibrillation (68, 69). In this cohort, we found a prevalence of
29.0% for atrial fibrillation, which is in accordance with the
prevalence described in other large cohorts of stroke patients
[23.3% for patients aged between 64 and 74, 34.3% aged between
75 and 84 in the Barcelona Stroke Registry (7) or 20.1% in the
stroke cohort of the Framingham Study (70)].

Up to 85% of all strokes could be prevented by acting on risk
factors with effective medical interventions and modifying the
lifestyle of patients (69). In patients with high thromboembolic
risk, such as those with atrial fibrillation, the accumulated
evidence advises the establishment of antithrombotic prophylaxis
(71, 72). An effective thromboprophylaxis requires a balance
between efficacy and safety: the benefits of prevention must
outweigh the risk of bleeding, so tools which help decide when
to start antithrombotic prophylaxis are very useful in clinical
practice. The CHA;DS,-VASc score allows the estimation of
stroke risk in the case of patients with atrial fibrillation based on
the presence of different factors and assessing which should have
anticoagulant treatment (73).

The inclusion of aPL testing in the profile of tests used
in Vascular/Heart health screening could identify people at
risk of thrombotic event which could be controlled with
preventive treatments (74-76). However, when a patient presents
IgA aB2GPI it is not clear whether the beneficial effects
of an antithrombotic prophylaxis would justify assuming the
inherent risks of the treatment. In this work, we propose a
risk stratification model that allows the calculation of the risk
of stroke taking into account the simultaneous presence of
several risk factors, so it can be useful in helping decide on
the convenience of establishing prophylactic treatments. In our
model, we have observed that the presence of IgA aB2GPI as
the only risk factor means a lower risk than atrial fibrillation.
However, IgA aB2GPI-carriers with additional risk factors may
have a higher risk than those with only atrial fibrillation. In this
sense, the cumulative risk due to the presence of hypertension
and dyslipidemia in an IgA aB2GPI-carrier would be greater than
the risk of a patient with atrial fibrillation. The value of our
prediction model should be verified by independent studies on
other cohorts of patients.

Limitations
This work has several limitations. Although, the sample size
is large, it is a single center study and the findings described
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FIGURE 3 | Risk stratification model, predicted probability of stroke, and representation of the score values.

here should be evaluated in future multicentre studies. Another
limitation is that we have no data about lupus anticoagulant in
most patients of the study, since it is not routinely evaluated in
patients with a first thrombotic event in our hospital (only in
patients with recurrent thrombosis). However, this is partially
compensated by the fact that patients were tested for anti-PS/PT.

A study of Meroni’s group showed that the good correlation
between the levels of aPS/PT and LA supports the use of these
antibodies as a surrogate test for LA (77). Subsequent studies also
support that aPS/PT represent an additional diagnostic tool when
LA test is not available or the results are uncertain (78, 79). The
lack of a second aPL evaluation is another drawback of this study,
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but the systematic evaluation of IgA B2GPI in patients with APS
has demonstrated that IgA aB2GPI positivity is extremely stable
and persists for years. Six months after the first diagnosis, 96%
of positive patients continue to be positive (80). The remaining
cases were patients with antibody levels very close to the cut-
off (gray zone) who became intermittently positive in successive
samples. A similar situation occurs with aPL of IgG isotype.
Besides, we cannot rule out the possible contribution of other
unmeasured factors.

Future Directions

Cerebrovascular events are one of the main causes of mortality
with important social consequences but limited data exist about
the frequency of non-conventional risk factors in this pathology.
The potential role of IgA aB2GPI in stroke should be confirmed
by further studies using immunoassays with appropriate and
proven sensitivities.

In conclusion, this study demonstrates that IgA aB2GPI are
an important independent risk factor for ischemic stroke. The
incorporation of aPL evaluation (including extra-criteria aPL) in
the assessment of cardiovascular risk factors for ischemic stroke
during health examinations could increase the identification of
patients at risk of thrombotic events, allowing evaluation to
establish preventive treatments.
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The Brain-Heart Link: A Case Report
of a Critically Located Multiple
Sclerosis Lesion in the Brainstem
Leading to Recurrent Takotsubo
Syndrome

Florentijn Risseeuw’, Pegah Masrori?, Ingrid Baar?3, Simon Nicolay*,
Constantijn Franssen " and Barbara Willekens %¢*

" Department of Cardiology, Antwerp University Hospital, Edegem, Belgium, ? Department of Neurology, Antwerp University
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Pharmacology and Physiopathology of Heart, Blood Vessels and Skeleton (GENCOR), University of Antwerp, Wilrijk, Belgium,
¢ Translational Neurosciences, Faculty of Medicine and Health Sciences, University of Antwerp, Wilrijk, Belgium

Various central nervous system (CNS) diseases, including neurovascular and
neuroinflammatory diseases, can lead to stress cardiomyopathy, also known as
Takotsubo syndrome (TTS). We present a case of a 69-year-old woman with
cardiovascular comorbidities, suffering from repeated episodes of TTS and respiratory
failure due to a critical lesion in the brainstem, leading to a diagnosis of multiple sclerosis
(MS). Despite aggressive treatment, intractable and recurrent symptoms in our patient
occurred. Repeated bouts of autonomic dysfunction and respiratory failure ultimately led
to installment of palliative care and the patient passing away. TTS should raise suspicion
for underlying neurological diseases. Thorough questioning of previous neurological
symptoms and extensive neurological workup is warranted. MS should be considered
as a trigger of TTS also in elderly patients with cardiovascular risk factors.

Keywords: multiple sclerosis, brainstem, autonomic dysfunction, case report, Takotsubo syndrome, stress
cardiomyopathy

INTRODUCTION

Stress cardiomyopathy, also known as Takotsubo syndrome (TTS) or broken-heart syndrome (1, 2),
can be caused by acute or chronic central nervous system (CNS) diseases, including subarachnoid
or intracerebral hemorrhage, epilepsy, ischemic stroke, migraine, encephalitis, traumatic brain
injury, posterior reversible encephalopathy syndrome (PRES), and amyotrophic lateral sclerosis
(ALS) (3-5). Both classic TTS and inverted TTS have also been described in patients known to
suffer from multiple sclerosis (MS) (3, 4, 6-19). We report a case of recurrent classic TTS in
combination with episodes of respiratory failure and other signs of autonomic dysfunction, which
led to a diagnosis of MS in an elderly woman with cardiovascular risk factors.
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CASE DESCRIPTION

A 69-year-old woman with a history of cigarette smoking, arterial
hypertension, type 2 diabetes mellitus, hypercholesterolemia,
right subcapital femur fracture, and possible stroke was
transferred to our institution for coronary angiography (CAG)
because of an episode of thoracic discomfort and persistent
dyspnea. The working diagnosis was inferolateral ST-segment
elevation myocardial infarction (STEMI). The provided print
of 6-lead electrocardiogram (ECG) monitor strip showed
inferolateral STEMI (Figure 1A). On admission, she had a
blood pressure of 100/70 mmHg, heart rate of 110 beats per
minute, and peripheral oxygen saturation of 100% with 2L
of oxygen. Tachypnea, hyperhidrosis, bilateral rhonchi, and
right-sided facial palsy were present on physical examination.
Biochemical findings included elevated cardiac troponin I
(peak level: 5.68 pg/L, normal value <0.045 ng/L; day
1, 521pg/ml; day 2 morning, 4.74pg/ml; day 2 evening
5.68 ug/ml) and creatine kinase-MB (CK-MB) (peak level: 32.6
ng/L, normal value <3.6 pg/L). Natriuretic peptide levels
were not assessed at any timepoint. Chest radiograph was
normal. CAG showed mild (50%) stenosis of the mid left
anterior descending artery and a significant (70%) stenosis
of the right coronary artery (RCA) (Figures1B,C). A 12-
lead ECG showed slight residual ST elevation in the infero-
anterolateral leads with Q wave formation in the same
region (Supplementary File 12-lead ECG 1). Ventriculography
revealed apical ballooning (Figures 2A,B) with a decreased left
ventricular ejection fraction (LVEF) of 33%. She was diagnosed
with TTS, although typical (emotional) triggers were absent.
Besides thoracic complaints, the patient mentioned blurred
vision, double vision, and dysphagia, which had been present for
more than 2 weeks prior to admission. She had experienced an
episode of gait imbalance and right-sided facial palsy attributed
to a possible stroke 4 months earlier. Her current neurological
symptoms were attributed to a new stroke after excluding
hemorrhage on a brain computed tomography (CT) scan,
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FIGURE 1 | 6-lead monitor ECG (A) with ST-elevation in the inferolateral leads
LILILaVF (arrows) and ST depression in aVR (asterix). Coronary angiogram
showing right coronary artery (B) with significant stenosis of the mid section of
the right coronary artery (arrow) and coronary atheromatosis with not
significant coronary artery disease of the left circumflex- and left anterior artery
(C).

which was completely normal, without signs of recent or old
brain infarction. Eight days later, she underwent uncomplicated
percutaneous coronary intervention (PCI) with drug-eluting
stent (DRES) implantation of the coronary artery stenosis of
the RCA.

Seven days after PCI, she was readmitted to the intensive
care unit (ICU) due to cardiogenic shock and respiratory
failure. Supportive treatment with IV dobutamine, switched
to IV noradrenaline after 2 days, and mechanical ventilation
was started. ECG revealed non-STEMI with non-significant
ST elevation and biphasic T waves in anterior leads
(Supplementary File 12-lead ECG 2).  Serum  troponin I
levels remained low (0.118 pug/ml for 2 days in a row). CAG did
not demonstrate restenosis of the proximal RCA at the level
of the DRES. Ventriculography revealed apical ballooning of
the left ventricle with hyperdynamic midsegments, compatible
with TTS with a different morphology than at first presentation
(Figures 2C,D). This was confirmed by transesophageal
echocardiography (TEE). Intracardiac thrombi were absent.
TTS resolved in the next days, and cardiac function improved
with residual mild hypokinesia of the left ventricle and an
LVEF of 53% with evolving deep negative T waves on ECG
(Supplementary File 12-lead ECG 3).

Several episodes of acute arterial hypertension (maximum 220
mmHg systolic) occurred, accompanied by respiratory failure
with hypoventilation and hypercapnia necessitating invasive
ventilation and treatment for hypertension with IV nicardipine.
Episodes of brady- and tachycardia occurred, and profound

FIGURE 2 | Left ventricular ventriculography (A=D). In normal diastole (A),
with typical apical ballooning and contraction of only the basal parts of the
ventricle (B). Control angiogram after readmission 7 days later (C), showing
different morphologies with mid-section hypercontraction and apical sparing
(D). See also Supplementary Data Clips 1, 2.
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sweating despite hypothermia (lowest temperature 33.5°C) was
present. Two days after cessation of IV noradrenaline, plasma
catecholamines were measured: metanephrine level was normal
(87 pg/ml, reference value 90 pg/ml), but normetanephrine was
increased (949 pg/ml, reference value 200 pg/ml). The 24-h
urinary excretion of adrenaline, dopamine, and metanephrine
was normal. Excreted levels of norepinephrine (416 pg/24h,
reference values 14-50) and normetanephrine (1,709 pg/24h,
reference value upper limit 769) were increased in urine.
CT of thorax and abdomen did not show lesions suggestive
of paraganglioma nor pheochromocytoma. Iodine-123-labeled
MIBG scintigraphy was normal.

Neurological ~evaluation showed diplopia, right-sided
hemiparesis, a bilateral pyramidal syndrome, and Cheyne-
Stokes breathing pattern. An underlying CNS disease
triggering TTS and autonomic dysregulation was suspected.
Electroencephalography showed no epileptic activity. Brain
magnetic resonance imaging (MRI) showed a well-demarcated,
oval-shaped T2 hyperintense lesion with diffusion restriction in
the left cerebellar peduncle extending to the posterolateral part
of the medulla oblongata (Figures 3A,B). Other T2 hyperintense
lesions were found in the pons, in the left temporal and right
frontal periventricular white matter, and in the cervical spinal
cord at the level of C4 (Figures 3C,D). One juxtacortical T2
hyperintense lesion was found in the left parietal lobe. In
the differential diagnosis, systemic autoimmune diseases and
neuroinflammatory diseases such as MS and neuromyelitis
optica were considered. Infectious and autoimmune diseases
other than MS were excluded via laboratory tests. Bedside
fundoscopy was normal without signs of vasculitis. Due to the
need for dual antiaggregant therapy after recent PCI of RCA,
lumbar puncture was not performed.

In retrospect, 33 years prior, two episodes of spontaneously
remitting neurological symptoms occurred with an interval of
2 months. MRI of the cervical spine, performed around that
time, demonstrated a small hyperintensity in the spinal cord
at the level of the craniocervical junction and a hyperintense
signal at the levels of C4-C5 and C5-C6, with discus hernia.
Furthermore, the patient had experienced another neurological
episode of discrete right-sided hemiparesis of unknown etiology
14 years earlier. Investigation with MRI of the cervical spine at
that time showed a myelopathy at C4 and cervical stenosis at the
level below. MS had been considered in the differential diagnosis
but was not confirmed at that point in time, as investigation of the
cerebrospinal fluid did not demonstrate oligoclonal bands. The
previously mentioned “stroke” in our patient’s medical history
had been an interpretation of an episode of right facial palsy,
loss of strength in the right arm, diplopia, and tendency to fall
to the right side. However, a brain MRI was not performed to
confirm the clinically suspected diagnosis of stroke. We believe
the previous episodes of neurological dysfunction, including the
“possible stroke,” were in fact MS relapses. Indeed, brain MRI
showed evidence of inflammatory T2 hyperintense lesions and
no lesions compatible with previous stroke(s).

Based on the MRI findings and combined with previous
and current clinical neurological symptomatology, the diagnosis
of relapsing-remitting MS (RRMS) was made. The patient

FIGURE 3 | Brain MRI (A-D). (A) Axial fluid-attenuated inversion recovery
(FLAIR) MRI image shows a well-demarcated, hyperintense lesion in the left
posterolateral part of the medulla oblongata (arrow). (B) Axial
diffusion-weighted imaging (DWI) shows restriction of diffusion in this lesion
(arrow). (C) Sagittal FLAIR MRI image shows a nodular hyperintensity in the
right frontal lobe (arrow). (D) Sagittal short tau inversion recovery (STIR) image

shows a hyperintense lesion in the cervical medulla at C4 (arrow).

fulfilled the 2010 McDonald criteria for MS, with clinical
episodes providing evidence for dissemination in time and space
(20). Brain and cervical spinal cord MRIs were compatible
with dissemination in space according to the 2010 McDonald
criteria (20).

Transthoracic echocardiogram (TTE) showed almost
complete recovery of the systolic left ventricular function.
ECG showed normalization of previous changes,
and only non-specific ST-T changes were present
(Supplementary File 12-lead ECG 4). During her stay at the
ICU, there were recurrent episodes of uncontrolled hypertension,
perspiration without fever or distress, and repetitive hypercapnic
respiratory failure based on central apnea, necessitating
intubation with ventilatory support for four times. She was
treated with pulsed high-dose intravenous methylprednisolone,
plasma exchange, and intravenous immunoglobulins (400
mg/kg) for 5 days. This was followed by treatment with high-
dose cyclophosphamide due to lack of clinical response to
previous treatments and severity of clinical symptoms.

Three months after admission to the ICU, she was discharged
to the neurology ward but readmitted 2 weeks later with
recurrence of central hypercapnic respiratory failure due to
autonomic dysfunction, probably caused by the brainstem
lesion. Again, the episode was accompanied by hypertension
(216/110 mmHg) and sinus tachycardia (120 bpm). TTE
did not show recurrence of TTS at that time. Because of
relapsing episodes of untreatable autonomic dysfunction and
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the poor prognosis for further recovery, the patient decided
to stop supportive treatment, and she died 4 months after
initial presentation.

DISCUSSION

While MS exacerbations and lesions in the medulla oblongata
with cardiopulmonary presentations have been described before
(21), we present the first case of recurrent TTS leading to
a diagnosis of MS in an elderly patient. In older patients, a
diagnosis of MS may be challenging because of the atypical age
and medical history with cardiovascular risk factors. However,
when reassessing the patient history, we identified several
episodes compatible with MS relapses over the course of more
than 30 years. The age of our patient, 69 years, is comparable
with the mean age to develop TTS (1), but older than has
been published in the literature (MS patients with TTS had
an age range of 14-55 years) (21). Our patient recovered from
two episodes of TTS but eventually died after stopping the
supportive treatment in the ICU. Several negative prognostic
factors were present in our patient. Dyspnea on admission is
known to correlate with worse outcome, including in-hospital
complications and mortality (22). Neurological disorders, low
LVEF on admission, and cardiogenic shock, all present in our
case, have been associated with worse outcome (2, 23). The
InterTAK registry has shown that physical triggers carry a higher
mortality risk than emotional ones (24). Moreover, patients with
TTS secondary to neurological diseases had the worst short-
term (30 days) prognosis and neurological diseases, as a cause
of TTS remained a negative prognostic factor in the long term (5
years) (24).

The cardiovascular comorbidities and the presence of
coronary artery disease (CAD) at presentation complicated
the diagnosis in this case. However, two points need to be
made here. First, TTS can be triggered by acute coronary
syndrome (25). Hence, significant CAD does not exclude the
diagnosis of TTS, which is also reflected in the International
Expert Consensus Document on TTS (26). Our case fulfills
the suggested diagnostic criteria for TTS (26). Second, the
regional wall abnormalities did not match the location of
the CAD in our patient and were consistent with TTS. The
recovery of the ventricular function without intervention, after
the first episode, supports the diagnosis of TTS in our patient.
The normal MIBG scan does not exclude a diagnosis of TTS
in our patient, as this scan was performed ~1 week after
a TTE demonstrated almost full recovery of TTS, showing
only a mild global reduced contractility without regional wall
motion disturbances.

While the pathogenesis of TTS remains incompletely
understood, the association with emotional or psychological
stress factors and neurological diseases preceding the onset
of TTS emphasizes the existence of a link between the heart
and the brain (26). Indeed, TTS has been associated with
a variety of neurological causes, among which subarachnoid
hemorrhage, status epilepticus, and seizures have been reported
as the strongest associated acute neurological diseases (5, 26-28).

Data analysis from the InterTAK registry demonstrated that 4.7%
of patients (N = 66/1,402) had TTS recurrence with intervals
ranging from 30 days to 9.9 years (29). Both neurological and
psychiatric disorders were found to be independent predictors of
recurrence (29). In 34.8% (N = 23/66) patients, the ballooning
pattern differed between the first and subsequent presentations
(29). All patients with multiple recurrent events had psychiatric
or neurological comorbidities (29). Recent research has linked a
decreased functioning of brain regions, which are associated with
autonomic functions and the occurrence of TTS (1, 26, 30). A
recent review of published cases of MS and TTS found that in the
majority, a demyelinating lesion located in the medulla oblongata
was present (21).

One hypothesis of the pathophysiology of TTS is based
on an increase of catecholamines. This can lead, via multiple
mechanisms, to direct catecholamine toxicity and adrenoceptor-
mediated damage resulting in epicardial and microvascular
coronary vasoconstriction and/or spasm and increased cardiac
workload. This induces myocardial damage, which has a
functional counterpart of transient apical left ventricular
ballooning (31, 32). In our patient, increased plasma and 24-h
urinary excretion levels of norepinephrine and normetanephrine
were detected during the second episode of TTS. Since levels at
first presentation were not measured and only measured once
during the disease course, it is difficult to draw firm conclusions
on the relevance of the catecholamine levels in the development
of TTS in our case. A recently published meta-analysis of
catecholamine plasma levels in TTS demonstrated that levels of
norepinephrine, epinephrine, and dopamine are elevated in TTS,
while marked elevation is rare (32). A link to prognosis of TTS
remains to be proven.

We hypothesize that in our case, direct suppression of vagal-
mediated cardio-inhibition played a role in the development
of TTS. Indeed, our patient had a critically located MS
lesion in the dorsolateral medulla oblongata involving the
nucleus ambiguus, which contains cardio-inhibitory cholinergic
preganglionic parasympathetic neurons (33). The role of
impairment of vagal nerve fibers in development of TTS and
blood pressure dysregulation has been reviewed extensively by
Norcliffe-Kaufmann (34).

LIMITATIONS

Several limitations of our case study need to be addressed.
Autopsy was not performed, and therefore, the diagnosis
of MS was not confirmed postmortem. However, our
patient fulfilled McDonald 2010 diagnostic criteria for
MS, and other potential causes for the brain lesions were
excluded (20). Also, pathological examination of the heart
is missing, which could have confirmed the clinical findings
of limited or no cardiac ischemia, supporting the diagnosis
of TTS. Despite the lack of autopsy material, additional
investigations were compatible with a diagnosis of TTS.
Moreover, the presence of CAD does not exclude a diagnosis
of TTS (26). Finally, while no formal autonomic function
tests were performed in our patient due to her clinical
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condition, the clinical symptoms with profound blood
pressure fluctuations, hypothermia, and hypoventilation
are suggestive of autonomic dysregulation and compatible
with symptoms occurring as a consequence of the lesion in the
medulla oblongata.

FUTURE DIRECTIONS

This case supports the hypothesis of the link between
neurological disease and TTS, especially with involvement of
the medulla oblongata. Further research of the pathophysiology
of brain stem disease and/or lesions, especially located in the
medulla oblongata, and the occurrence of TTS is needed and may
provide new insights in the pathophysiology and treatment of
this syndrome.

CONCLUSIONS

This case illustrates a link between a single critical demyelinating
lesion in the dorsolateral medulla oblongata and T'TS. Diagnosis
of TTS in combination with signs of autonomic dysfunction
warrants thorough investigation of possible underlying or
concomitant neurological disease, including MS, even in older
patients with cardiovascular risk factors.
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Background: Ischemic stroke can be classified into five etiological types, according to
the Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification, and its adequate
investigation and characterization can aid in its clinical management and in preventing
new events. Transthoracic echocardiography (TTE) plays a key role in investigating its
etiology; approximately one-third of the patients remain without an adequate definition
of the etiology or are classified as the undetermined TOAST type.

Objectives: To evaluate if the percentage of patients with indeterminate etiology
according to the TOAST classification decreased after transthoracic echocardiography,
to determine whether or not the prognosis after ischemic stroke is worse among patients
classified as the undetermined TOAST type, and to verify the predictive capacity of
echocardiography on the prognosis after ischemic stroke.

Methods: In this retrospective cohort study, clinical, neurological, and
echocardiographic examinations were conducted when the patient was hospitalized for
stroke. In-hospital mortality and functional capacity were evaluated at hospital discharge
and 90 days thereafter. Multiple linear regression and multiple logistic regression models
were adjusted for confounding factors. The level of significance was 5%.

Results: A total of 1,100 patients (men = 606; 55.09%), with a mean age of 68.1 £+ 13.3
years, were included in this study. Using TTE, 977 patients (88.82%) were evaluated and
448 patients (40.7%) were classified as the undetermined TOAST type. The patients
who underwent TTE were 3.1 times less likely to classified as the undetermined TOAST
type (OR = 0.32; p < 0.001). Echocardiography during hospitalization was a protective
factor against poor prognosis, and reduced the odds of in-hospital death by 11.1 times
(OR: 0.090; p < 0.001). However, the presence of the undetermined TOAST classification
elevated the chance of mortality during hospitalization by 2.0 times (OR: 2.00; p = 0.013).

Conclusions: Echocardiography during hospitalization for ischemic stroke reduces
the chances of an undetermined TOAST classification and the risk of in-hospital
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mortality. However, being classified as the undetermined TOAST type increases the
chance of mortality during hospitalization, suggesting that evaluating patients using
echocardiography during hospitalization for acute ischemic stroke is important.

Keywords: stroke, ischemic stroke, echocardiography, cardioembolism, stroke etiology

INTRODUCTION

A stroke is characterized by an acute neurological deficit
attributed to a focal lesion of vascular origin in the central
nervous system (CNS), which may be secondary to an ischemic
infarction, or a parenchymal or subarachnoid hemorrhage (1). A
CNS infarction is defined as the death of the brain, retinal, or
spinal cord cells due to ischemia, as confirmed by pathological
evidence on imaging examination. A CNS infarction may also be
defined by other evidences of injury to the vascular territory or by
the persistence of symptoms for more than 24 h after excluding
other causes (1).

It is estimated that during their lifetime, one in six men and
one in five women present with stroke (2), which is the second
leading cause of death and is responsible for approximately one in
eight deaths worldwide (3). In Brazil, stroke is the second leading
cause of death and the leading cause of disability (4, 5).

Stroke can be classified according to the pathology, etiology,
and clinical presentation (6). According to the pathological
classification, a stroke may be hemorrhagic or ischemic, with
the latter corresponding to 80% of the total stroke cases.
Etiologically, ischemic stroke can be categorized into five types,
according to the Trial of Org 10172 in Acute Stroke Treatment
(TOAST) classification: (1) large-artery atherosclerosis, (2)
cardioembolism, (3) small-vessel occlusion, (4) stroke of other
determined etiology, and (5) stroke of undetermined etiology (7).
The proportion of patients in each group differed among the
studied populations. The definition of the etiological mechanism
is important for evaluating severity, progression, and prognosis.
The cardioembolic type is responsible for 14-30% of ischemic
conditions and has higher mortality, greater severity, and worse
functional outcome compared to the other etiologies (8, 9);
the affected patients are predisposed to early recurrence. Atrial
fibrillation (AF) is the main finding associated with this type
of stroke.

Riicker et al. studied 3,346 ischemic stroke patients to
determine the long-term survival and recurrence after ischemic
stroke according to the etiological subtype (the TOAST

Abbreviations: TOAST, Trial of Org 10172 in Acute Stroke Treatment; TTE,
transthoracic echocardiography; mRS, Modified Rankin scale; OR, odds ratio; 95%
CI, 95% confidence interval; LA, left atrium diameter; LVM, left ventricular mass;
LVEE left ventricular ejection fraction by the Teichholz method; ASC, alteration
of segmental contractility; LVH, left ventricular hypertrophy; LVR, left ventricle
remodeling; SDD, severe diastolic dysfunction; MoDD, moderate diastolic
dysfunction; MiDD, mild diastolic dysfunction; S AoV Insuf, severe aortic valve
insufficiency; Mo AoV Insuf, moderate aortic valve insufficiency; Mi AoV Insuf,
mild aortic valve insufficiency; NIHSS, National Institute of Health Stroke Scale;
LACS, lacunar syndromes; PACS, partial anterior circulation syndromes; POCS,
posterior circulation syndromes; TACS, total anterior circulation syndromes;
ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor
blocker.

classification) in a population-based stroke registry in Germany.
Their study showed that the 5 year survival rate was higher
in patients with stroke, due to the occlusion of the small
arteries, and lower in patients with cardioembolic stroke.
Furthermore, the 5 year recurrence rates were lower in women
with stroke, due to small artery occlusion, and in men with
large artery atherosclerosis. The highest recurrence rates, in
both women and men, were seen in indeterminate stroke (10).
Existing literature still reports a certain degree of conflict in
the clinical prognosis, mortality, and recurrence rate in the
undetermined TOAST type, and this can be attributed to
the heterogeneity of this etiological subtype, which comprises
different pathophysiological mechanisms.

The cardiovascular risk profile and echocardiographic
findings in patients with AF detected after a stroke are
comparable to those of patients previously diagnosed with AF,
but differ from those of patients without AF. Preexisting heart
disease is the major cause of AF and is first diagnosed after a
stroke (11).

Some disorders are considered to be high-risk sources
for the cardioembolic type, such as mitral stenosis, heart
valve prosthesis, myocardial infarction in the previous 4
weeks, mural thrombus in the left cavities, left ventricular
aneurysm, any documented history of permanent or transient
fibrillation or atrial flutter with or without spontaneous
contrast echocardiogram or left atrial thrombus, sinus node
disease, dilated cardiomyopathy, ejection fraction <35%,
endocarditis, intracardiac mass, patent foramen ovale with
in situ thrombosis, and patent foramen ovale associated with
pulmonary thromboembolism or peripheral venous thrombosis
prior to the ischemic stroke (12).

Furthermore, with regard to structural heart diseases, four
studies considered left ventricular dysfunction defined as recent
heart failure, a 25% reduction in left ventricular ejection fraction,
and an ejection fraction inferior to 50% as independent risk
factors for stroke, despite a population overlap in three of the
four studies. Two of the studies also considered ventricular
hypertrophy and a left ventricular mass >110 g/m? in women
and 134 g/m? in men as independent risk factors for stroke (13).

Left atrial enlargement is an independent factor for stroke and
is associated with a 20% chance of thromboembolism per year in
the presence of a left atrium >2.5 cm/m? with moderate to severe
left ventricular contractility changes (14).

Left ventricular dysfunction and left atrial size were the
strongest independent predictors of late thromboembolism.
Patients without these two predictors on echocardiography,
or without the three identified clinical predictors of
thromboembolism (history of hypertension, recent heart
failure, and previous thromboembolism) had a low risk
of thromboembolism (1% per vyear). However, patients
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with no thromboembolism predictors but with one or
both echocardiographic predictors had a 6% risk of stroke
per year, showing that in addition to clinical assessment,
echocardiography can stratify patients with AF and guide their
therapy (15).

Despite all investigations, about a third of ischemic stroke
patients cannot be categorized etiologically and are classified as
the undetermined TOAST type, which can comprise potential
cardiac sources of embolism, atherothrombotic causes, and
cerebral embolism from indeterminate sources (16). The
American Heart Association and American Stroke Association
(AHA/ASA) guidelines recommend echocardiography for
evaluating a patient with ischemic stroke only in selected cases
(class IIa/class IIb). A recent study published by Harris et al.
aimed to investigate the utility of transthoracic echocardiography
(TTE) as a part of an acute ischemic stroke workup and revealed
that the overall yield of TTE in acute ischemic stroke was
low (17). Conversely, TTE has been performed as part of the
assessment of stroke patients in recent years. More recently,
point-of-care ultrasound (POCUS) has increased its field of
application and TTE has been used as a screening method in
the stroke unit (18). Robust registries, such as The Cornell
Acute Stroke Academic Registry (CAESAR), routinely perform
echocardiography as a strategy for evaluating patients with
ischemic stroke (19).

Although current literature has not been able to clarify the role
of echocardiography in the routine examination of patients with
ischemic stroke, it is an important investigation in them. It is
an easily available, non-invasive, relatively inexpensive method,
which is easy to perform in centers that have integrated stroke
and cardiology units, providing information that can change
both the treatment and the understanding of the etiological
mechanism of stroke.

Therefore, the objectives of this study were to assess the
following: (1a) Whether or not the percentage of patients with
ischemic stroke classified as the undetermined TOAST type
decreased as a result of echocardiographic examination, (1b)
Whether or not the prognosis after ischemic stroke is worse in
patients with an undetermined TOAST classification, and (2)
The predictive capacity of echocardiography in determining the
prognosis of patients with ischemic stroke.

It was hypothesized that transthoracic echocardiography, in
the routine investigation of patients with ischemic stroke, permits
better etiological assessment, and consequently, improves the
prognosis after the event.

MATERIALS AND METHODS
Study Design

This retrospective cohort study was performed at the Stroke
Unit (SU) of the Clinical Hospital of the School of Medicine
of Botucatu (HC-FMB-UNESP), and included 1,100 inpatients
diagnosed with ischemic stroke. Data collection was conducted
at two time points: at hospital admission and 90 days after
hospital discharge.

The study was approved by the Research Ethics Committee
(REC) of the School of Medicine of Botucatu under no. 2,698,569.

Study Population

The sample size was estimated based on simple random
sampling, with a normal distribution for the numerical outcomes,
type I error = 0.05, and, of all possible associations, the
association between left ventricular remodeling (one of the
echocardiographic examination variables) and an unfavorable
modified Rankin scale (mRS) at 90 days to estimate the test
power. Based on the descriptive findings obtained from this
association, the test power was estimated to be above 80% for the
analyzed association, indicating that the sample size to analyze
objective 1a (n = 1,100), objective 1b (n = 994), and objective 2
(n = 927) was large enough to ensure test powers >80%.

The study included adults diagnosed with ischemic stroke
after clinical evaluation and imaging, such as computed
tomography (CT) at admission, and control evaluations, between
October 2012 and February 2018.

Clinical Evaluation

The following data were collected from the electronic medical
records of clinical evaluations performed by the assistant
medical team during the hospitalization period: age, sex, race
(white/non-white), the presence of comorbidities (systemic
arterial hypertension, type 2 diabetes mellitus, dyslipidemia,
smoking, alcohol use, illicit drug use, arrhythmias such as AF or
atrial flutter, and a history of previous stroke), the continuous use
of medications [acetylsalicylic acid, clopidogrel, anticoagulants,
angiotensin-converting enzyme (ACE) inhibitors, angiotensin II
receptor blockers (ARB), and statins].

Neurological Evaluation
Data pertaining to neurological assessments conducted by the
medical team during the hospitalization of the patients at the SU
and at 90 days after hospital discharge were collected from the
electronic medical records. This data included the score obtained
using the National Institutes of Health Stroke Scale (NIHSS)
(20) at admission, on hospital discharge, and at 90 days after
discharge; the clinical condition classified by the Oxfordshire or
Bamford scale (21); the TOAST classification (7); the modified
Rankin scale (22) (previous, at hospital discharge, and 90 days
after discharge); the recurrence of stroke; the presence of carotid
and vertebrobasilar system stenosis and its quantification.

All the variables were obtained from the stroke data bank of
Botucatu Medical School. The database is audited monthly by the
stroke unit coordinator.

Echocardiographic Evaluation

The patients underwent TTE during hospitalization at the SU.
Transesophageal echocardiography was performed when a right-
left intracardiac shunt was suspected on TTE, or in case of other
findings that required better diagnostic interpretation.

The following parameters were verified with these
examinations: left atrial diameter (LA) (mm), left ventricular
mass (LVM) (g), left ventricular ejection fraction by the
Teichholz method (LVEF) (%), the presence of alterations in
segmental contractility (ASC), the presence of left ventricular
hypertrophy (LVH), left ventricle remodeling (LVR), severe
diastolic dysfunction (SDD), moderate diastolic dysfunction
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(MoDD), mild diastolic dysfunction (MiDD), severe aortic valve Statistical Analysis
insufficiency (S AoV Insuf), moderate aortic valve insufficiency ~ Continuous variables were expressed as mean and standard
(Mo AoV Insuf), mild aortic valve insufficiency (Mi AoV Insuf),  deviation, while categorical variables were presented as absolute
severe mitral valve insufficiency (S MiV Insuf), moderate mitral =~ values and percentages. The statistical models were built to
valve insufficiency (Mo MiV Insuf), and mild mitral valve  separately answer each objective defined in the study.
insufficiency (Mi MiV Insuf). The potential confounders (variables identified in the maximal
model that were clinically relevant, with p < 0.20) considered
. . . . . for all the objectives of this study were as follows: age; sex;
The Etiological Investigation Protocol in race; systemic arterial hypertension; type 2 diabetes mellitus;
Patients With Ischemic Stroke dyslipidemia; smoking; alcoholism; the use of illicit drugs;
The investigation protocol at the institution was based on the  AF; previous stroke; the continuous use of acetylsalicylic acid,
TOAST classification. All the patients underwent a brain CT  clopidogrel, anticoagulant, ACEI, ARB, and statins; NIHSS at
at admission, while some underwent an additional scan after =~ admission; TOAST classification at admission; mRS at admission.

24 h. Depending on the clinical progression, MRI was done for The association between the echocardiographic examination
the patients with posterior circulation events or in those with a ~ and being classified as the undetermined TOAST type was
doubtful diagnosis. analyzed using the multiple logistic regression model, including

CT angiography of the cerebral and cervical arteries was  the potential pre-established confounders. The variables included
performed when the patient arrived within 8h of the ictus, were those presenting statistical significance in the univariate
and duplex ultrasound of the cervical arteries and transcranial ~ analysis (Objective 1a).

Doppler were performed 8h after the ictus. The study was To verify the association between the classification as the
complemented by an anatomical examination (CT angiography = undetermined TOAST type and the NIHSS scale score at
or digital angiography) whenever required. discharge and 90 days after hospital discharge, the multiple linear

TTE was conducted to locate a cardioembolic source other  regression model was used independently after adjusting for
than AE while a transesophageal echocardiogram was requested ~ potential confounders. The multiple logistic regression model,
to assess a right-left circulation shunt, left atrial appendage  adjusted for potential pre-established confounders, was also
thrombus, and an atheroma in the thoracic aorta. used to verify the association between the classification as the

All patients underwent electrocardiography at admission  undetermined TOAST type and unfavorable mRS (mRS > 3 at
followed by 24h of cardiac monitoring. The 24h Holter test  discharge and 90 days after hospital discharge), and in-hospital
was performed for patients older than 55 years with suspected  mortality. The variables included were those presenting statistical
arrhythmias, and for cryptogenic strokes. significance in the univariate analysis (Objective 1b).

The patient underwent laboratory investigations for syphilis, The association between the echocardiographic variables
Chagas disease, glycated hemoglobin, thyroid stimulating  previously described and the NIHSS scale score at discharge and
hormone (TSH), total cholesterol and fractions, and triglycerides. ~ 90 days after hospital discharge was analyzed using the multiple
An autoimmune panel was also performed for patients linear regression model independently and adjusted for potential
aged <55 years. confounders. The multiple logistic regression model was used to

Hospitalizations in the Stroke Unit
(n=1508)

It was not cerebral infarction

Cerebral Infarction (n=265)
(n=1243)

Transient ischemic attack (n=98)
Stroke mimics (n=167)

Other types of stroke (n=143)
Ischemic stroke
(included patients) Intraparenchymal hemorrhage (n=111)

(n=1100) Cerebral venous thrombosis (n=29)
Retinal infarction (n=3)

FIGURE 1 | Flowchart of patient inclusion in the study.
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verify the association between the echocardiographic variables
and unfavorable mRS scores (mRS > 3) at discharge and 90 days
after hospital discharge, and in-hospital mortality. The models
were adjusted for potential pre-established confounders. The
variables included were those presenting statistical significance
in the univariate analysis (Objective 2).

A comparison between the TOAST types and the
echocardiographic variables was performed using the Kruskal-
Wallis non-parametric test, followed by the Dunn test for
multiple comparisons. Statistical significance was set at p < 0.05.
The analysis was performed using the SPSS version 21 software.

RESULTS

Patient Inclusion in the Study

A total of 1,508 patients were admitted to the SU between
October 2012 and February 2018. Of these, 1,243 patients had a
confirmed diagnosis of cerebral infarction, and the 1,100 patients
diagnosed with ischemic stroke were included in this study
(Figure 1).

Demographic and Clinical Characteristics
of Patients Admitted With Ischemic Stroke

Table 1 shows the demographic characteristics of the patients
admitted with ischemic stroke, as well as the neurological
assessments regarding the TOAST classification, Bamford
clinical classification, and the degree of disability using the
modified Rankin scale. Echocardiography was performed in
977 patients (88.82%).

Table 2 shows the risk factors for cardiovascular diseases and
the medications used being at the time of hospitalization.

Association Between Echocardiography
and Classification as the Undetermined
TOAST Type (Objective 1a)

Table 3 shows that patients undergoing TTE were 3.1 times
less likely to be classified as the undetermined TOAST type
(OR =0.32; 95% CI: 0.21-0.51; p < 0.001).

The number needed to treat was calculated to be 3.4,
implying that for every 3.4 TTEs performed, one patient
would be prevented from being classified as the undetermined
TOAST type.

Association Between Being Classified as
the Undetermined TOAST Type and the
Outcomes at Discharge and at 90 Days
After Hospital Discharge (Objective 1b)

There was no association between being classified as the
undetermined TOAST type and the outcomes at hospital
discharge, as can be seen from the following: NIHSS score
(B: —0.040; p = 0.871) and mRS score >3 (OR: 0.901; p =
0.544) using the multiple linear regression model corrected
for confounding variables (alcoholism, history of previous
stroke, TACS ischemic stroke, POCS ischemic stroke, PACS
ischemic stroke, echocardiogram, age, and NIHSS at admission),
and by the multiple logistic regression model corrected for

TABLE 1 | Demographic and clinical characteristics of patients admitted with
ischemic stroke (n = 1,100).

Variables n (%)
Male 606 (55.09)
Age (years) 68.1 + 13.3
Race (non-white) 107 (9.73)
History of previous stroke 1083 (9.36)
NIHSS at admission 8.37 £7.44
Echocardiogram 977 (88.82)
Neurological evaluation

Undetermined TOAST 448 (40.7)
Cardioembolic TOAST 255 (23.2)
Large vessel TOAST 164 (14.9)
Small vessel TOAST 181 (16.5)
TOAST due to other causes 2 (4.7)
LACS ischemic stroke 416 (37.8)
PACS ischemic stroke 346 (31.5)
POCS ischemic stroke 141 (12.8)
TACS ischemic stroke 197 (17.9)
Previous mRS 0 816 (74.2)
Previous mRS 1 159 (14.5)

Previous mRS 2 51(4.6)
53 (4.8)
19(1.7)
2(0.2)

Previous mRS 3
Previous mRS 4
Previous mRS 5

Values are expressed as numbers and percentages or as mean and standard deviation.
NIHSS, National Institute of Health Stroke Scale; TOAST, Trial of Org 10172 in Acute Stroke
Treatment; LACS, lacunar syndromes; PACS, partial anterior circulation syndromes;
POCS, posterior circulation syndromes; TACS, total anterior circulation syndromes; mRS,
Modiified Rankin scale.

TABLE 2 | Risk factors for cardiovascular diseases and medications being used
previously in patients admitted to the Stroke Unit (n = 1,100 patients).

Variables n (%)
Risk factors for CVD

Systemic arterial hypertension 838 (76.18)
Diabetes mellitus 383 (34.82)
Dyslipidemia 191 (17.36)
Atrial fibrillation 203 (18.45)
Smoking 479 (43.55)
Alcoholism 256 (23.27)
Use of illicit drugs 1(1.00)
Previously used medications

Acetylsalicylic acid 302 (27.45)
Clopidogrel 45 (4.09)
Oral anticoagulant 54 (4.91)
ACEI or ARB 470 (42.73)
Statins 300 (27.27)

Values are expressed as numbers and percentages. CVD, cardiovascular disease; ACEI,
angiotensin-converting enzyme inhibitor; ARB, angiotensin Il receptor blocker.

confounding variables (age, male, non-white race, diabetes
mellitus, alcoholism, use of oral anticoagulants, NIHSS at
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TABLE 3 | Multiple logistic regression model adjusted to explain the chance of
classification as the undetermined TOAST type on echocardiography, corrected
for confounding variables (n = 1,100 patients).

TABLE 4 | Multiple logistic regression model to explain in-hospital mortality due to
the undetermined TOAST type classification, corrected for confounding variables
(n = 1,100 patients).

Variables OR 95% CI P Variables OR 95% CI P
Age (years) 1.014 1.003 1.025 0.010 Age (years) 1.022 1.000-1.050 0.033
Sex (male) 0.781 0.592 1.031 0.081 Male 1.870 1.070-3.260 0.028
Race (non-white) 1.482 0.955 2.301 0.079 SAH 1.880 0.930-3.800 0.078
Dyslipidemia 0.689 0.483 0.985 0.041 Diabetes 1.540 0.860-2.750 0.143
Smoking 0.848 0.641 1.121 0.247 Use of ASA 1.450 0.820-2.580 0.205
Atrial fibrillation 0.087 0.054 0.143 0.000 Use of oral anticoagulant 0.250 0.050-1.290 0.099
History of previous stroke 1.424 0.897 2.260 0.133 NIHSS at admission 1.110 1.070-1.150 <0.001
LACS ischemic stroke 0.000 Bamford <0.001
PACS ischemic stroke 2.360 1.706 3.266 0.000 PACS ischemic stroke 14.560 1.860-114.110 0.011
POCS ischemic stroke 1.928 1.255 2.964 0.003 TACS ischemic stroke 28.550 3.480-234.550 0.002
TACS ischemic stroke 2.161 1.450 3.220 0.000 LACS ischemic stroke 40.530 5.050-325.310 <0.001
Previous mRS 1.197 1.028 1.395 0.021 Echocardiogram 0.090 0.050-0.170 <0.001
Echocardiogram 0.324 0.206 0.510 <0.001 Undetermined TOAST 2.000 1.160-3.460 0.013

A parsimonious model, including only variables with p < 0.20, in the multiple logistic
regression for the chance of being classified as the undetermined TOAST type that
showed an association. TOAST, Trial of Org 10172 in Acute Stroke Treatment; OR, odds
ratio; 95% ClI, 95% confidence interval; LACS, lacunar syndromes,; PACS, partial anterior
circulation syndromes; POCS, posterior circulation syndromes; TACS, total anterior
circulation syndromes; mRS, Modified Rankin scale.

admission, LACS ischemic stroke, PACS ischemic stroke, POCS
ischemic stroke, and TACS ischemic stroke).

With regard to the prognosis 90 days after hospital discharge,
no association was found between the classification as the
undetermined TOAST type and NIHSS score outcomes (f:
—0.160; p = 0.560) and mRS score >3 (OR: 0.812; p =
0.261) 90 days after hospital discharge, using the multiple
linear regression model corrected for confounding variables
(AFE history of previous stroke, use of clopidogrel, use of oral
anticoagulants, TACS ischemic stroke, POCS ischemic stroke,
PACS ischemic stroke, echocardiogram, age, NIHSS at admission,
previous mRS), and the multiple logistic regression model
corrected for confounding variables (age, male sex, diabetes
mellitus, dyslipidemia, alcoholism, use of oral anticoagulants,
NIHSS at admission, LACS ischemic stroke, PACS ischemic
stroke, POCS ischemic stroke, TACS ischemic stroke, previous
mRS, and echocardiogram).

Undergoing an echocardiogram was a protective factor against
death during hospitalization, and reduced the possibility of in-
hospital death by 11.1 times (OR: 0.090; p < 0.001). Conversely,
being classified as the undetermined TOAST type increased
the chances of mortality during hospitalization by 2.0 times
(OR: 2.00; p = 0.013), as shown in Table 4.

Association Between Echocardiographic
Variables and Outcomes at Discharge and
at 90 Days After Hospital Discharge
(Objective 2)

There was no association between the echocardiographic

variables and NIHSS score outcomes (Table 5) and mRS > 3
(Table 6) at discharge.

TOAST, Trial of Org 10172 in Acute Stroke Treatment; OR, odds ratio; 95% CI, 95%
confidence interval; SAH, systemic arterial hypertension; ASA, acetylsalicylic acid; NIHSS,
National Institutes of Health Stroke Scale; PACS, partial anterior circulation syndrome;
TACS, total anterior circulation syndrome; LACS, lacunar syndrome; POCS, posterior
circulation syndrome.

TABLE 5 | Association between the echocardiographic variables of patients
hospitalized due to ischemic stroke and NIHSS scores at hospital discharge
(n = 977 patients).

Variables B 95% CI P

(Intercept) —2.125 —5.019-0.770 0.150
LA (mm) 0.004 —0.042-0.050 0.861
LVM (g) —0.002 —0.007-0.004 0.554
LVEF (%) 0.012 —0.012-0.037 0.328
ASC 0.108 —0.853-1.069 0.826
LVH 0.635 —0.031-1.301 0.062
LVR 0.158 —0.507-0.824 0.641
SDD —1.238 —3.841-1.366 0.351
MoDD —0.506 —1.741-0.728 0.421
MDD 0.077 —0.455-0.610 0.776
S AoV Insuf -0.179 —2.472-2.113 0.878
Mo AoV Insuf —0.366 —1.773-1.041 0.610
Mi AoV Insuf —0.051 —0.673-0.571 0.873
Thrombus in the LA —1.703 —5.330-1.924 0.357

The parsimonious model included only variables with p < 0.20, in the multiple linear
regression for the NIHSS score at discharge that showed an association. NIHSS,
National Institutes of Health Stroke Scale; 95% Cl, 95% confidence interval; LA, left
atrium diameter; LVM, left ventricular mass; LVEF, left ventricular ejection fraction by
the Teichholz method; ASC, alteration of segmental contractility; LVH, left ventricular
hypertrophy; LVR, left ventricle remodeling; SDD, severe diastolic dysfunction; MoDD,
moderate diastolic dysfunction; MIDD, mild diastolic dysfunction; S AoV Insuf, severe
aortic valve insufficiency; Mo AoV Insuf, moderate aortic valve insufficiency; Mi AoV Insuf,
mild aortic valve insufficiency.

Model adjusted for potential confounders: alcoholism, the use of anticoagulants, Bamford
classification, age, and the NIHSS and mRS scores at admission.

At 90 days after hospital discharge, there was no association
between the echocardiographic findings and NIHSS score
outcomes. Furthermore, there was no association between the
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TABLE 6 | Association between the echocardiographic variables of patients
hospitalized due to ischemic stroke and mRS > 3 at hospital discharge (n = 977
patients).

Variables OR 95% Cl P

LA (mm) 0.992 0.958-1.028 0.663
LVM (g9) 1.001 0.997-1.005 0.600
LVEF (%) 1.000 0.982-1.018 0.986
ASC 1.386 0.678-2.834 0.371
LVR 1.516 0.907-2.532 0.112
LVH 1.344 0.803-2.248 0.260
SDD 1.172 0.779-1.765 0.446
MoDD 1.209 0.463-3.157 0.699
MDD 0.473 0.053-4.209 0.502
S AoV Insuf 1.119 0.700-1.787 0.639
Mo AoV Insuf 0.846 0.285-2.509 0.763
Mi AoV Insuf 0.481 0.090-2.578 0.393
Thrombus in the LA 0.520 0.035-7.710 0.634

A parsimonious model, including only variables with p < 0.20, in the multiple logistic
regression for the chance of mRS > 3 at discharge showing an association. mRS,
Modified Rankin scale; OR, odds ratio; 95% ClI, 95% confidence interval; LA, left atrium
diameter; LVM, left ventricular mass; LVEF, left ventricular ejection fraction by the Teichholz
method; ASC, alteration of segmental contractility; LVH, left ventricular hypertrophy;
LVR, left ventricle remodeling; SDD, severe diastolic dysfunction; MoDD, moderate
diastolic dysfunction; MiDD, mild diastolic dysfunction; S AoV Insuf, severe aortic valve
insufficiency,; Mo AoV Insuf, moderate aortic valve insufficiency, Mi AoV Insuf, mild aortic
valve insulfficiency.

Model adjusted for potential confounders: age, sex, alcoholism, previous stroke, use
of anticoagulant, NIHSS and mRS at admission, and Bamford classification (PACS,
POCS, TACS).

echocardiographic findings and mRS>3 score outcomes, except
for left ventricular remodeling (OR = 1.78; 95% CI: 1.06-2.98;
p=0.028).

An evaluation of the echocardiographic variables and
their correlation with the TOAST classification type showed
significantly greater values for left atrial diameter and LVM and
significantly lower left ventricular ejection fraction values in
patients with stroke classified as the cardioembolic TOAST type,
as shown in Table 7.

DISCUSSION

In the present study, echocardiography during hospitalization
due to ischemic stroke reduced the possibility of being classified
as the undetermined TOAST type and was associated with lower
in-hospital mortality.

The distribution of the different TOAST classifications was
similar to that reported previously in literature; >30% (40.7%) of
the patients were classified as the undetermined type, despite the
investigation protocol (23). The incidence of small vessel TOAST
classification was 16.45%, that of large vessels was 14.81%,
and that of other causes was 4.72%. Of the 23.14% patients
classified as the cardioembolic type, the main associated factor
was the presence of AF (in 18% of all ischemic strokes), with
a higher incidence than seen in previous studies on Brazilian
patients (24).

In this study, echocardiography decreased the number
of patients classified without a defined etiology, and this
relationship confirmed the study hypothesis. TTE is a non-
invasive and low-cost examination, and the association
described above proves the importance of including it
in an investigation protocol for patients hospitalized with
ischemic stroke.

Although echocardiography did not correlate with a
better patient prognosis, as measured by the NIHSS and
Rankin scale scores, both at discharge and after 90 days,
it increased the chance of identifying specific TOAST
classifications, thereby decreasing the chance of inappropriate
patient treatment. Although the highest NIHSS was found
among patients who did not undergo echocardiography, this
variable was taken into account and adjusted in the multiple
regression for the mortality outcome. The correlation between
echocardiography and the lower frequency of death at admission
reinforces the importance of this examination for proper
patient management.

The 5 year survival probability was higher in patients with
small artery occlusion stroke (73.8 [95% CI, 70.4-77.3]) and
lower in patients with cardioembolic stroke (40.9 [95% CI, 37.2—
45.0]) and in indeterminate stroke patients (50.3 [95% CI, 47.2—
53.7]) (10).

There was no association between the variables assessed on
the echocardiogram and the NIHSS and mRS scores at 90
days. These data do not corroborate with those of studies that
evaluated systolic function through ejection fraction and diastolic
dysfunction and reported a worse outcome in stroke (25, 26).
Ventricular mass was reported to be a risk factor for non-fatal
ischemic stroke (27), as well as for recurrence and death in cases
of severe LVH (28).

A possible reason for this difference in the correlation
between the echocardiogram measurements and prognosis in
previous literature is the evaluation of these variables without
considering the TOAST etiological classification. Patients with a
cardioembolic TOAST classification generally present with more
changes in the echocardiographic measurements. In this study,
for example, patients with a cardioembolic TOAST classification
had a higher ventricular mass, larger atrial diameter, and a
lower EF. Thus, such echocardiogram findings are possibly
collinear with a cardioembolic TOAST classification and are not
independent prognostic factors.

A large number of patients with ischemic stroke
were on antiplatelet therapy (31.54%). A comprehensive
investigation of these patients can help in identifying
conditions in which anticoagulation would be the appropriate
prophylaxis; echocardiography may have an important
role here. Thus, a thorough investigation of the patient is
important for the proper characterization and management
of ischemic stroke. Emerging evidence suggests that atrial
enlargement may be a biomarker of AF-independent
underlying thrombogenic atrial heart disease with an
independent risk of indeterminate or recurrent cardioembolic
stroke (17).

Despite its findings, this study has its limitations. It
is a retrospective study involving a single center only,
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TABLE 7 | Comparison between TOAST types and echocardiographic variables (n = 977 patients).

Other causes Undetermined TOAST Small vessels Cardioembolic p
classification Large vessels
LA 37.0 (30.0-52.0) 40.0 (27.0-63.0) 39.0 (29.0-55.0) 39.0 (28.0-58.0) 46.0 (30.0-77.0) <0.001
Y 141.5 (85.4-364.8) 167.6 (88.8-635.8) 169.3 (85.2-345.5) 173.0 (96.8-401.1) 199.6 (89.7-470.7) <0.001
EF 69.5 (26.0-78.0) 70.0 (24.0-86.0) 70.0 (28.0-86.0) 70.0 (31.0-89.5) 62.0 (20.0-88.0) <0.001

Values expressed as median (minimum-maximum). (1) Kruskal-Wallis for independent samples. Statistically significant contrasts (p < 0.05; Dunn’s test for independent samples): LA,
Other causes, Undetermined, Large vessels, Small vessels <Cardioembolic; LVM, Other causes, Undetermined, Large vessels, Small vessels <Cardioembolic, Other causes <Small,
Large vessels; EF, Other causes, Undetermined, Large vessels, Small vessels <Cardioembolic. TOAST, Trial of Org 10172 in Acute Stroke Treatment; Med, median; Min, minimum
value;, Max, maximum value; LA, left atrium diameter (mm); LVIM, left ventricular mass (g); LVEF, left ventricular ejection fraction by the Teichholz method (%).
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Early Coagulation Disorder Is
Associated With an Increased Risk of
Atrial Fibrillation in Septic Patients

Yunxiang Long ', Yingmu Tong'f, Runchen Miao ', Rong Fan?, Xiangqi Cao*,
Jie Wang?®, Jingjing Sun®, John D. Day’, Chang Liu"?* and Guoliang Li%*

" Department of Hepatobiliary Surgery, The First Affiliated Hospital of Xi’an Jiaotong University, Xi’an, China, ? Department of
SICU, The First Affiliated Hospital of Xi'an Jiaotong University, Xi’an, China, ° Department of Cardiovascular Medicine, The
First Affiliated Hospital of Xi'an Jiaotong University, Xi’an, China, * Stroke Centre and Department of Neurology, The First
Affiliated Hospital of Xi'an Jiaotong University, Xi'an, China, ° Department of Hematology, The First Affiliated Hospital of Xi’an
Jiaotong University, Xi'an, China, ° Department of Critical Care Medicine, The First Affiliated Hospital of Xi’an Jiaotong
University, Xi'an, China, " Department of Cardiology, St. Mark’s Hospital, Salt Lake City, UT, United States

Background: Atrial fibrillation (AF) and coagulation disorder, two common complications
of sepsis, are associated with the mortality. However, the relationship between early
coagulation disorder and AF in sepsis remains elusive. This study aimed to evaluate the
interaction between AF and early coagulation disorder on mortality.

Methods: In this retrospective study, all data were extracted from the Medical
Information Mart for Intensive Care Il (MIMIC-II) database. Septic patients with
coagulation tests during the first 24 h after admission to intensive care units (ICUs)
meeting study criteria were included in the analysis. Early coagulation disorder is defined
by abnormalities in platelet count (PLT), international normalized ratio (INR) and activated
partial thromboplastin time (APTT) within the first 24 h after admission, whose score was
defined with reference to sepsis-induced coagulopathy (SIC) and coagulopathy. Patients
meeting study criteria were divided into AF and non-AF groups.

Results: In total, 7,528 septic patients were enrolled, including 1,243 (16.51%) with
AF and 5,112 (67.91%) with early coagulation disorder. Compared with patients in the
non-AF group, patients in the AF group had higher levels of INR and APTT (P < 0.001).
Multivariable logistic regression analyses showed that stroke, early coagulation disorder,
age, gender, congestive heart failure (CHF), chronic pulmonary disease, renal failure, and
chronic liver disease were independent risk factors for AF. In addition, AF was related
to in-hospital mortality and 90-day mortality. In the subgroup analysis stratified by the
scores of early coagulation disorder, AF was associated with an increased risk of 90-day
mortality when the scores of early coagulation disorder were 1 or 2 and 3 or 4.

Conclusion: In sepsis, coagulation disorder within the first 24 h after admission to the
ICUs is an independent risk factor for AF. The effect of AF on 90-day mortality varies with
the severity of early coagulation disorder.

Keywords: neurocardiovascular, atrial fibrillation, coagulation disorder, ischemic stroke, sepsis
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INTRODUCTION

In sepsis, AF is the most common arrhythmia, with an incidence
of 20-30% (1). High levels of circulating stress hormones and
inflammatory cytokines, autonomic nervous system dysfunction,
blood volume change, and cardiovascular injury promote atrial
structure and electrical remodeling to act as substrates of AF (2).
Therefore, patients accompanied with AF have more thrombosis,
longer hospital stay, as well as a higher risk of death, especially in
severe cases (3-6).

Coagulation dysfunction, including SIC and DIC, are
common complications in sepsis (7). After being triggered by
an acute systemic inflammatory response of sepsis, coagulation
initiates and induces extensive crosstalk with inflammation
and immunity to promote SIC and DIC (8, 9). This process
results in massive consumption of coagulation substances,
then pathological coagulation occurs to further damage the
vascular endothelial barrier and contribute to micro thrombosis
and micro bleeding (10). These pathophysiologic mechanisms
contributing to multiple system organ ischemia and ischemia-
reperfusion injury (11) are, in part, related to a high risk of
cardiovascular events. Therefore, SIC is proposed to identify the
earlier stage of coagulation abnormalities in sepsis.

Based on preclinical findings, hyper coagulant-transgenic
animals were more likely to have AF than wild-type animals,
suggesting that hypercoagulation may cause or promote AF (12).
However, it remains elusive whether abnormal coagulation is a
risk factor for AF in the real world. Therefore, the present work
aimed to evaluate the effects between early coagulation disorder
and AF on the mortality in sepsis.

MATERIALS AND METHODS
Study Design

The retrospective study was performed with data from the
Medical Information Mart for Intensive Care-III (MIMIC-
III) database, consisting of data on 53,423 different hospital
admissions for adult patients presenting to the ICUs between
2001 and 2012. MIMIC-III is a large, freely available database
comprising de-identified health-related data associated with
patients admitted to the critical care units of Beth Israel
Deaconess Medical Center. As a result, the informed consent
and approval of the Institutional Review Board were waived.
Data were not eligible for access until approved by MIT’s
(Massachusetts Institute of Technology) institutional review
board. All data were extracted by an author (Record ID:
28572693) who completed the CITI “Data or Specimens Only
Research” course and passed the exam.

Patients

All septic adult patients with coagulation function tests within
24h after admission to the ICUs were evaluated for enrollment
in this study. The diagnostic criteria for sepsis were consistent
with sepsis 3.0, which is defined after meeting the following
conditions: patients with documented or suspected infection;
an acute increase of Sequential Organ Failure Assessment
(SOFA) score of >2. Suspected infection was identified as

prescriptions of antibiotics and sampling of bodily fluids
for microbiological culture (13). The exclusion criteria were
age>80 years, pregnancy, congenital heart diseases, valvular
heart diseases, congenital coagulation disorders (e.g., hemophilia,
vitamin K deficiency), coronary artery stenosis, implanted
cardiac devices, and admission to the cardiac care unit (CCU) as
well as cardiac surgery intensive care unit (CSICU). If there were
multiple ICU admissions in a patient, the first information was
only included for analysis. Eventually, patients were divided into
two groups based on the status of AF, which was recognized from
the database by ICD-9 codes.

Variables

Baseline characteristics of the patients included the following:
age, gender, ethnicity, height, weight, insurance type, marital
status, ICU type, mean arterial pressure (MAP), heart rate
(HR), temperature (T), and respiratory rate (RR), complications
including hypertension, diabetes, CHEF, peripheral vascular
disease, renal failure, chronic liver disease, chronic pulmonary
disease, stroke, DIC, critical illness scores including Elixhauser
comorbidity index (ECI), SOFA score, Acute Physiological
Score III (APS III), Systemic Inflammatory Response Syndrome
(SIRS) score, Simplified Acute Physiology Score II (SAPS
II), Overall Anxiety Severity and Impairment Scale (OASIS)
score, Glasgow Coma Score (GCS), PLT, INR, APTT, and
AF. ECI, a comprehensive comorbidity scoring system with
30 comorbidities, is appropriate for studies of databases. INR
reflects the standardized prothrombin time, which is a ratio of
prothrombin time between patients and normality after being
adjusted with the international sensitivity index (ISI). If there
were several reports on a variable within the first 24 h, the worst
value was chosen for analysis.

Outcomes
The primary outcome was 90-day mortality. Secondary outcomes
were the morbidity of AF, in-hospital, ICU, and 28-day mortality.

Statistical Analysis
Variables are divided into continuous and categorical variables.
Continuous variables were described as the medians with
interquartile range (IQR). The Kolmogorov-Smirnov test was
used to evaluate the normality of variables. Student’s t-
test and Wilcoxon Mann-Whitney test were applied to
compare continuous variables between AF and non-AF groups.
Categorical variables were shown as frequencies with percentages
and were compared with the chi-square test or Fisher’s exact test.
Additive PLT, INR, and APTT scores were used to define early
coagulation disorder with reference to SIC and coagulopathy
(Table 2) (12, 14). Propensity score matching (PSM) minimized
the imbalance of AF and non-AF groups with age, gender, ICU
type, ethnicity, and marital status. Univariate and multivariate
logistic regression analyses were used to evaluate the association
of risk factors and outcomes. Baseline variables that were
considered clinically relevant or that showed a univariate
relationship with the outcome were included in a multivariate
logistic regression model as covariates. The interaction between
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3.0 (25636)

Septic patients from MIMIC III based on sepsis

The first admission to the ICU (6045 excluded)

Performed blood coagulation function tests
within the first 24 in ICU (3306 excluded)

Age 18-80 years (3843 excluded)

Excluded: pregnancy; congenital heart diseases;
valvular heart diseases; congenital coagulation
disorders; coronary artery stenosis; implanted

cardiac devices; admission to Cardiac Care
Unit and Cardiac Surgery Intensive Care
Unit(4914 excluded)

A

Final cohort (7528)

v \d

AF group (1243)

Non-AF group (6285)

FIGURE 1 | The flowchart of study patients.

early coagulation disorder and AF on mortality was assessed by
multivariate logistic regression analyses.

Statistical analyses were performed using SPSS 26.0. P < 0.05
was statistically significant.

RESULTS

Demographic and Baseline Characteristics
Opverall, 7,528 septic patients were enrolled in this study, of whom
1,243 (16.51%) had AE and 5,112 (67.91%) had coagulation
disorder (Figure 1). The median age was 61, with a range from
49 to 70 years old. Female patients comprised 43.65% of the total.
The demographic data between the AF group and non-AF group
are described (Table 1). The patients accompanied with AF were
older than that of patients without AF (70, 63-76 vs. 58, 48-69;
P < 0.001). Furthermore, stroke (0.76 vs. 3.30%; P < 0.001), CHF
(16.23 vs. 41.43%; P < 0.001), hypertension (43.90 vs. 56.48%;
P < 0.001), diabetes (24.47 vs. 35.32%; P < 0.001), ECI (11, 5-17

vs. 17.12-22; P < 0.001), APS III (49, 37-63 vs. 53, 42-67; P <
0.001), INR (1.3, 1.2-1.7 vs. 1.5, 1.2-2.2; P < 0.001), and APTT
(32.7, 27.7-43.9, vs. 34.6, 29-46.1; P < 0.001) were significantly
different in patients between the AF and non-AF groups. Among
septic patients, the AF group had higher in-hospital mortality and
90-day mortality (19.71 vs. 13.79%, P < 0.001; 59.21 vs. 56.04%,
P = 0.001). After 1:1 PSM, consisting of 1039 septic patients
with AF and 1039 matched individuals without AF as controls,
differences in INR, APTT and 90-day mortality between two
groups still remained (P < 0.05; Supplementary Table 1).

Associations Between Early Coagulation

Disorder and Atrial Fibrillation

There were more abnormal values of coagulation variables in the

AF group (P < 0.05). Therefore, early coagulation disorder was

classified by adding the PLT, INR, and APTT scores (Table 2).
Multivariate logistic regression analyses (Table 3) showed

that the incidence of AF was associated with the following:
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TABLE 1 | Demographic characteristics between AF and Non-AF groups within the first 24 h after admission to ICUs before PSM.

Variables Total Non-AF AF P-value
n =17,528 n = 6,285 n=1,243

Age (years) 61 (49-70) 58 (48-69) 70 (63-76) <0.001

Female, (n, %) 3,286 (43.65) 2,775 (42.41) 511 (41.11) 0.048

Ethnicity, n (%) 0.001

Asian 225 (2.99) 192 (3.05) 33 (2.65)

Black 773 (10.27) 667 (10.61) 773 (8.53)

Hispanic 316 (4.20) 281 (4.47) 316 (2.82)

White 5,333 (70.84) 4,391 (69.86) 5,333 (75.78)

Other 881 (11.70) 754 (12.00) 881 (10.22)

BMI (kg/m?) 27.7 (23.9-33.0) 27.6 (23.7-32.8) 28.7 (24.7-34.1) <0.001

Insurance type, n (%) <0.001

Government 269 (3.57) 256 (4.07) 13 (1.05)

Medicaid 967 (12.85) 913 (14.53) 54 (4.34)

Medicare 3,479 (46.21) 2,590 (41.20) 889 (71.52)

Private 2,707 (35.96) 2,428 (38.63) 279 (22.44)

Self-pay 106 (1.41) 98 (1.56) 8 (0.64)

Marital status, n (%) <0.001

Single 2,394 (36.92) 2,118 (38.91) 276 (26.51)

Married 3,442 (53.08) 2,797 (51.38) 645 (61.96)

Divorced 552 (8.51) 447 (8.21) 105 (10.09)

Other 97 (1.50) 82 (1.51) 15 (1.44)

ICU type, n (%) <0.001

sicu 1,683 (22.36) 1,408 (22.40) 275 (22.12)

TSICU 1,242 (16.50) 1,089 (17.33) 153 (12.31)

MICU 4,603 (61.15) 3,788 (60.27) 815 (65.57)

Vital signs

HR (bpm) 90 (78-102) 91 (79-102) 89 (77-102) 0.056

RR (bpm) 19 (17-22) 19 (17-22) 20 (17-23) <0.001

T(°0) 36.9 (36.5—37.4) 37.0 (36.5-37.5) 36.9 (36.4-37.3) <0.001

MAP (mmHg) 77 (70-85) 77 (70-85) 75 (68-82) <0.001

Complications, n (%)

Hypertension 3,463 (45.98) 2,759 (43.90) 702 (56.48) <0.001

Diabetes 1,977 (26.26) 1,538 (24.47) 439 (35.32) <0.001

CHF 1,634 (20.39) 1,019 (16.23) 515 (41.43) <0.001

Peripheral vascular disease 411 (5.46) 300 (4.78) 111 (8.93) <0.001

Renal failure 1,127 (14.98) 818 (13.03) 309 (24.86) <0.001

Chronic liver disease 1,506 (20.02) 1,340 (21.34) 166 (13.35) <0.001

Chronic pulmonary disease 1,569 (20.86) 1,196 (19.05) 373 (30.00) <0.001

Stroke 89 (1.18) 48 (0.76) 41 (3.30) <0.001

DIC 179 (2.38) 151 (2.40) 28 (2.25) 0.206

Critical iliness score

ECI 11 (5-17) 11 (5-17) 17 (12-22) <0.001

SOFA 5 (3-7) 5(3-7) 5(3-7) <0.001

APSIII 47 (35-62) 49 (37-63) 53 (42-67) <0.001

SAPSII 36 (28-46) 37 (29-46) 41 (34-51) <0.001

OASIS 33 (27-39) 33 (27-39) 35 (29-42) <0.001

GCS 15 (13-15) 15 (14-15) 15 (14-15) 0.547

Coagulation function

PLT(10%/L) 179 (109-256) 168 (97-251) 179 (107-256) 0.102

INR 1.3 (1.1-1.7) 1.3(1.2-1.7) 1.5(1.2-2.2) <0.001

APTT (s) 31.5 (27-40.5) 32.7 (27.7-43.9) 34.6 (29-46.1) <0.001

(Continued)
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TABLE 1 | Continued

Variables Total Non-AF AF P-value
n=7,528 n = 6,285 n=1,243

Outcomes

ICU morality, n (%) 785 (10.43) 626 (9.96) 159 (12.79) 0.003

In-hospital mortality, n (%) 1,112 (14.77) 867 (13.79) 245 (19.71) <0.001

28-day mortality, n (%) 1,236 (16.41) 968 (15.40) 268 (21.56) <0.001

90-day mortality, n (%) 4,528 (56.56) 3,522 (56.04) 736 (59.21) 0.001

AF, atrial fibrillation; BMI, body mass index; SICU, surgical intensive care unit; TSICU, trauma surgical intensive care unit; MICU, medical intensive care unit; HR, heart rate; RR, respiratory
rate; T, temperature; MAR, mean arterial pressure; CHF, congestive heart failure; DIC, disseminated intravascular coagulation; ECI, Elixhauser comorbidity index; SOFA, sequential organ
failure assessment; APSIII, acute physiological score lll; SAPSII, simplified acute physiology score Il; OASIS, overall anxiety severity and impairment scale; GCS, Glasgow coma score;
PLT, platelet count; INR, international normalized ratio; APTT, activated partial thromboplastin time.

TABLE 2 | Comparisons of early coagulation disorder between AF group and Non-AF group before PSM.

Coagulation Total Non-AF AF P-value
PLT score 0.002

0 (=150 x 109/L) 4,508 (59.88) 3,733 (59.40) 775 (62.35)

1 (100-150 x 10%/L) 1,440 (19.13) 1,186 (18.87) 254 (20.43)

2 (<100 x 109/L) 1,580 (20.99) 1,366 (21.73) 214 (17.22)

INR score <0.001
0(<1.2) 4,198 (65.77) 3,664 (58.30) 534 (42.96)

1(1.2-1.4) 1,687 (21.08) 1,325 (21.08) 262 (21.08)

2 (>1.4) 1,743 (23.15) 1,296 (20.62) 447 (35.96)

APTT score <0.001
0(<37s9) 5,153 (68.45) 4,387 (69.80) 766 (61.62)

1(37-395s) 290 (3.85) 227 (3.61) 63 (5.07)

2 (>39s) 2,085 (27.70) 1,671 (26.59) 414 (33.30)

Total score 1(0-3) 2 (1-4) <0.001
Coagulation disorder type <0.001
Coagulation disorder score = 0 2,416 (32.09) 2,132 (33.92) 284 (22.85)

Coagulation disorder score = 1 or 2 2,708 (35.97) 2,231 (35.50) 477 (38.37)

Coagulation disorder score = 3 or 4 1,691 (21.13) 1,242 (19.76) 349 (28.08)

Coagulation disorder score = 5 or 6 813 (10.80) 680 (10.82) 133 (10.70)

AF, atrial fibrillation; PLT, platelet count; INR, international normalized ratio; APTT, activated partial thromboplastin time.

stroke (adjusted OR = 3.756; 95% CI: 2.269-6.215; P < 0.001),
coagulation disorder types (early coagulation disorder type
= 1; as reference; P < 0.001), age (adjusted OR = 1.072;
95% CI: 1.064-1.080; P < 0.001), gender (adjusted OR =
1.276; 95% CI: 1.096-1.487; P = 0.002), CHF (adjusted OR
= 2.378; 95% CI: 2.022-2.797; P < 0.001), chronic pulmonary
disease (adjusted OR = 1.350; 95% CI: 1.139-1.600; P = 0.001),
renal failure (adjusted OR = 1.459; 95% CI: 1.203-1.769; P <
0.001) and chronic liver disease (adjusted OR = 0.664; 95%
CI: 0.531-0.829; P < 0.001). After 1:1 PSM, early coagulation
disorder was still an independent risk factor for AF (reference as
early coagulation disorder type = 1; P < 0.001).

The Interaction of AF and Early

Coagulation Disorder on Mortality
With the population before PSM, univariate regression analyses
showed that AF was relevant to short-term outcomes, including

in-hospital mortality (OR = 1.534; 95% CI: 1.311-1.795; P <
0.001), ICU mortality (OR = 1.326; 95% CI: 1.101-1.597; P =
0.003), 28-day mortality (OR = 1.510; 95% CI: 1.298-1.757; P
< 0.001) and 90-day mortality (OR = 1.139; 95% CI: 1.006-
1.289; P = 0.039). On multivariate logistic regression analyses,
AF was an independent risk factor for in-hospital mortality
(adjusted OR = 1.323; 95% CI: 1.078-1.624; P = 0.008) and
90-day mortality (adjusted OR = 1.243; 95% CI: 1.073-1.441; P
= 0.004). In septic patients with different coagulation disorder
scores, AF was significantly associated with an increased risk of
90-day mortality when coagulation disorder scores were 1 or 2
and 3 or 4 (adjusted OR = 1.291; 95% CI: 1.017-1.639; p = 0.036;
adjusted OR = 1.355; 95% CI: 1.004-1.828; p = 0.047). However,
there were no differences in patients with all coagulation scores
for in-hospital mortality. Among patients with coagulation
scores of 0 and 5 or 6, AF was not associated with 90-day
mortality. (Tables 4, 5).
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TABLE 3 | Association between early coagulation disorder and AF in multivariate logistic regression before and after PSM.

Variables Before PSM After PSM

OR; 95% CI P-value OR; 95% CI P-value
Age (years) 1.072; 1.064-1.080 <0.001 0.994; 0.985-1.003 0.196
Gender 0.002 0.959
Female 1
Male 1.276; 1.096-1.487 0.995; 0.824-1.202
Ethnicity 0.458 0.109
Asian 1
Black 0.789; 0.485-1.283 0.339 0.577; 0.313-1.063 0.078
Hispanic 0.810; 0.450-1.457 0.481 0.945; 0.446-2.003 0.882
White 0.991; 0.649-1.513 0.967 0.868; 0.510-1.478 0.602
Marital status 0.479 0.365
Divorced 1 1
Married 0.835; 0.648-1.076; 0.163 0.897; 0.654-1.230 0.501
Single 0.900; 0.686-1.180 0.445 1.094; 0.777-1.541 0.608
Other 1.027; 0.541-1.952 0.934 0.891; 0.403-1.970 0.775
ICU type 0.310 0.157
SICU 1
TSICU 0.875; 0.677-1.130 0.306 0.951; 0.689-1.311 0.758
MICU 0.871; 0.726-1.044 0.135 0.814; 0.649-1.019 0.073
Complications, n (%)
CHF 2.378; 2.022-2.797 <0.001 1.549; 1.274-1.884 <0.001
Peripheral vascular disease 1.051; 0.795-1.389 0.726 1.167; 0.823-1.653 0.386
Chronic pulmonary disease 1.350; 1.139-1.600 0.001 1.531; 1.237-1.897 <0.001
Hypertension 0.955; 0.816-1.117 0.563 1.183; 0.977-1.433 0.086
Diabetes 1.111; 0.944-1.308 0.204 1.194; 0.977-1.460 0.082
Renal failure 1.459;1.203-1.769 <0.001 1.599; 1.254-2.040 <0.001
Chronic liver disease 0.664; 0.531-0.829 <0.001 0.707; 0.539-0.926 0.012
Stroke 3.756; 2.269-6.215 <0.001 5.047; 2.300-11.073 <0.001
SOFA 1.0561; 0.795-1.389 0.267 0.979; 0.949-1.011 0.194
Coagulation disorder <0.001 <0.001
Coagulation disorder score = 0 1 1
Coagulation disorder score = 1 or 2 1.566; 1.295-1.894 <0.001 1.592; 1.261-2.010 <0.001
Coagulation disorder score = 3 or 4 2.022; 1.628-2.510 <0.001 1.780; 1.372-2.309 <0.001
Coagulation disorder score = 5 or 6 2.126; 1.559-2.898 <0.001 1.763; 1.218-2.551 0.003

AF, atrial fibrillation; CHF, congestive heart failure; SOFA, sequential organ failure assessment; PSM, propensity score matching, with the covariates of age, gender, ICU type, ethnicity
and marital status. Multivariate logistic regression analysis includes the factors of age, gender, ethnicity, marital status, ICU type, CHF, peripheral vascular disease, chronic pulmonary
disease, hypertension, diabetes, renal failure, chronic liver disease, stroke, SOFA score, and coagulation disorder type.

DISCUSSION

This study suggested an interaction between AF and early
coagulation disorder on in-hospital mortality as well as 90-day
mortality. In the subgroup analysis stratified by early coagulation
disorder scores, AF was associated with an increased risk of 90-
day mortality when the scores of early coagulation disorder were
1 or 2 and 3 or 4. The risk of AF was also related to stroke,
age, gender, CHF, chronic pulmonary disease, renal failure, and
chronic liver disease.

In this study, AF was significantly correlated with higher in-
hospital mortality and 90-day mortality than non-AF in sepsis,
which is consistent with previous studies (15, 16). Desai et al.
(16) reported that although in-hospital mortality and hospital

stay decreased between 2010 and 2014 in the sepsis-AF cohort,
septic patients with AF had increased all-cause mortality during
hospitalization, a longer hospital stay, and higher hospitalization
expenses than non-AF individuals. The review also assessed the
morbidity of AF and the relationship between AF and adverse
events in sepsis. The morbidity of new-onset AF in sepsis was
20.6%. New-onset AF was correlated with excess mortality during
hospitalization and 28 days, 1 year as well as 5 years after
discharge (15). Therefore, AF is regarded as a marker of disease
severity and risk factor of death. The pathogenesis of AF in
sepsis can be divided into two steps: the changes of the atrial
matrix and trigger events (17, 18). Before the onset of sepsis,
patient characteristics, such as advanced age, diabetes, acute renal
impairment, and CHE lead to atrial structure and electrical
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remodeling through the production of TGF-, angiotensin, ROS,
inflammatory factors, and changes in intracellular ion channels.
During sepsis, infection, overloading volume, and thyroid crisis
can further trigger AF. In addition, AF is connected with
decreased cardiac output and increased cardiac afterload. AF can
also aggravate atrial cardiomyopathy, further increasing the risk
of thromboembolism. Thus, AF and its adverse consequences
dramatically increase short-term and long-term mortality.

AF is correlated with an increased risk of thrombosis (19),
but it is unknown whether early abnormal coagulation function
is a risk factor for AF. The present studies indicate that
sepsis is associated with early coagulation disorder, including
a fall in platelet count and lengthening of clotting time.
SIC is used to identify the earlier stage of DIC in sepsis,
which was proposed by the Scientific and Standardization
Committee on DIC (20). The main mechanisms contributing
to SIC and DIC consist of coagulation initiation, activation of
platelets, increased inflammatory cells, and damage to vascular
endothelium (8, 10, 21) due to damage-associated molecular
patterns (DAMPs) (22, 23), neutrophil extracellular traps
(NETs) (24), extracellular vehicles (EVs) (25) and endothelial
glycocalyx damage (26). It is worth noting that vascular
endothelial dysfunction and anticoagulant/fibrinolytic disorder
are major markers of SIC. Vascular endothelium connects with
membrane-binding proteoglycans and glycosaminoglycan side
chains which can bind to antithrombin so that thrombosis
is negatively affected in normal circumstances. However, the
inhibition weakens or disappears when the vascular endothelium

TABLE 4 | Univariate and multivariate logistic regression analysis of AF and

mortality.
Univariate Multivariate
OR; 95% CI P-value OR; 95% CI P-value
In-hospital mortality 1.534; 1.311-1,795 <0.001 1.323; 1.078-1.624 0.008
ICU mortality 1.326; 1.101-1.597 0.003 1.195;0.937-1.525 0.150
28-day mortality 1.510; 1.298-1.757 <0.001 1.195;0.983-1.453 0.074
90-day mortality 1.139; 1.006-1.289 0.039 1.243; 1.073-1.441 0.004

Multivariate logistic regression analysis includes the factors of age, gender, ethnicity,
marital status, ICU type, CHF, peripheral vascular disease, chronic pulmonary disease,
hypertension, diabetes, renal failure, chronic liver disease, stroke, SOFA score, and
coagulation disorder type.

is damaged. Endothelial cells also have a vital influence on
fibrinolysis through tissue-type plasminogen activators and
their inhibitors, while the balance is disrupted and tends to
inhibit fibrinolysis during sepsis (13). Thus, derangement of
the coagulation/fibrinolytic system is a hallmark of SIC. It is
speculated that abnormal coagulation function caused by sepsis is
associated with a disturbance in hemodynamics (23), which can
contribute to the development of AF.

In sepsis, there are a large proportion of patients exhibiting
DIC, which is diagnosed by coagulation indicators of
prothrombin time, platelet count, fibrinogen, D-dimer and
fibrin degradation products. However, the DIC scoring system
is only suitable for the evaluation of severe coagulation
dysfunction (8). To provide an early and valuable prediction
of coagulation disorder, this work defines early coagulation
disorder with reference to SIC and coagulopathy. This is
because SIC provides an earlier diagnose and includes most
cases of DIC. Septic patients with SIC can also benefit from
anticoagulant therapy even though they do not meet the
criteria for DIC (23). In addition, sepsis-associated DIC is
characterized by excessive inhibition of fibrinolysis due to
overproduction of plasminogen activator inhibitors. Therefore,
hypofibrinogenemia is uncommon and fibrin-related markers
are not correlated with the severity of illness. In contrast, platelet
count and PT play a vital role in the mortality of septic patients.
Therefore, PLT, INR, and APTT were selected as common
and major coagulation indicators to evaluate early coagulation
dysfunction (27).

Currently, there are few models to predict the risk of
AF. Based on the findings of our work, early coagulation
status should be considered, in part, as a clue of AF risk in
septic patients and may be regarded as an indicator of the
AF prediction model accompanied with other indicators
(27). Because of the poor prognosis in septic patients
with AF, this model is vital for the risk stratification to
promote the early management of these patients. However, a
retrospective study in these patients makes robust conclusions
difficult. Therefore, more prospective, multicenter trials to
evaluate the relationship between early coagulation and AF
are necessary.

Limitations
Moreover, we acknowledge certain limitations in this work.
First, it was a retrospective study covering hospital admissions

TABLE 5 | The interaction between AF and early coagulation disorder on morality.

In-hospital mortality

90-day mortality

OR; 95% CI p-value OR; 95% CI p-value
Coagulation disorder score = 0 1.417; 0.875-2.296 0.157 1.139; 0.850-1.526 0.383
Coagulation disorder score = 1 or 2 1.340; 0.960-1.869 0.085 1.291; 1.017-1.639 0.036
Coagulation disorder score = 3 or 4 1.242; 0.835-1.849 0.285 1.355; 1.004-1.828 0.047
Coagulation disorder score = 5 or 6 1.187; 0.690-2.045 0.535 1.356; 0.812-2.264 0.245

Multivariate logistic regression analysis includes the factors of age, gender, ethnicity, marital status, ICU type, CHF, peripheral vascular disease, chronic pulmonary disease, hypertension,

diabetes, renal failure, chronic liver disease, stroke, and SOFA score.
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of more than 10 years. During this period, the decision-making
process of AF and sepsis management developed dramatically,
which is a confounding factor affecting mortality (17, 28).
Second, information on medication in septic patients before
the onset of AF, such as glucocorticoids and vasopressin,
was not available (29). Owing to the influence of these
medications on AF morbidity, the relationship between
coagulation disorders and AF can interfere. Third, we have
only taken coagulation analysis with PLT, INR, and APTT.
Given the retrospective nature of our study, clinical information
such as other coagulation factors and fibrinogen were not
available, so further analysis about the association between
coagulation and AF cannot be fully explored. Finally, given
the retrospective nature of the study, clinical information on
several aspects of AF and sepsis in the cohort, such as AF
loading assessment, AF classification and treatment, were not be
fully available.

Future Directions

The present results highlight the influence of early coagulation
dysfunction on septic patients with AF. However, larger,
prospective trials are necessary to determine the relationship
between coagulation disorder and AF. This study may provide
the basis for future research on the relationship between early
coagulation and AF.

CONCLUSION

Coagulation disorder within the first 24 h after admission to the
ICUs is related to a higher risk of AF in individuals with sepsis.
AF is an independent risk factor of in-hospital mortality and 90-
day mortality in sepsis, and the effect of AF on 90-day mortality
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Background: Warfarin, along with aspirin and clopidogrel, has long been recommended
for patients with atrial fibrillation (AF) who are undergoing percutaneous coronary
intervention with a drug-eluting stent (PCI-DES). However, this triple therapy has been
known to increase the risk of bleeding complications. Meanwhile, there is no evidence
from prospective trials on the use of ticagrelor in a dual therapy. We here aimed to
compare the antiplatelet drug ticagrelor as a dual antithrombotic agent to aspirin and
clopidogrel in bleeding events.

Methods: In this multicenter, active-controlled, open-label, randomized trial, patients
with AF taking warfarin who had undergone PCI-DES were randomly assigned to the
ticagrelor therapy group (Dual group) or the clopidogrel plus aspirin therapy group (Triple
group). The primary and secondary endpoints were overall bleeding events and major
bleeding events, respectively, according to the Thrombolysis in Myocardial Infarction
(TIMI) criteria at 6 months. Cardiovascular events [re-PCl, surgical bypass, myocardial
infarction (M), heart failure, rehospitalization due to angina pectoris, stent thrombosis
and death due to cardiovascular causes] at 6 months were also recorded.

Results: A total of 296 patients from 12 medical centers in China were randomized
after PCI-DES to either the Dual therapy group (n = 148) or the Triple group (n = 146)
for 6 months. The overall incidence of bleeding events at 6 months was 36.49% in the
Dual therapy group and 35.62% in the Triple group [hazard ratio, 0.930; 95% confidence
interval (Cl), 0.635 to 1.361; P = 0.7088]. The incidence of the secondary endpoint over
6 months was 4.73% in the Dual therapy group and 1.37% in the Triple group (hazard
ratio, 0.273; 95% CI, 0.057 to 1.315; P = 0.1056). Cardiovascular event occurrence was
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also comparable in both groups at 6 months (18.24 vs. 16.44%; hazard ratio, 0.845;
95% ClI, 0.488 to 1.465; P = 0.5484).

Conclusions:

The incidence of total bleeding events in AF patients treated with

ticagrelor was comparable to that in patients treated with clopidogrel plus aspirin at
6 month; Meanwhile, the incidence of cardiovascular events were also comparable

between the groups.

Clinical Trial Registration:

August 18t

MANJUSRI, ClinicalTrials.gov# NCT02206815, 2014,

Keywords: antithrombic therapy, atrial fibrillation, drug eluting stent, percutaneous coronary intervention,

coronary artery disease

INTRODUCTION

Chronic treatment with oral anticoagulants (e.g., warfarin)
is essential for most atrial fibrillation (AF) patients with
CHA,DS;VASc scores > 2. Treatment of patients with AF who
have undergone percutaneous coronary intervention with a drug-
eluting stent (PCI-DES) further requires follow-up antiplatelet
therapy to minimize thrombotic events. Triple therapy, such
as warfarin plus dual antiplatelet agents (DAPT), aspirin and
clopidogrel, has been used for many years in patients with AF
who have undergone PCI-DES (1).

The European Society of Cardiology recommended a short
period of therapy with VKA, aspirin, and clopidogrel for
such patients (2). The 2019 AHA/ACC/HRS guidelines for the
management of patients with AF suggested that “Triple therapy
should be administered to these patients with bare-metal stents
for 1-3 months and much longer in patients with a drug-
eluting stent (3-6 months) followed by one anticoagulant plus
clopidogrel 75 mg/day or aspirin 100 mg/day” (3).

RCT studies as well as retrospective analyses all suggested
that the combination of oral anticoagulation with a P2Y12
inhibitor and aspirin in patients with AF undergoing PCI-DES is
associated with a high bleeding risk (4, 5). Triple antithrombotic
therapy, particularly if consisting of a OAC, aspirin and a P2Y12
inhibitor, is associated with a increasing of bleeding, including
major and intracranial hemorrhages (6). However, pooled data
from meta-analysis (7) have shown a possible increase of
ischemic events in the dual therapy with clopidogrel, for example
Galli et al. confirmed that dual therapy with clopidogrel with
a significant increase of stent thrombosis risk in the overall
population and a significant 43% increase of MI in the ACS/PCI
subgroup (8) sparkling the interest for the use of alternative
antithrombotic agents. In addition to this, clopidogrel, but not
ticagrelor, is characterized by an interindividual variability in
the pharmacodynamic profile, leading to insufficient platelet
inhibition and increased ischemic events in up to 40% of treated
patients and thus Most recent investigations support the clinical
benefit of a genetic guided selection of antiplatelet therapy in
patients undergo PCI (i.e., switching to prasugrel or ticagrelor)
(9, 10).

Recently, randomized clinical trials and recent evidence have
supported the ESC recommendation for dual antithrombotic

therapy in patients with AF who have undergone PCI-DES
(6, 11). As is well-known, the recent guidelines (2018-2020
ECS Guidelines) supported the current trend of antithrombotic
therapy using a combination of one antiplatelet drug and
one anticoagulant (12-14), for example,2020 ESC Guidelines
presented that In AF patients with ACS undergoing an
uncomplicated PCI, early cessation (<1 week) of aspirin and
continuation of dual therapy with an OAC and a P2YI2
inhibitor for up to 12 months is recommended if the risk
of stent thrombosis is low or if concerns about bleeding
risk prevail over concerns about risk of stent thrombosis,
irrespective of the type of stent used. However,1 week triple
therapy with clopidogrel can be associated to increased
ischemic events.

The TWILIGHT trial proved that ticagrelor monotherapy
was associated with a lower incidence of clinically relevant
bleeding than ticagrelor plus aspirin, without higher risks of
death, myocardial infarction, or stroke, again suggesting that
ticagrelor is a more potent antiplatelet drug (15, 16).

The recent AUGUSTUS study was designed for AF patients
who had ACS or had undergone PCI and were taking a P,Y;
inhibitor to receive apixaban or warfarin and aspirin or a
matching placebo for 6 months (17, 18). However, more than
90% of the individuals in this trial were treated with clopidogrel
instead of more potent agents, such as ticagrelor. Among
published clinical studies such as PIONEER trial, ENTRUST
trial and Re-Dual trial, the Re-Dual study included the most
patients received ticagrelor were only 12% (19-21). The use
of ticagrelor can potentially overcome the increased rate of
ischemic events as the rate of non-responders to this drug is
very low.

On the other hand, triple therapy with ticagrelor in these
previous trials was somewhat unfounded and in particular lacked
the support of ESC guidelines. Thus, the rationale for our study
is that ticagrelor were used only in a minority of the 4 RCTs on
the topic (PIONEER, RE-DUAL, AUGUSTUS and ENTRUST-
AF), which implied that there are not many data from prospective
studies on a dual therapy including this potent P2Y12 inhibitors.

Therefore, we performed the present study to compare the
combination of ticagrelor and warfarin with traditional triple
therapy, with the aim to evaluate the safety and efficacy of
ticagrelor as one of dual antithrombins.
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METHODS
Study Design

The trial rationale and design were published previously (22).
In brief, the MANJUSRI trial was a prospective, multicenter,
open-label, randomized clinical trial that compared the potent
antiplatelet drug ticagrelor with the traditional antithrombotic
drugs clopidogrel plus aspirin in patients with AF taking warfarin
and receiving PCI-DES (all of the patients in the trial received
drug-eluting stents). This clinical trial was registered with
ClinicalTrials.gov (NCT02206815). The study was performed in
accordance with the provisions of the Declaration of Helsinki and
the International Conference on Harmonization Good Clinical
Practice guidelines. The institutional ethics committee associated
with the participating centers approved the trial protocol. All of
the patients provided written informed consent.

Study Population

Eligible patients were recruited from 12 participating centers in
China from September 2014 to February 2019. The inclusion
criteria were men or nonpregnant women > 18 and <
75 years of age with a severe coronary lesion (> 75%
angiographically or fractional flow reserve, FFR < 0.8) with an
indication for coronary stent implantation and patients with a
CHA,DS;-VASc score > 2. The exclusion criteria are listed in
Supplementary Table 1. CHA,DS;,-VASc scores, which reflect
the risk of stroke, and HAS-BLED scores, which reflect the risk
of bleeding, were assessed in all of the patients.

Randomization and Trial Regimen

Patients who met all of the inclusion criteria and none of
the exclusion criteria were randomly assigned at a 1:1 ratio
to receive ticagrelor and warfarin (Dual therapy group) or
clopidogrel + aspirin + warfarin (Triple group) just after
PCI-DES. The randomization sequence and allocation were
accomplished using sealed envelopes containing a computer-
generated sequence (generated at ZhongDa Hospital Affiliated
with Southeast University). The randomized enrollment progress
and patient distribution are shown in Supplementary Figure 1.
All of the patients in the trial took warfarin, and the doses were
adjusted to reach a target international normalized ratio (INR)
within the range of 2.0 to 2.5. Before PCI-DES, a loading dose
of 180 mg of ticagrelor or 300 mg of clopidogrel and 300 mg of
aspirin were administered. After PCI-DES, patients on Triple
group received clopidogrel 75 mg/day + aspirin 100 mg/day,
whereas patients in the Dual therapy group received ticagrelor
90 mg/bid. The use of proton pump inhibitors to reduce the
risk of bleeding was recommended but not mandatory. Follow-
ups were performed during routinely scheduled outpatient visits
at 1, 3, and 6 months and via telephone calls at 15 days and
7 months after randomization. After 6 months, the patients
were transitioned from their 2-trial interventions to receive
antiplatelet and anticoagulant therapy at the discretion of the
attending physician according to the local standard of care.

Outcomes and Endpoints
The primary endpoint of the study was the occurrence of
overall bleeding events (minimal, minor, and major) during the

first 6 months of follow-up. The secondary endpoint was the
occurrence of major bleeding events during the 6-month follow-
up. Bleeding events in the trial were assessed according to the
Thrombolysis in Myocardial Infarction (TIMI) bleeding criteria
(23-26): (1) Major: any intracranial bleeding; clinically overt
signs of hemorrhage associated with a drop in hemoglobin of
>5-g/dL or a >15% absolute decrease in hematocrit; and fatal
bleeding; (2) Minor: clinically overt signs (including imaging),
resulting in a hemoglobin drop of 3- to <5-g/dL or a >10%
decrease in hematocrit; no observed blood loss: >4 g/dL
decrease in the hemoglobin concentration or >12% decrease
in hematocrit; requiring medical attention: any overt sign of
hemorrhage that met one of the following criteria and did not
meet the criteria for a major or minor bleeding event, as defined
above; requiring intervention: medical treatment to stop or treat
bleeding, including changing the dose of the study drug; leading
to or prolonging hospitalization; and prompting evaluation
(unscheduled visit to a healthcare professional and diagnostic
testing); (3) Minimal: any overt bleeding event not meeting the
criteria above; any clinically overt sign of hemorrhage (including
imaging) associated with a <3-g/dL decrease in hemoglobin
concentration or <9% decrease in hematocrit.

Assessment of Cardiovascular Events
Cardiovascular events reported were re-PCI (percutaneous
coronary intervention) or surgical bypass, MI (myocardial
infarction), heart failure and rehospitalization due to angina
pectoris, stent thrombosis and death due to cardiovascular
causes, all of which were in accordance with the Academic
Research Consortium criteria. Standardized questions were used
to assess cardiovascular events, and the use of medications. A
committee of clinical events that was unaware of treatment
allocations adjudicated and verified all events that required
medical attention from the medical records of the referring
doctors and hospitals.

Statistical Analysis
Data management and statistical analyses were performed using
SAS software, version 9.4 (SAS Institute, USA).

Based on previous research mainly retrospective analysis at
the time, we anticipated a bleeding complication rate of 18% in
the dual ticagrelor therapy group and 30% in the clopidogrel plus
aspirin group at 6 months. The proportion of patients dropping
out of the treatment and the control groups was assumed to be
5%. The sample size was estimated at 296 subjects.

The primary and secondary endpoints were the first
occurrences of events. The primary analysis compared the time
from randomization to the first occurrence of any event in the
composite endpoint using the log-rank test.

The null and alternative hypotheses were the following.

HO: The distribution of the first occurrence of bleeding in the
2 groups is the same.

H1: The distribution of the first occurrence of bleeding in the
2 groups is not the same.

The hypotheses were tested at an overall significance level of 5%
(2 sided). Patients who failed to record any event at the primary
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composite efficacy endpoint were censored at the close of the
study (i.e., date of the end-of-treatment visit) or at the time of
the last available information, if not earlier. Kaplan-Meier and
Cox proportional hazard regression estimates of the cumulative
risk for the first occurrence of any event were calculated in the
2 groups. The hazard ratio and 95% confidence intervals (Cls)
are reported.

Role of the Funding Source

The sponsors of the study played no role in the entire process,
including the study design, data collection, and data analysis.
The corresponding author is fully responsible for the trial and
manuscript publishing.

RESULTS

Baseline Characteristics of Patients With

AF
From September 2014 to February 2019, a total of 296 patients
from 12 sites in China were enrolled. Totals of 148 and 146
AF patients were assigned to the ticagrelor therapy group (Dual
group) and clopidogrel plus aspirin (Triple group) therapy group,
respectively (Figure 1). After a follow-up period of 6 months for
both groups, the final collection of follow-up data occurred on
February 20, 2019. A total of 3 patients died during the study
period. The direct cause of death of a patient in the ticagrelor
therapy group was heart failure; One patient died of trauma
following a fall in Triple therapy group, and the other also in the
Triple group died of acute exacerbation of renal insufficiency.
The mean age of the patients in the trial was 69.39 years old.
In all, 65.54% of patients in the Dual therapy group and 62.33%
in the Triple therapy group were male. Clinical comorbidities,
including hypertension, diabetes, and history of stroke/TIA, and
the use of medication were comparable between the 2 groups
(Table 1). The average CHA,;DS,-VASc score was 3.41 in the
ticagrelor therapy group and 3.22 in the Triple therapy group.
The mean HAS-BLED scores were 2.01 in the ticagrelor therapy
group and 1.97 in the triple therapy group. The mean INR at
randomization was 2.08 in the ticagrelor therapy group and 2.13
in the Triple therapy group, respectively. Baseline procedural
characteristics were similar between the two groups, including
PCl-related vessels and periprocedural treatments, are shown in
Table 2.

Bleeding Events
After a 6-month follow-up, 54 patients (36.49%) in the ticagrelor
therapy group and 52 patients (35.62%) in the Triple group
experienced bleeding events. The time-to-first bleeding event
analysis revealed comparable bleeding rates between the 2 groups
[hazard ratio (HR), 0.930; 95% CI, 0.635 to 1.361; P = 0.7088]
(Figure 2A). Similarly, 7 (4.73%) patients in the ticagrelor
therapy group and 2 (1.37%) patients in the Triple group
experienced major bleeding events (HR, 0.273; 95% CI, 0.057 to
1.315; P = 0.1056) according to the TIMI bleeding classifications
(Figure 2B).

The majority of bleeding events in the trial were minor
bleeding events mainly concentrated in the nose (27.78 vs.

296 patients qualified and
Underwent randomization

v

v A 4

[149 patients assigned dual therapy ] [ 147 patients assigned triple therapy ]

1 didn’t meet inclusion 4 |
: criteria’
A 4 v
148 patients included in intention- 146 patients included in intention-
to-treat analysis

to-treat analysis

\ \ 4

121 completed trial

/ 126 completed trial
i 27 didn’t completed trial

20 didn’t completed trial
2 died
16 lost to follow up

1 died
22 lost to follow up

4 had other reasons \ 2 had other reasons

FIGURE 1 | Randomization and follow-up. *One patient in the ticagrelor
therapy group did not meet the inclusion criteria immediately after
randomization; #one patient in the Triple therapy group had no data reported.
Dual therapy: ticagrelor therapy group; Triple therapy: clopidogrel plus aspirin
group.

21.15%) and mouth (29.63 vs. 32.69%) in the ticagrelor therapy
and triple therapy groups (Table 3). We observed comparable
distributions and proportions of bleeding events between the 2
groups. The occurrence of multiple bleeding events especially
twice bleeding seems more frequently in the Triple therapy group
(36.54%) and it was 20.37% in the ticagrelor therapy group, but
showed no significant difference between the groups.

According to the data analysis and patients lost to follow-
up or other reasons, we obtained 247 patients for the per
protocol set (PPS). In the set, 48 of the 121 patients (39.67%)
in the ticagrelor therapy group experienced total bleeding events
compared with 46 of the 126 (36.51%) patients in the Triple
group, representing comparable bleeding rates between the
2 groups (HR, 0.889; 95% CI, 0.593 to 1.332; P = 0.5684)
(Figure 3A; Supplementary Table 2). Considering the secondary
endpoints in the PPS, 6 (4.96%) patients in the ticagrelor therapy
group experienced major bleeding events, whereas 2 (1.59%)
patients in the Triple therapy group experienced major bleeding
events. Time-to-event analysis showed no significant difference
(HR, 0.313; 95% CI, 0.063 to 1.552; P = 0.1550) (Figure 3A;
Supplementary Table 2) between the 2 groups.

Ischemic Events

Cardiovascular events, including re-PCI, surgical bypass, MI,
heart failure, rehospitalization due to angina pectoris, stent
thrombosis and death due to cardiovascular causes, at the end
of the 6-month follow-up are shown in Figure 4; Table 4. We
reported cardiovascular events in 27 (18.24%) patients in the

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 745549


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Luetal.

Antithrombotic Therapy in AF Subjects After PCI-DES

TABLE 1 | Characteristics of the patients at baseline.

Characteristics Ticagrelor/dual group Triple group (n = 146) P-value
(n = 148)
Age (years, mean + SD) 69.33 £+ 8.25 69.45 £ 7.65 0.8909
Sex (male), N 97 (65.54%) 91 (62.33%) 0.6274
BMI (kg/m?, mean + SD) 25.53+2.99 25.85+4.33 0.4608
Smoke, N 41 (27.70%) 27 (18.49%) 0.0611
Comorbidities
Diabetes 52 (35.14%) 41 (28.08%) 0.1935
Hypertension 111 (75.00%) 105 (71.92%) 0.5981
Hypercholesterolemia 4 (2.70%) 5 (3.42%) 0.7488
History of stroke/TIA 40 (27.03%) 30 (20.55%) 0.1922
NYHA(III-IV) 76 (51.35%) 68 (46.58%) 0.4127
Peripheral vascular diseases 4 (2.70%) 7 (4.79%) 0.3447
Medication
B-blocker 122 (82.43%) 113 (77.40%) 0.3099
Statin 132 (89.19%) 138 (94.52%) 0.1348
ACEI/ARB 93 (62.84%) 88 (60.27%) 0.7193
PPI 58 (39.19%) 61 (41.78%) 0.7216
Nitrates 70 (47.30%) 65 (44.52%) 0.6417
INR at randomization 2.08 +0.84 2.13+0.60 0.5698
CHA,DS,-VASC score 3.41 +1.56 3.22+£1.48 0.4364
HASBLED score 2.01 £1.09 197 £1.14 0.7104

Data are expressed as the mean + standard deviation and n (%). ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; INR,
International Normalized Ratio; NYHA, New York Heart Association classification grading of cardiac function; PPI, proton pump inhibitor; TIA, transient ischemic attack.

ticagrelor therapy group, whereas 24 (16.44%) patients in the
Triple group experienced these events (HR, 0.845; 95% CI, 0.488
to 1.465; P = 0.5484).

Furthermore, at the end of the 6-month follow-up in the PPS,
22 (18.18%) patients in the ticagrelor therapy group experienced
cardiovascular events compared to 20 events (15.87%) in the
Triple group. Time-to-event analysis showed no significant
difference (HR, 0.844; 95% CI, 0.461 to 1.547; P = 0.5836)
(Figure 5; Supplementary Table 3) between the 2 groups.

DISCUSSION

There are many issues surrounding antithrombotic treatment
of patients with AF undergoing PCI that remain unresolved.
Whether ticagrelor as a part of dual therapy would exhibit
favorable safety and efficacy is unknown. Some meta-analysis
suggested that the use of ticagrelor as part of dual or triple
antithrombotic therapy is associated with significantly higher
rates of clinically relevant hemorrhagic complications compared
with clopidogrel (27).

What's different is that our trial primarily confirmed the safety
of ticagrelor as a dual therapy regimen didn’t increasing bleeding
rates, especially total bleeding rates. We further found that most
of the total TIMI bleeding events were minimal and minor
events. This result indicates that ticagrelor, even with its potent
antithrombotic effect, did not increase the risk of fatal bleeding
after 6 months as dual therapy when combined with warfarin and
administered to AF patients after they underwent PCI-DES.

2019 AHA/ACC/HRS guidelines suggested that in patients
with AF at increased risk of stroke (based on CHA2 DS2 -VASc
risk score of 2 or greater) who have undergone PCI with stenting
for ACS, double therapy with a P2Y12 inhibitor (clopidogrel or
ticagrelor) and dose-adjusted vitamin K antagonist is reasonable
to reduce the risk of bleeding as compared with triple therapy
(3). Our results provide further evidence support and supplement
for the clinical application of dual therapy with different P2Y12
inhibitor. On the other hand our results are consistent with
and support the trends of using dual drug regimen in patients
with atrial fibrillation and PCI-DES, as recommended by recent
guidelines (12, 28, 29). In the “North American Perspective
2016-2021 Update” regarding antithrombotic treatment for these
patients, triple therapy was only recommended during the peri-
PCI period and dual therapy as soon as possible after hospital
discharge (30-32). In other words, our study suggests a possibility
that a slightly stronger dual antithrombotic with ticagrelor
therapy might be used immediately after PCI in AF patients,
instead of 1 week to 1 month of triple antithrombotic therapy.

The MANJUSRI trial showed that, among AF patients who
had undergone PCI-DES, the anticoagulation regimen warfarin
plus ticagrelor resulted in comparable total bleeding events
compared with Triple therapy. The difference in risk between
the ticagrelor therapy group and the Triple therapy group was
6.8% (0.87 percentage points) over ~6 months of treatment.
Compared to previously published trials, bleeding rates (33, 34)
in our trial appeared to be amplified. This might be attributed
to several factors, firstly, patients in triple group received a
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TABLE 2 | Baseline Procedural Characteristics.

Characteristics Dual therapy group

(n = 148)

Triple group (n = 146)

ACS patients
Radial artery

36 (24.33%)
145 (97.97%)
Number of drug-eluting stents

28 (19.18%)
142 (97.26%)

1 106 (71.62%) 98 (67.12%)
2 34 (22.97%) 37 (25.34%)
>3 8 (5.41%) 11 (7.53%)
PCl vessel

LM 1(0.61%) 9 (5.33%)

LAD 95 (57.93%) 90 (53.25%)
LCX 34 (20.73%) 34 (20.12%)
RCA 34 (20.73%) 36 (21.30%)

Periprocedural treatment
Continuation of OAC
Unfractionated heparin
Bridging with LMWH
GPllbllla

112 (29.79%)
140 (37.23%)
72 (19.15%)
52 (13.83%)

111 (31.09%)
129 (36.13%)
79 (22.12%)
38 (10.64%)

Data are expressed as n (%). ACS, acute coronary syndrome; GPIIblllla, glycoprotein libllla
receptor blocker; LAD, left anterior descending artery; LCX, left circumflex artery; LM, left
main coronary artery; LMWH, low-molecular-weight heparin; OAC, oral anticoagulation;
PCI, percutaneous coronary intervention; RCA, right coronary artery.

relatively longer time of Antithrombotic therapy, then nearly
one-third of the patients in our study used glycoprotein receptor
antagonists during the perioperative period and Glycoprotein
IIbIIIa receptor antagonists seemed to be used more frequently
in the trial of ticagrelor group.

The rates of major TIMI bleeding were higher in the ticagrelor
therapy group than in the Triple group, but the difference
was not statistically significant. The difference in risk between
the groups was 27.5% (3.36 percentage points), however in
our trial, we must consider the particularity of certain cases
themselves. In the ticagrelor therapy group, only 1 of 7 major
bleeding patients suffered from intracranial bleeding, and the
others all experienced gastrointestinal bleeding. However, it
is important to note that 2 of the patients who experienced
major bleeding were at high risk at the time of enrollment.
One patient had a HASBLED score >3, and the other patient
had an INR of 4.43. Another 3 patients specific situations
were similar to those of the 2 patients in the Triple group.
In conclusion, these findings suggest a relatively balanced risk
of bleeding in the prevention of thromboembolism, at least to
some extent, providing clinicians with one more regimen option
when considering a AF patient’s risk of bleeding and the risk of
thromboembolic events after PCI-DES.

The strategies for dual therapy with ticagrelor that we tested
incorporated two changes relative to the previous trials of
antithrombotic therapy. The first change is the incorporation
of ticagrelor as part of the dual therapy regimen for all
patients with AF just after PCI-DES. The proportion of patients
taking ticagrelor in our trial (every patient in the dual therapy
group took oral ticagrelor, so the usage rate was 100%) was

A
" = Dual therapy
50.0% <+ ‘Iriple therapy
E 40.0%
:—-_“ 30.0%
2 20.0%
S 100%
0.0%
0 50 100 150 200 250
B lime (days)
~+ Dual therapy
10.0%
=+ Triple therapy
£ 8.0%
é 6.0%
2 4.0%
S 20%
0.0%
0 50 100 150 200 250
lime (days)
FIGURE 2 | Endpoints, (A) Primary outcome for the incidence of total bleeding
(HR 0.930; 95% ClI, 0.635 to 1.361; P = 0.7088); (B) secondary outcome for
the incidence of major bleeding (HR, 0.273; 95% ClI, 0.057 to 1.315;
P = 0.1056) HR, hazard ratio. Dual therapy: ticagrelor therapy group; triple
therapy: clopidogrel plus aspirin group.

greater to that in the few other trials that have investigated
ticagrelor as part of the regimens in patients with atrial
fibrillation and PCI-DES (3-5.5% in the PIONEER trial; 7-
8% in ENTRUST trial) (15, 16). The second change refers
to the use of warfarin as the basic anticoagulant for the two
groups of patients, instead of NOVC. This change was mainly
based on economic reasons given that most Chinese patients
prefer warfarin due to its relatively lower price, and at the
time of enrollment, more than 90% of the patients were taking
warfarin once daily as antithrombotic therapy for AF (35,
36); Secondly, access to NOACs in China was possible only
after 2016.

There several limitations in the trial though we are the first
trial that systematically evaluated the safety of ticagrelor as part
of a dual antithrombotic regimen. First, the primary analyses
showed that the safety of ticagrelor was similar to that of Triple
therapy, and the result just reached a point of non-inferiority,
rather than superiority, as anticipated. This outcome might be
related to the potent antiplatelet effect of ticagrelor as discussed
(37), and longer duration of antithrombotic administration as
well as more additional antithrombotic administration during
perioperative period. Secondly, We did not compare the risk
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TABLE 3 | Bleeding Times and Specific Location of Bleeding in 2 Groups of
Patients; “Others” were cases in which the bleeding site could not be identified,
but were identified as bleeding by the research team due to Hb decrease.

Bleeding specific

Dual therapy group
(n = 148) primary events

Triple therapy group
(n = 146) Primary events

(n = 54) (n =52)
Bleeding times
1time 37 (68.52%) 30 (57.69%)
2 times 11 (20.37%) 19 (36.54%)
>3 times 6 (11.11%) 3(5.77%)
Bleeding location
Intracranial 1(1.85%) 0 (0%)
Eye 1(1.85%) 2 (3.85%)
Mouth 16 (29.63%) 17 (32.69%)
Gastrointestinal 4(7.41%) 2 (3.85%)
Nose 15 (27.78%) 11 (21.15%)
Respiratory tract 3 (56.56%) 2 (3.85%)
Urinary system 0 (0%) 2 (3.85%)
Skin hematoma 9 (16.67%) 9 (15.38%)
Other 5(9.26%) 8 (15.38%)
Data are expressed as n (%).
A
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4= Triple therapy
40.0%
% 30.0%
g
% 20.0%
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n
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FIGURE 3 | (A) Primary outcome for the incidence of total bleeding in PPS
(N = 247) (HR, 0.889; 95% Cl, 0.593 to 1.332; P = 0.5684); (B) Secondary
outcome for the incidence of major bleeding (HR, 0.313; 95% Cl, 0.063 to
1.652; P = 0.1550). HR, hazard ratio. Dual therapy: ticagrelor therapy group;
triple therapy: clopidogrel plus aspirin group.
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FIGURE 4 | Incidence of cardiovascular event outcomes of the 2 groups (HR,
0.845; 95% CI, 0.488 to 1.465; P = 0.5484). HR, hazard ratio. Dual therapy:
ticagrelor therapy group; triple therapy: clopidogrel plus aspirin group.

of bleeding between the two groups at 1 week and 1 month,
because current guidelines only recommend the shorter-term
triple antithrombotic therapy (6, 28, 29, 38). Thirdly, the rates
of primary endpoints of bleeding in this study were higher
than those in the previous trials on this topic; in addition to
over verified minor bleeding as discussed above, we suspected
that to some extent this outcome might be related to increased
variability in INR during the follow-up process and Asians being
prone to bleeding when treated with warfarin (39, 40). In the
end, the number of patients in our trial was relatively small
for various reasons, including research funding, thus restricting
the power of the study to detect worthwhile differences between
the two groups. In addition, the progress of the trial was
relatively slow due to physicians’ and patients’ concerns about
various issues, such as safety in subcenters during the first
year. However, though the trial did take us almost 5 years to
complete, the patients were not highly selected, all of the data
in the trial met the random requirements and the inclusion
and exclusion criteria, and the two groups of patients were
relatively homogenous.

CONCLUSION

Patients with AF undergoing PCI-DES treated with ticagrelor and
warfarin in this trial experienced an incidence of total bleeding
events that was comparable to those receiving a traditional triple
antithrombotic regimen consisting of clopidogrel, aspirin, and
warfarin. In this study we found that a dual antithrombotic
therapy with ticagrelor is associated with similar incidence of
bleeding and ischemic events as compared to a triple therapy
with clopidogrel among AF patients undergoing PCI, however,
we did not demonstrated dual therapy using ticagrelor reduced
bleeding events compared to triple therapy. Further studies are
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TABLE 4 | Specific description of cardiovascular events in 2 groups of patients.

Cardiovascular events

Dual therapy group
(n = 148) Cardiovascular
events (n = 27)

Triple therapy group
(n = 146) Cardiovascular
events (n = 24)

Re-PClI

Surgical bypass

Myocardial infarction

Heart failure

Rehospitalization due to angina pectoris
Stent thrombosis

Death due to cardiovascular causes
Others

3(11.11%) 2 (8.33%)
0 (0.0%) 0 (0.0%)
3(11.11%) 2 (8.33%)
3(11.11%) 4 (16.67%)
15 (55.55%) 15 (62.55%)
0(0.0%) 0(0.0%)
(3.70%) 1 (4.67%)
(7.40%) 2 (8.33%)

“Others” referred patients who were reported symptoms of chest tightness or chest pain or heart failure but refused to go to the hospital for further determination and were considered
by the study team to be compatible with cardiovascular events. Data are expressed as n (%). PCl, percutaneous coronary intervention.

~ Dual therapy
30.0% )

° <+ Triple therapy
25.0%
20.0%

15.0%

10.0%

Cumulative incidence of Event

5.0%

0.0%

0 50 100 150

Time (days)

200 250

FIGURE 5 | Incidence of cardiovascular event outcomes of the two groups
(PPS, N = 247) (HR, 0.844; 95% Cl, 0.461 to 1.547; P = 0.5836). HR, hazard
ratio. Dual therapy: ticagrelor therapy group; triple therapy: clopidogrel plus
aspirin group.

warranted to shed light on the potential benefit of implementing
a dual antithrombotic therapy with potent P2Y12 inhibitor in
this setting.
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Introduction: The effects of sodium-glucose cotransporter 2 inhibitors (SGLT2l) and
dipeptidyl peptidase-4 inhibitors (DPP4l) on new-onset cognitive dysfunction in type 2
diabetes mellitus remain unknown. This study aimed to evaluate the effects of the two
novel antidiabetic agents on cognitive dysfunction by comparing the rates of dementia
between SGLT2l and DPP4I users.

Methods: This was a population-based cohort study of type 2 diabetes mellitus
patients treated with SGLT2| and DPP4I between January 1, 2015 and December 31,
2019 in Hong Kong. Exclusion criteria were < 1-month exposure or exposure to both
medication classes, or prior diagnosis of dementia or major neurological/psychiatric
diseases. Primary outcomes were new-onset dementia, Alzheimer’s, and Parkinson’s.
Secondary outcomes were all-cause, cardiovascular, and cerebrovascular mortality.

Results: A total of 13,276 SGLT2| and 36,544 DPP4l users (total n = 51,460;
median age: 66.3 years old [interquartile range (IQR): 58-76], 55.65% men) were
studied (follow-up: 472 [120-792] days). After 1:2 matching (SGLT2l: n = 13,283;
DPP4l: n = 26,545), SGLT2I users had lower incidences of dementia (0.19 vs. 0.78%,
p < 0.0001), Alzheimer’s (0.01 vs. 0.1%, p = 0.0047), Parkinson’s disease (0.02
vs. 0.14%, p = 0.0006), all-cause (5.48 vs. 12.69%, p < 0.0001), cerebrovascular
(0.88 vs. 3.88%, p < 0.0001), and cardiovascular mortality (0.49 vs. 3.75%, p <
0.0001). Cox regression showed that SGLT2| use was associated with lower risks of
dementia (hazard ratio [HR]: 0.41, 95% confidence interval [Cl]: [0.27-0.61], P < 0.0001),
Parkinson’s (HR:0.28, 95% CI: [0.09-0.91], P = 0.0349), all-cause (HR:0.84, 95% CI:
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Mui et al.

SGLT2 Inhibitor vs. DPP4 Inhibitor for Dementia

[0.77-0.91], P < 0.0001), cardiovascular (HR:0.64, 95% CI: [0.49-0.85], P = 0.0017),
and cerebrovascular (HR:0.36, 95% CI: [0.3-0.43], P < 0.0001) mortality.

Conclusions: The use of SGLT2I is associated with lower risks of dementia, Parkinson’s
disease, and cerebrovascular mortality compared with DPP4l use after 1:2 ratio

propensity score matching.

Keywords: SGLT2, SGLT2 (sodium-glucose cotransporter 2) inhibitor, DPP4, DPP4 inhibitor, dementia, cognitive
dysfunction, Alzheimer’s disease, Parkinson’s disease

INTRODUCTION

Type-2 diabetes mellitus is a complex multi-systemic disorder
with  wide-ranging complications affecting the retinal,
cardiovascular, renal, and peripheral nervous systems (1-
5). Increasingly, cognitive dysfunction is being recognized
as a clinically important complication of type-2 diabetes (6).
Diabetic patients are associated with a 1.5-fold increased
risk of cognitive dysfunction, 1.9-fold increased risk of
dementia, and 2.2-fold increased risk of stroke (7-9).
While the underlying pathophysiology is still unclear, several
mechanisms have been proposed including insulin resistance,
hypoglycemia, hyperglycemia-induced cerebral microvascular
and macrovascular dysfunction, as well as amyloid deposition
(10, 11). It is highly likely that the cognitive dysfunction is
multifactorial and caused by a combination of these mechanisms
specific to the demographic and comorbidities of the patient.

Several studies have suggested that improved glycemic
control, reduced HbAlc levels, and use of anti-diabetic
medication are associated with a reduced risk of cognitive
dysfunction (12-15). This has consequently raised the prospect
of anti-diabetic agents reducing cognitive dysfunction in
type 2 diabetes patients. Of interest are novel second-line
anti-diabetic agents including sodium-glucose cotransporter
2 inhibitors (SGLT2I) and dipeptidyl peptidase-4 inhibitors.
Multiple preclinical studies have suggested that DPP4I and
SGLT2I improve cognition in animal models via a variety of
mechanisms (16-20). However, few clinical studies have explored
SGLT2I and DPP4I in their effects on cognitive dysfunction in
diabetic patients. A randomized controlled trial in 2018 found no
cognitive decline in SGLT2I and DPP4I users within 12 months
while a case-control study in 2019 found that DPP4I and SGLT2I
use are associated with a lower risk of dementia compared with
other anti-diabetic agents (21, 22). Until recent times, no study
has directly compared the risk of cognitive dysfunction and major
neurocognitive disorders among SGLT2I and DPP4I users.

Therefore, the present study aimed to compare the incidence
of dementia in SGLT2 users against DPP4I users in a Chinese
population to evaluate the effects of the two novel antidiabetic
agents on cognitive dysfunction.

METHODS
Study Design and Population

This was a retrospective, territory-wide cohort study of type-
2 diabetes mellitus patients with SGLT2I/DPP4I use between

January 1, 2015, and December 31, 2019 in Hong Kong
(Figure 1). Patients during the aforementioned period were
enrolled and followed up until December 31, 2019, or until
death. Patients with <1 month SGLT2I/DPP4I exposure (N =
3,225), with both SGLT2I and DPP4I therapy (N = 15,276), or
with a prior diagnosis of all-cause dementia, Alzheimer’s disease,
dementia with Lewy bodies, vascular dementia, frontotemporal
dementia, or other major neurological/psychiatric diseases (N =
2,785) were excluded.

The patients were identified from the Clinical Data Analysis
and Reporting System (CDARS), a city-wide database that
centralizes patient information from individual local hospitals
to establish comprehensive medical data, including clinical
characteristics, disease diagnosis, laboratory results, and drug
treatment details. The system has been previously used by
both our team and other teams in Hong Kong (23-25).
Clinical and biochemical data were extracted for the present
study. The demographics of the patients include gender and
age of initial drug use (baseline). Prior comorbidities were
extracted based on standard International Classification of
Diseases Ninth Edition (ICD-9) codes (Supplementary Table 1).
The Charlson comorbidity index and neutrophil-to-lymphocyte
ratio (NLR) were calculated. Mortality was recorded using the
International Classification of Diseases Tenth Edition (ICD-10)
coding. ICD-10 codes 100-109, 111, 113, 120-I51 were used to
identify cardiovascular mortality outcomes. ICD-10 codes 160-
169 identified cerebrovascular mortality. Medication histories
and baseline laboratory examinations were extracted. Mortality
data were obtained from the Hong Kong Death Registry, a
population-based official government registry with the registered
death records of all Hong Kong citizens linked to CDARS.

Outcomes and Statistical Analysis

The primary outcomes were new-onset dementia, new-onset
Alzheimer’s disease, and new-onset Parkinson’s disease. The
secondary outcomes were all-cause mortality, cardiovascular
mortality, and cerebrovascular mortality. Descriptive statistics
were used to summarize baseline clinical and biochemical
characteristics of patients with SGLT2I and DPP4I use. For
baseline clinical characteristics, the continuous variables were
presented as median (95% confidence interval [CI]/interquartile
range [IQR]) and the categorical variables were presented as
total number (percentage). Continuous variables were compared
using the two-tailed Mann-Whitney U test, while the two-
tailed Chi-square test with Yates’ correction was used to
test 2 x 2 contingency data. Propensity score matching
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72746 type-2 diabetes patients with DPP41/SGLT2I drug
exposure from January 1%, 2015 to December 31%, 2019

3225 patients with less than one month exposure
18061 patients being excluded:

with both DPP4I and SGLT2I use (N=15276)

with prior diagnosis of all-cause dementia, Alzheimer,
dementia with lewy bodies/parkinsonism, vascular/
frontotemporal dementia or other major neurological/psychiatric
diseases (N=2785)

v

Included cohort (N=51460)

With all-cause mortality: N=5687 (IR: 11.41%);
Cardiovascular mortality: N=833 (IR: 1.67%);
Cerebrovascular mortality: N=217 (IR: 0.43%);
New onset dementia: N=724 (IR: 1.45%);

New onset Alzheimer: N=107 (IR: 0.21%);
New onset Parkinson: N=77 (IR: 0.15%)
Including: 13276 SGLT2I users and 36544 DPP4I users.

.

Propensity score matching with 1:2 ratio for SGLT2I v.s. DPP4I on
demographics, Charlson standard comorbidity index, non-SGLT2I/
DPP4I medications, baseline fast glucose and HbA1c tests.

]

Matched control cohort (N=39849)

With all-cause mortality: N=5687 (IR: 11.41%)
Cardiovascular mortality: N=833 (IR: 1.67%)
Cerebrovascular mortality: N=217 (IR: 0.43%)
New onset dementia: N=724 (IR: 1.45%)

New onset Alzheimer: N=107 (IR: 0.21%)
New onset Parkinson: N=77 (IR: 0.15%)
Including:
13276 SGLT2I users and 13276 DPP4I users.

FIGURE 1 | Procedures of data processing for the study cohort.
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TABLE 1 | Baseline and clinical characteristics of patients with DPP4I vs. SGLT2I uses before and after propensity score matching (1:2).

Characteristics Before matching P-value After matching P-value
All (N = 39828) SGLT2I users DPP4l (users All (N = 49830) SGLT2I users DPP4l users
Median (IQR); (N = 13276) N = 36554) Median (IQR); (N = 13283) (N = 26545)
N or Count(%) Median (IQR); Median (IQR); N or Count(%) Median (IQR); Median (IQR);
N or Count(%) N or Count(%) N or Count(%) N or Count(%)
Adverse events
All-cause mortality 5,687 (11.41%) 695 (5.23%) 4,992 (13.65%) <0.0001*** 5,687 (11.41%) 729 (5.48%) 3,371 (12.69%) <0.0001***
Cardiovascular mortality 833 (1.67%) 108 (0.81%) 725 (1.98%) <0.0001*** 833 (1.67%) 66 (0.49%) 998 (3.75%) <0.0001***
Cerebrovascular mortality 217 (0.43%) 18 (0.13%) 199 (0.54%) <0.0001*** 217 (0.43%) 117 (0.88%) 1,030 (3.88%) <0.0001**
New onset dementia 724 (1.45%) 72 (0.54%) 652 (1.78%) <0.0001*** 724 (1.45%) 26 (0.19%) 208 (0.78%) <0.0001***
New onset Alzheimer’s 107 (0.21%) 12 (0.09%) 95 (0.25%) 0.0005*** 107 (0.21%) 2 (0.01%) 27 (0.10%) 0.0047**
New onset Parkinson’s 77 (0.15%) 10 (0.07%) 67 (0.18%) 0.0099** 77 (0.15%) 3(0.02%) 39 (0.14%) 0.0006***
Demographics
Male gender 27,734 (55.65%) 8,229 (61.98%) 19,505 (53.35%) <0.0001*** 27,734 (55.65%) 8,194 (61.68%) 15,714 (59.19%) 0.0175*
Female gender 22,096 (44.34%) 5,047 (38.01%) 17,049 (46.64%) <0.0001*** 22,096 (44.34%) 5,089 (38.31%) 10,831 (40.80%) 0.0017**
Baseline age, year 66.27 61.17 68.38 <0.0001*** 66.27 61.18 62.08 <0.0001**
(58.08-75.59); (563.89-68.42); (59.92-77.97); (568.08-75.59); (563.9-68.22); (54.14-69.68);
n = 49,830 n=13,276 n = 36,554 n = 49,830 n=13,283 n = 26,545
<40 1,161 (2.32%) 658 (4.95%) 503 (1.37%) <0.0001*** 1,161 (2.32%) 658 (4.95%) 1,304 (4.91%) 0.8837
[40, 50] 3,480 (6.98%) 1,553 (11.69%) 1,927 (5.27%) <0.0001*** 3,480 (6.98%) 1,552 (11.68%) 3,069 (11.56%) 0.7611
[50-60] 10,637 (21.34%) 3,831 (28.85%) 6,806 (18.61%) <0.0001*** 10,637 (21.34%) 3,829 (28.82%) 6,963 (26.23%) <0.0001***
[60-70] 15,373 (30.85%) 4,495 (33.85%) 10,878 (29.75%) <0.0001*** 15,373 (30.85%) 4,579 (34.47%) 8,787 (33.10%) 0.0559
[70-80] 10,969 (22.01%) 1,979 (14.90%) 8,990 (24.59%) <0.0001*** 10,969 (22.01%) 1,965 (14.79%) 4,984 (18.77%) <0.0001***
>80 8,210 (16.47%) 760 (5.72%) 7,450 (20.38%) <0.0001*** 8,210 (16.47%) 700 (5.26%) 1,438 (5.41%) 0.5759
Charlson score 2.0 (1.0-3.0); 2.0 (1.0-3.0); 3.0 (2.0-4.0); <0.0001*** 2.0(1.0-3.0); 2.0 (1.0-3.0); 2.0 (1.0-3.0); <0.0001**
n = 49,830 n=13,276 n = 36,554 n = 49,830 n=13,283 n = 26,545
NLR 2.39 (1.75-3.54); 2.17 (1.64-3.0); 2.5(1.81-3.77); <0.0001*** 2.39 (1.75-3.54); 2.1 4(1.62-2.95); 2.13 (1.33-3.56); 0.9764
n=19,776 n = 5,560 n=14,216 n=19,776 n = 5,697 n=10,176
Past comorbidities
Hypertension 11,993 (24.06%) 3,075 (23.16%) 8,918 (24.39%) 0.0262* 11,993 (24.06%) 3,036 (22.85%) 4,884 (18.39%) <0.0001**
Heart failure 850 (1.70%) 208 (1.56%) 642 (1.75%) 0.167 850 (1.70%) 204 (1.53%) 253 (0.95%) <0.0001***
Renal diseases 2,998 (6.01%) 193 (1.45%) 2,805 (7.67%) <0.0001*** 2,998 (6.01%) 178 (1.34%) 712 (2.68%) <0.0001***
Liver diseases 351 (0.70%) 53 (0.39%) 298 (0.81%) <0.0001*** 351 (0.70%) 53 (0.39%) 114 (0.42%) 0.7193
Stroke/TIA 1,539 (3.08%) 390 (2.93%) 1,149 (3.14%) 0.2676 1,539 (3.08%) 385 (2.89%) 617 (2.32%) 0.0009***
Gastrointestinal bleeding 969 (1.94%) 204 (1.53%) 765 (2.09%) 0.0001*** 969 (1.94%) 205 (1.54%) 313 (1.17%) 0.0033**
History of falls 3,405 (6.83%) 644 (4.85%) 2,761 (7.55%) <0.0001*** 3,405 (6.83%) 627 (4.72%) 1,134 (4.27%) 0.0529
Pneumonia and influenza 1,201 (2.41%) 156 (1.17%) 1,045 (2.85%) <0.0001*** 1,201 (2.41%) 143 (1.07%) 387 (1.45%) 0.0023**
Endocrine 1,047 (2.10%) 219 (1.64%) 828 (2.26%) <0.0001** 1,047 (2.10%) 216 (1.62%) 416 (1.56%) 0.6931
Atrial fibrillation 2,139 (4.29%) 383 (2.88%) 1,756 (4.80%) <0.0001*** 2,139 (4.29%) 372 (2.80%) 1,323 (4.98%) <0.0001***
Ischemic heart disease 5,355(10.74%) 1,811 (13.64%) 3,544 (9.69%) <0.0001*** 5,355(10.74%) 1,787 (13.45%) 2,339 (8.81%) <0.0001**
(Continued)
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TABLE 1 | Continued

Characteristics Before matching P-value After matching P-value
All (N = 39828) SGLT2I users DPP4lI (users All (N = 49830) SGLT2I users DPP4l users
Median (IQR); (N = 13276) N = 36554) Median (IQR); (N = 13283) (N = 26545)
N or Count(%) Median (IQR); Median (IQR); N or Count(%) Median (IQR); Median (IQR);
N or Count(%) N or Count(%) N or Count(%) N or Count(%)
Peripheral vascular disease 556 (1.11%) 86 (0.64%) 470 (1.28%) <0.0001*** 556 (1.11%) 82 (0.61%) 232 (0.87%) 0.0080**
Malignancy 1,380 (2.76%) 241 (1.81%) 1,139 (3.11%) <0.0001*** 1,380 (2.76%) 238 (1.79%) 278 (1.04%) <0.0001***
Metastatic solid tumor 399 (0.80%) 42 (0.31%) 357 (0.97%) <0.0001*** 399 (0.80%) 42 (0.31%) 73(0.27%) 0.5345
Medications
SGLT2I vs. DPP4I 13,276 (26.64%) 13,276 (100.00%) 0 (0.00%) <0.0001*** 13,276 (26.64%) 13,283 (100.00%) 0 (0.00%) <0.0001***
Beta blockers 1,547 (3.10%) 1,544 (11.63%) 3(0.00%) <0.0001*** 1,547 (3.10%) 1,633 (12.29%) 2,557 (9.63%) <0.0001**
Diuretics 1,378 (2.76%) 1,373 (10.34%) 5(0.01%) <0.0001*** 1,378 (2.76%) 1,372 (10.32%) 699 (2.63%) <0.0001**
Anticoagulants 49,566 (99.47%) 13,271 (99.96%) 36,295 (99.29%) 0.6437 49,566 (99.47%) 13,278 (99.96%) 26,535 (99.96%) 0.994
Antiplatelets 3,331 (6.68%) 3,320 (25.00%) 11 (0.03%) <0.0001*** 3,331 (6.68%) 3,408 (25.65%) 1,650 (6.21%) <0.0001***
Antihypertensive drugs 1,007 (2.02%) 1,005 (7.57%) 2 (0.00%) <0.0001*** 1,007 (2.02%) 1,005 (7.56%) 2 (0.00%) <0.0001***
Lipid—lowering drugs 7,394 (14.83%) 7,379 (55.58%) 15 (0.04%) <0.0001*** 7,394(14.83%) 7,467 (56.21%) 2,568 (9.67%) <0.0001***
Statins and fibrates 7,226 (14.50%) 2,954 (22.25%) 4,272 (11.68%) <0.0001*** 7,226(14.50%) 2,932 (22.07%) 4,816 (18.14%) <0.0001***
Non-steroidal anti-inflammatory drugs 3,152 (6.32%) 3,141(23.65%) 11 (0.03%) <0.0001*** 3,152 (6.32%) 3,229 (24.30%) 1,650 (6.21%) <0.0001***
Other antidiabetic drugs 45,436 (91.18%) 11,341 (85.42%) 34,095 (93.27%) <0.0001*** 45,436(91.18%) 11,350 (85.44%) 22,735 (85.64%) 0.8878
Complete blood counts
Mean corpuscular volume, fL 88.5 (85.0-91.7); 88.3 (84.9-91.3); 88.7 (85.0-91.9); <0.0001*** 88.5 (85.0-91.7); 88.3 (84.9-91.3); 89.6 (85.8-91.3); <0.0001***
n=24,270 n = 6,939 n=17,331 n = 24,270 n = 6,967 n= 12,055
Basophil, x 10"9/L 0.02 (0.0-0.05); 0.03 (0.0-0.08); 0.02 (0.0-0.05); 0.5161 0.02 (0.0-0.05); 0.02 (0.0-0.05); 0.03 (0.0-0.086); <0.0001***
n=17,555 n = 4,496 n=13,059 n=17,555 n=4,538 n = 9,599
Eosinophil, x 10"9/L 0.19 (0.1-0.3); 0.2 (0.1-0.3); 0.18 (0.1-0.3); 0.0061** 0.1 9(0.1-0.3); 0.2 (0.1-0.3); 0.2 (0.1-0.22); 0.23
n=19,755 n=5,558 n=14,197 n=19,755 n=5,595 n=10,166
Lymphocyte, x 10"9/L 1.9 (1.4-2.4); 2.06 (1.6-2.58); 1.81 (1.36-2.33); <0.0001*** 1.9 (1.4-2.4); 1(1.63-2.56); 1(1.46-2.6); 0.026*
n=19,776 n = 5,560 n=14,216 n=19,776 n = 5,597 n=10,176
Monocyte, x 10"9/L 0.5 (0.38-0.6); 0.5 (0.4-0.6); 0.5 (0.37-0.6); 0.001** 0.5 (0.38-0.6); 0.5 (0.4-0.6); 0.5 (0.4-0.62); <0.0001***
n=19,776 n = 5,560 n=14,216 n=19,776 n = 5,597 n=10,176
Neutrophil, x 10"°9/L 4.65 (3.67-6.08); 4.54 (3.61-5.86); 4.7 (3.69-6.18); <0.0001*** 4.65 (3.67-6.08); 4.5 (3.6-5.8); 4.4 (3.5-6.22); 0.307
n=19,776 n = 5,560 n=14216 n=19,776 n = 5,597 n=10,176
White blood count, x 10"9/L 7.48 (6.2-9.0); 7.5 (6.3-9.0); 7.43 (6.2-9.0); 0.0491* 7.48 (6.2-9.0); 7.5 (6.3-9.0); 7.71 (6.58-9.2); <0.0001***
n=24,278 n = 6,946 n=17,332 n=24,278 n==6,974 n=12,054
Mean cell haemoglobin, pg 29.9 (28.5-31.0); 29.8 (28.5-30.9); 29.9 (28.5-31.1); 0.0003*** 29.9 (28.5-31.0); 29.8 (28.5-30.9); 30.2 (28.9-31.1); <0.0001***
n=24,270 n = 6,939 n=17,331 n=24270 n=6,967 n=12,055
Platelet, x 10"9/L 231.0 235.0 228.0 <0.0001*** 231.0 236.0 238.0 0.0778
(190.0-277.0); (197.0-280.0); (188.0-276.0); (190.0-277.0); (197.0-279.0); (207.0-267.0);
n=24,279 n = 6,946 n=17,333 n=24,279 n==6,974 n=12,054
Red blood count, x 10"12/L 4.46 (4.03-4.88); 4.7 (4.36-5.07); 4.36 (3.9-4.78); <0.0001*** 4.46 (4.03-4.88); 4.7 (4.35-5.07); 4.35 (4.17-4.85); <0.0001***
n=24,270 n = 6,939 n=17,331 n=24270 n=6,967 n=12,055
(Continued)
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TABLE 1 | Continued

Characteristics Before matching P-value After matching P-value
All (N = 39828) SGLT2I users DPP4lI (users All (N = 49830) SGLT2I users DPP4l users
Median (IQR); (N = 13276) N = 36554) Median (IQR); (N = 13283) (N = 26545)
N or Count(%) Median (IQR); Median (IQR); N or Count(%) Median (IQR); Median (IQR);
N or Count(%) N or Count(%) N or Count(%) N or Count(%)
Liver and renal biochemical tests
K/Potassium, mmol/L 4.3 (4.0-4.6); 4.28 (4.0-4.51); 4.31 (4.01-4.7); <0.0001*** 4.3 (4.0-4.6); 4.3 (4.0-4.55); 4.3 (4.0-4.7); <0.0001***
n = 40,605 n=10,416 n=230,189 n = 40,605 n=10,429 n=20,235
Urate, mmol/L 0.4 (0.32-0.48); 0.37 (0.3-0.44); 0.41 (0.34-0.49); <0.0001*** 0.4 (0.32-0.48); 0.37 (0.3-0.44); 0.4 (0.33-0.49); <0.0001***
n==6,169 n=1,953 n=4216 n=26,169 n=1,943 n=2,394
Albumin, g/L 42.0(39.4-44.0); 43.0 (41.0-45.0); 41.8 (39.0-44.0); <0.0001*** 42.0 (39.4-44.0); 43.0 (40.9-45.0); 41.26 (38.1-44.0); <0.0001"**
n =30, 323 n=_8,761 n=21562 n = 30,323 n=28,786 n=14,994
Na/Sodium, mmol/L 139.8(138.0- 139.9 139.78 0.0007*** 139.8 139.86 139.0 <0.0001***
141.0); n = 40, (138.0-141.0); (138.0-141.0); (138.0-141.0); (138.0-141.0); (137.8-141.0);
626 n=10,420 n = 30,206 n = 40,626 n = 10,433 n = 20,241
Urea, mmol/L 5.9 (4.7-7.7); 5.4 (4.5-6.59); 6.16 (4.8-8.26); <0.0001** 5.9 (4.7-7.7); 5.4 (4.44-6.51); 5.7 (4.43-7.2); <0.0001**
n=40,610 n=10,411 n = 30,199 n = 40,610 n=10,424 n = 20,241
Protein, g/L 74.0 (70.2-77.1); 74.7 (71.1-78.0); 73.7 (70.0-77.0); <0.0001*** 74.0 (70.2-77.1); 74.6 (71.0-78.0); 73.4 (69.0-77.9); <0.0001***
n = 28,453 n=282313 n = 20,140 n = 28,453 n = 8,340 n=14,208
Creatinine, umol/L 82.0 (67.0-108.0); 76.0 (64.0-90.0); 86.0 (68.5-117.4); <0.0001*** 82.0 (67.0-108.0); 75.0 (64.0-89.2); 78.0 (65.0-99.0); <0.0001***
n = 40,731 n=10,428 n = 30,303 n=40,731 n = 10,441 n = 20,308
Alkaline phosphatase, U/L 72.0 (59.0-88.0); 70.0 (568.0-85.1); 73.0 (60.0-89.0); <0.0001*** 72.0 (569.0-88.0); 70.0 (568.0-86.0); 71.0 (69.0-91.0); <0.0001***
n = 30,432 n=_8,761 n=21,671 n = 30,432 n=28,786 n=15,083
Aspartate transaminase, U/L 21.0 (16.0-29.0); 22.0 (17.0-30.25); 21.0 (15.0-28.0); <0.0001*** 21.0 (16.0-29.0); 21.1 (16.0-30.0); 19.0 (14.0-30.0); <0.0001***
n=282137 n=2,326 n=>5,811 n=28,137 n=2,382 n = 5,846
Alanine transaminase, U/L 22.0 (15.0-33.0); 26.0 (18.0-39.0); 20.0 (14.0-30.0); <0.0001*** 22.0 (15.0-33.0); 26.0 (18.0-39.0); 238.0 (17.0-32.0); <0.0001***
n = 24,264 n=6,993 n=17,271 n = 24,264 n=7,030 n = 11,850
Bilirubin, umol/L 10.0 (7.4-13.5); 10.2 (7.8-13.7); 10.0 (7.2-13.4); <0.0001*** 10.0 (7.4-13.5); 10.3 (7.8-13.9); 10.7 (8.0-15.0); <0.00071***
n = 30,260 n=_8,741 n=21519 n = 30,260 n=8,766 n = 14,969
Glycemic and lipid profiles
Triglyceride, mmol/L 1.38 (0.97-2.0); 1.42 (1.0-2.09); 1.35 (0.96-1.98); <0.0001*** 1.38 (0.97-2.0); 1.44 (1.01-2.1); 1.4 (1.0-2.19); 0.0222¢
n=38,215 n=9,949 n = 28,266 n=38,215 n=9,973 n=18,675
Total cholesterol, mmol/L 4.08 (3.45-4.73); 4.14 (3.53-4.84); 4.05 (3.41-4.7); <0.0001*** 4.08 (3.45-4.73); 4.16 (3.53-4.87); 4.14 (3.41-4.94); <0.0001***
n = 38,246 n = 9,956 n = 28,290 n = 38,246 n=9,980 n = 18,691
Low—density lipoprotein (LDL), mmol/L 2.27 (1.83-2.79); 2.27 (1.83-2.85); 2.27 (1.84-2.76); 0.0879 2.27 (1.83-2.79); 2.28(1.83-2.86); 2.36 (1.86-2.86); 0.0004***
n = 34,071 n=29174 n = 24,897 n = 34,071 n=9,206 n= 16,683
High—density lipoprotein (LDL), mmol/L 1.14 (0.97-1.36); 1.13 (0.97-1.34); 1.14 (0.97-1.37); 0.0006*** 1.14 (0.97-1.36); 1.13(0.97-1.33); 1.12(0.94-1.3); <0.0001***
n = 34,635 n=9,344 n = 25,291 n = 34,635 n=9,375 n=17,006
Fast glucose, mmol/L 7.9 (6.5-9.79); 8.0 (6.6-10.16); 7.89 (6.5-9.66); <0.0001*** 7.9 (6.5-9.79); 8.01 (6.6-10.24); 8.3 (6.71-10.9); <0.0001***
n = 34,961 n=28,745 n=26216 n = 34,961 n=28,769 n=17,192
HbA1C, g/dL 12.6 (10.5-14.0); 13.5 (11.8-14.6); 12.3 (10.1-13.7); <0.0001*** 12.6 (10.5-14.0); 13.5 (11.9-14.6); 13.0 (11.4-13.8); <0.0001***
n=24,738 n=7,032 n=17,706 n=24,738 n=7,059 n=12,259

*p < 0.05, **p < 0.01, **p < 0.001;, SGLT2I, Sodium-glucose cotransporter—2 inhibitors; DPP4l, Dipeptidyl peptidase—4 inhibitors; NLR, neutrophil-to—lymphocyte ratio; TIA, transient ischemic attack.
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TABLE 2 | Baseline and clinical characteristics of patients with new-onset dementia, Alzheimer’s, and Parkinson’s before and after propensity score matching (1:2).

Characteristics Before matching P-value After matching P-value
New onset New onset New onset New onset New onset New onset
dementia Alzheimer’s Parkinson’s dementia Alzheimer’s Parkinson’s
(N = 724) Median (N = 107) Median (N = 77) Median (N = 234) Median (N = 29) Median (N = 42) Median
(IQR); N or Count (IQR); N or Count (IQR); N or Count (IQR); N or Count (IQR); N or Count (IQR); N or Count
(%) (%) (%) (%) (%) (%)

Demographics 131 (55.98%) 12 (41.37%) 30 (71.42%) 0.5571 298 (41.16%) 36 (33.64%) 45 (568.44%) <0.0001***
Male gender
Female gender 103 (44.01%) 17 (68.62%) 12 (28.57%) 0.4487 426 (58.83%) 71 (66.35%) 32 (41.55%) <0.0001***
Baseline age, year 78.97 (68.6-84.2); 84.19 71.36 <0.0001*** 81.72 83.68 77.29 <0.0001***

n=234 (77.67-87.79); (63.64-77.66); (76.01-86.58); (79.4-87.18); (69.59-83.04);

n=29 n=42 n=724 n=107 n=77

<40 0 (0.00%) 0 (0.00%) 0 (0.00%) 0.0012** 0 (0.00%) 0 (0.00%) 0 (0.00%) <0.0001***
[40, 50] 3 (1.28%) 0 (0.00%) 0 (0.00%) <0.0001*** 1(0.13%) 0 (0.00%) 0 (0.00%) <0.0001**
[50-60] 11 (4.70%) 0 (0.00%) 7 (16.66%) <0.0001*** 13 (1.79%) 0 (0.00%) 5 (6.49%) <0.0001**
[60-70] 55 (23.50%) 3(10.34%) 13 (30.95%) 0.0199* 80 (11.04%) 4 (3.73%) 15 (19.48%) <0.0001***
[70-80] 65 (27.77%) 8 (27.58%) 15 (35.71%) 0.0011** 202 (27.90%) 29 (27.10%) 27 (35.06%) 0.0030**
>80 100 (42.73%) 18 (62.06%) 7 (16.66%) <0.0001*** 428 (59.11%) 74 (69.15%) 30 (38.96%) <0.0001***
Charlson score 4.0 (3.0-4.0); 4.0 (3.0-4.0); 3.0 (2.0-3.0); <0.0001*** 4.0 (3.0-4.0); 4.0 (4.0-4.0); 3.0 (3.0-4.0); <0.0001***

n =234 n=29 n =42 n=724 n=107 n=77
NLR 3.1 (1.92-4.97); 3.6 (1.87-7.99); 5.69 (2.18-14.2); <0.0001*** 3.08 (2.13-4.81); 3.11 (2.33-5.55); 3.23 (2.25-5.55); <0.0001**

n =108 n=12 n=19 n =362 n=44 n =233
Past comorbidities
Hypertension 76 (32.47%) 7 (24.13%) 13 (30.95%) 0.0002*** 259 (35.77%) 26 (24.29%) 22 (28.57%) <0.0001***
Heart failure 5(2.13%) 1(3.44%) 0 (0.00%) 0.2732 26 (3.59%) 3 (2.80%) 1(1.29%) 0.0002***
Renal diseases 15 (6.41%) 2 (6.89%) 2 (4.76%) <0.0001*** 65 (8.97%) 7 (6.54%) 4 (5.19%) 0.0022**
Liver diseases 0 (0.00%) 0 (0.00%) 1(2.38%) 0.6276 3(0.41%) 0 (0.00%) 1(1.29%) 0.4774
Stroke/TIA 11 (4.70%) 0 (0.00%) 0 (0.00%) 0.0631 39 (5.38%) 5 (4.67%) 1(1.29%) 0.0008***
Gastrointestinal bleeding 9 (3.84%) 0 (0.00%) 2 (4.76%) 0.0021** 28 (3.86%) 4 (3.73%) 3 (3.89%) 0.0004***
History of falls 38 (16.23%) 4 (13.79%) 5 (11.90%) <0.0001*** 135 (18.64%) 20 (18.69%) 12 (15.58%) <0.0001***
Pneumonia and influenza 16 (6.83%) 5(17.24%) 2 (4.76%) <0.0001** 51 (7.04%) 7 (6.54%) 4 (5.19%) <0.0001***
Endocrine 6 (2.56%) 2 (6.89%) 3(7.14%) 0.3606 22 (3.03%) 4 (3.73%) 1(1.29%) 0.1102
Atrial fibrillation 12 (5.12%) 1(3.44%) 0 (0.00%) 0.6375 48 (6.62%) 4 (3.73%) 0 (0.00%) 0.0041**
Ischemic heart disease 31 (13.24%) 4 (18.79%) 1(2.38%) 0.2348 92 (12.70%) 13 (12.14%) 5 (6.49%) 0.1422
Peripheral vascular disease 1(0.42%) 0 (0.00%) 0 (0.00%) 0.8017 12 (1.65%) 1(0.93%) 2 (2.59%) 0.2298
Malignancy 8 (3.41%) 0 (0.00%) 0 (0.00%) 0.0115* 15 (2.07%) 1(0.93%) 1(1.29%) 0.3124
Metastatic solid tumor 2(0.85%) 0 (0.00%) 0 (0.00%) 0.3174 3(0.41%) 0 (0.00%) 1(1.29%) 0.3384
Medications
SGLT2I vs. DPP4| 26 (11.11%) 2 (6.89%) 3 (7.14%) <0.0001*** 72 (9.94%) 12 (11.21%) 10 (12.98%) <0.0001***
Beta blockers 1(0.42%) 0 (0.00%) 0 (0.00%) <0.0001*** 1(0.13%) 0 (0.00%) 0 (0.00%) <0.0001***

(Continued)

81

RERERI

efljuswieq 10} JoNqIyul ydda "sA J0Nqiyul ¢119S


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

10" UISIBIUOL MMM | BUIDIPB JejNoseAoIpIe)) Ul SIonuoiH

029/ v/ 8oy | 8 BWNIOA | 1 20g 4890100

TABLE 2 | Continued

Characteristics Before matching P-value After matching P-value
New onset New onset New onset New onset New onset New onset
dementia Alzheimer’s Parkinson’s dementia Alzheimer’s Parkinson’s
(N = 724) Median (N = 107) Median (N = 77) Median (N = 234) Median (N = 29) Median (N = 42) Median
(IQR); N or Count (IQR); N or Count (IQR); N or Count (IQR); N or Count (IQR); N or Count (IQR); N or Count
(%) (%) (%) (%) (%) (%)
Diuretics 0 (0.00%) 0 (0.00%) 0 (0.00%) 0.0008"** 0 (0.00%) 0 (0.00%) 0 (0.00%) <0.0001**
Anticoagulants 234 (100.00%) 29 (100.00%) 42 (100.00%) 0.9663 717 (99.03%) 106 (99.06%) 76 (98.70%) 0.954
Antiplatelets 1(0.42%) 0 (0.00%) 0 (0.00%) <0.0001*** 2(0.27%) 0 (0.00%) 0 (0.00%) <0.0001***
Antihypertensive drugs 2 (0.85%) 0 (0.00%) 0 (0.00%) 0.1623 2(0.27%) 0 (0.00%) 0 (0.00%) 0.0014**
Lipid—-lowering drugs 4 (1.70%) 1(3.44%) 0 (0.00%) <0.0001*** 5 (0.69%) 1(0.93%) 0 (0.00%) <0.0001***
Statins and fibrates 26 (11.11%) 3(10.34%) 10 (23.80%) 0.0076** 84 (11.60%) 10 (9.34%) 11 (14.28%) 0.0575
Non-steroidal anti-inflammatory drugs 1(0.42%) 0 (0.00%) 0 (0.00%) <0.0001*** 2 (0.27%) 0 (0.00%) 0 (0.00%) <0.0001***
Other antidiabetic drugs 210 (89.74%) 28 (96.55%) 37 (88.09%) 0.6502 685 (94.61%) 100 (93.45%) 72 (93.50%) 0.502
Complete blood counts
Mean corpuscular volume, fL 90.0 88.7 (87.3-94.1); 89.3 (86.0-90.0); 0.0006*** 89.0 (85.65-92.3); 88.4 (85.95-90.9); 88.75 (84.3-91.4); 0.023*
(87.15-92.95); n=15 n=25 n =427 n =55 n=44
n=127
Basophil, x 10"9/L 0.02 (0.0-0.04); 0.04 (0.0-0.07); 0.02 (0.0-0.05); 0.0242* 0.02 (0.0-0.04); 0.08 (0.0-0.05); 0.08 (0.02-0.04); 0.013*
n=96 n=12 n=16 n =322 n=4 n=28
Eosinophil, x 10"9/L 0.15 (0.08-0.29); 0.19 (0.0-0.24); 0.1 (0.05-0.1); 0.0385* 0.17 (0.1-0.3); 0.2 (0.1-0.27); 0.13 (0.09-0.2); 0.0379*
n =108 n=12 n=19 n = 361 n=44 n =233
Lymphocyte, x 10"9/L 1.53 (1.04-1.98); 1.28 (0.9-1.93); 1.37 (0.84-1.5); <0.0001*** 1.56 (1.1-2.1); 1.45 (1.06-1.98); 1.4 (0.99-1.9); <0.0001***
n =108 n=12 n=19 n =362 n =44 n=33
Monocyte, x 10"9/L 0.47 (0.36-0.6); 0.5 (0.38-0.8); 0.5 (0.26-0.65); 0.1121 0.5 (0.36-0.6); 0.5 (0.37-0.6); 0.5 (0.33-0.7); 0.1745
n =108 n=12 n=19 n =362 n=44 n =233
Neutrophil, x 10"9/L 4.61 (3.6-6.6); 5.15 (3.4-7.75); 7.32 (3.4-11.79); 0.6069 4.8 (3.78-6.59); 5.11 (4.04-6.48); 5.2 (3.44-7.32); 0.0402*
n =108 n=12 n=19 n =362 n=44 n =233
White blood count, x 10"9/L 7.31(5.85-9.5); 7.3 (5.38-10.51); 8.5 (5.1-9.42); 0.4192 7.6 (6.2-9.1); 7.49 (6.41-8.96); 7.28 (5.62-9.28); 0.5659
n=127 n=15 n=25 n =427 n=>55 n=44
Mean cell haemoglobin, pg 30.2 (29.1-31.6); 29.5 (29.0-31.2); 29.9 (29.3-30.9); 0.0144* 30.0 (28.6-31.2); 30.0 (28.6-31.0); 29.85 0.1277
n=127 n=15 n=25 n =427 n=>55 (28.85-31.25);
n=44
Platelet, x 10"9/L 220.0 190.0 239.0 0.0018** 223.0 217.0 234.0 0.0208*
(175.5-274.5); (153.5-223.5); (222.0-275.0); (184.0-271.0); (183.0-265.0); (200.5-277.0);
n=127 n=15 n=25 n =427 n==55 n=44
Red blood count, x 10"12/L 4.07 (3.56-4.44); 4.16 (3.38-4.44); 4.29 (3.96-4.77); <0.0001*** 4.08 (3.63-4.51); 4.25 (3.73-4.52); 4.16 (3.82-4.5); <0.0001***
n=127 n=15 n=25 n =427 n=>55 n=44
Liver and renal biochemical tests
K/Potassium, mmol/L 4.3 (4.0-4.7); 4.3 (3.9-4.5); 4.3 (4.01-4.7); 0.8572 4.32 (4.0-4.7); 4.2 (4.1-4.5); 4.4 (4.2-4.7); 0.3277
n =190 n=24 n=237 n =621 n=287 n==65
(Continued)
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TABLE 2 | Continued

Characteristics Before matching P-value After matching P-value
New onset New onset New onset New onset New onset New onset
dementia Alzheimer’s Parkinson’s dementia Alzheimer’s Parkinson’s
(N = 724) Median (N = 107) Median (N = 77) Median (N = 234) Median (N = 29) Median (N = 42) Median
(IQR); N or Count (IQR); N or Count (IQR); N or Count (IQR); N or Count (IQR); N or Count (IQR); N or Count
(%) (%) (%) (%) (%) (%)
Urate, mmol/L 0.35 (0.29-0.48); 0.36 (0.29-0.39); 0.35 (0.32-0.36); 0.3769 0.4 (0.34-0.48); 0.39 (0.34-0.43); 0.33 (0.31-0.38); 0.5403
n=31 n=4 n=10 n =282 n=29 n=14
Albumin, g/L 40.0 (37.0-42.45); 38.2 (36.5-42.37); 42.0 (38.5-45.1); <0.0001*** 39.78 40.95 (37.0-43.0); 40.0 <0.0001***
n=146 n=19 n=232 (37.0-42.21); n =68 (36.85-42.25);
n =494 n=48
Na/Sodium, mmol/L 139.0 140.1 138.0 0.4646 139.4 140.0 138.0 0.1776
(137.0-142.0); (137.5-142.5); (137.0-140.7); (137.0-141.4); (137.0-142.25); (136.5-141.0);
n =190 n=24 n=237 n =621 n=287 n==65
Urea, mmol/L 6.5 (5.2-8.8); 6.01 (4.88-9.71); 6.0 (4.4-7.28); <0.0001*** 6.9 (56.2-9.64); 6.82 (6.12-9.22); 6.6 (4.92-9.13); <0.0001***
n =190 n=24 n=37 n =619 n=287 n =65
Protein, g/L 72.0 (67.9-76.0); 71.84 (66.5-79.0); 72.0 (69.5-77.0); 0.0005*** 72.35 72.5 (68.25-77.2); 71.1(68.25-75.8); <0.0001***
n=137 n=16 n=29 (68.45-77.0); n =63 n=43
n =466
Creatinine, umol/L 97.5 (73.6-134.0); 104.0 90.0 (67.5-126.0); <0.0001*** 99.0 (77.3-132.8); 93.9 (71.0-121.0); 94.7 (71.0-126.0); <0.0001**
n=190 (71.5-125.0); n=37 n =621 n=287 n==65
n=24
Alkaline phosphatase, U/L 76.0 (64.0-90.0); 70.0 (63.0-85.5); 69.85 (60.0-95.0); 0.0012** 76.0 (63.0-93.5); 72.35 (64.1-86.0); 71.0 (59.5-92.0); <0.0001***
n=146 n=19 n=32 n =495 n=~68 n=48
Aspartate transaminase, U/L 17.0 (13.0-23.0); 14.0 (13.0-17.95); 21.0 (16.5-25.0); 0.0196* 18.0 (13.0-25.0); 18.45 (13.0-25.5); 19.0 (13.5-25.0); 0.0003***
n=42 n=4 n=2=8 n=127 n=16 n=12
Alanine transaminase, U/L 16.0 (12.0-21.4); 14.0 (14.0-19.0); 25.0 (18.0-49.0); <0.0001*** 17.0 (12.0-24.5); 16.0 (13.0-20.45); 18.0 (11.0-34.0); <0.0001***
n=120 n=17 n=25 n =379 n=>56 n=39
Bilirubin, umol/L 10.0 (6.8-13.9); 9.9 (6.9-11.1); 11.9 (8.55-15.0); 0.0409* 9.0 (6.6-12.7); 9.0 (6.52-11.35); 9.7 (6.0-13.55); <0.0001***
n=146 n=19 n=32 n =493 n=2~68 n=48
Glycemic and lipid profiles
Triglyceride, mmol/L 1.22 (0.86-1.66); 1.22 (0.85-1.61); 1.25(0.94-1.98); <0.0001*** 1.29 (0.95-1.78); 1.1 (0.88-1.58); 1.15(0.83-1.84); 0.0077**
n=165 n=19 n=232 n =522 n=70 n =60
Total cholesterol, mmol/L 3.85 (3.34-4.8); 3.8 (3.49-4.47); 3.98 (2.58-4.61); 0.069 3.9 (3.27-4.6); 3.78 (2.91-4.31); 3.91 (3.1-4.51); 0.0009***
n =166 n=19 n=33 n=>523 n=70 n =61
Low—density lipoprotein (LDL), mmol/L 2.21 (1.79-2.7); 2.17 (1.61-2.35); 1.98 (1.75-2.76); 0.4206 2.15(1.72-2.72); 1.87 (1.59-2.42); 214 (1.75-2.71); 0.0068**
n=144 n=17 n=25 n =449 n=~61 n=49
High—density lipoprotein (LDL), mmol/L 1.21 (1.03-1.5); 1.2 (1.01-1.53); 1.2 (1.08-1.4); <0.0001*** 1.17 (0.99-1.45); 1.2 (1.0-1.5); 1.18 (1.02-1.53); 0.0283*
n=144 n=17 n=26 n =454 n =61 n =50
Fast glucose, mmol/L 7.54 (6.0-10.87); 7.13(6.1-9.73); 8.68 (6.95-10.52); 0.0667 7.99 (6.1-10.36); 7.26 (5.9-9.52); 8.14 (6.5-10.22); 0.9507
n=170 n=20 n=32 n=>522 n==64 n=54
HbA1C, g/dL 11.9 (10.5-13.9); 12.2 12.45 (11.3-13.6); <0.0001*** 11.6 (9.7-13.0); 12.2 (10.2-13.5); 11.4 (10.4-12.94); <0.0001**
n=131 (10.45-13.25); n=26 n =436 n=>57 n=45
n=15

*p < 0.05, **p < 0.01, **p < 0.001;, SGLT2I, Sodium-glucose cotransporter—2 inhibitors; DPP4l, Dipeptidyl peptidase—4 inhibitors; NLR, neutrophil-to—lymphocyte ratio; TIA, transient ischemic attack.
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with 1:2 ratio between SGLT2I and DPP4I users based on  (0.21%) developed new-onset Alzheimer’s disease, 77 (0.15%)
demographics, Charlson comorbidity index, prior comorbidities, ~ developed with new onset Parkinson’s disease, and in total,
non-SGLT2I/DPP4I medications, baseline fasting glucose, and 5,687 (11.41%) died from all-causes in which 833 (1.67%)
HbAlc tests were performed using the nearest neighbor search ~ died with cardiovascular causes and 217 (0.43%) died with
strategy. Propensity score matching results between treatment-  cerebrovascular causes.
group (SGLT2I) vs. control-group (DPP4I) before and after The baseline and clinical characteristics of DPP4I and
matching are shown in Supplementary Figure 1. Propensity = SGLT2I users before and after 1:2 propensity score matching
score matching adjustment approaches including propensity — are shown in Table 1. Both before and after 1:2 propensity
score stratification (26), propensity score matching with inverse  score matching, SGLT2I users had lower incidences of new-
probability weighting (27) and high-dimensional propensity — onset dementia (0.19 vs. 0.78%, p < 0.0001), new onset
score (28) were also performed. Alzheimer’s disease (0.01 vs. 0.1%, p = 0.0047), new onset
Cox regression models were used to identify significant risk ~ Parkinson’s disease (0.02 vs. 0.14%, p = 0.0006), all-cause
predictors for the study outcomes. Competing risk analysis  mortality (5.48 vs. 12.69%, p < 0.0001), cardiovascular mortality
models (cause-specific and sub-distribution) were considered.  (0.49 vs. 3.75%, p < 0.0001), and cerebrovascular mortality
The hazard ratio (HR), 95% CI, and P-value were reported.  (0.88 vs. 3.88%, p < 0.0001) compared with DPP4I users.
Statistical significance is defined as P < 0.05. All statistical ~ The balancing comparisons of treated (SGLT2I) and controls
analyses were performed with R studio (Boston, MA, Version  (DPP4I) after 1:2 propensity matching with nearest neighbor

1.1.456) and Python (Scotts Valley, CA, Version 3.6). search strategy are shown in Supplementary Table 2. None
of the confounding characteristics remained significant after
RESULTS propensity matching.

The baseline and clinical characteristics of patients with
Baseline Characteristics Before and After new-onset dementia, new-onset Alzheimer’s, and new-onset
Propensity Score Matching Parkinson’s before and after 1:2 propensity score matching are
The study cohort included 13,276 SGLT2I users and 36,544 shown in Table 2. The cumulative incidence curves for new-
DPPA4I users (total n = 51,460; median age: 66.3 years old  onset cognitive dysfunction and mortality outcomes stratified by
[IQR: 58-76], 55.65% men). After a mean follow-up of 472 days  the drug use of SGLT2I and DPP4I after 1:2 propensity score
(IQR: 120-792), 724 (1.45%) developed new-onset dementia, 107 ~ matching are shown in Figures 2, 3, respectively.
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FIGURE 2 | Cumulative incidence curves for new-onset cognitive dysfunctions stratified by the drug use of SGLT2I and DPP4 after propensity score matching (1:2).
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Univariate Cox Regression Analyses

The univariate Cox analyses of significant risk factors for new-
onset dementia, Alzheimer’s, and Parkinson’s disease are shown
in Supplementary Table 3 while the univariate Cox analyses
of significant risk factors for all-cause, cardiovascular, and
cerebrovascular mortality are shown in Supplementary Table 4.
Compared with DPP4I, SGLT2I use demonstrated significant
protective effects against new onset dementia (HR:0.41, 95%
CI: [0.27, 0.61], P < 0.0001) and new onset Parkinson’s disease
(HR:0.28, 95% CI: [0.09, 0.91], P = 0.0349), but not new onset
Alzheimer’s disease (HR:0.25, 95% CI: [0.06, 1.04], P = 0.0569).
SGLT2 use was also associated with significantly lower incidence
of all-cause mortality (HR:0.84, 95% CI: [0.77, 0.91], P < 0.0001),
cardiovascular mortality (HR:0.64, 95% CI: [0.49, 0.85], P =
0.0017), and cerebrovascular mortality (HR:0.36, 95% CI: [0.30,
0.43], P < 0.0001).

Sensitivity Analysis With Competing Risk
Consideration

Competing for risk analyses using cause-specific and
subdistribution hazard models were conducted on the matched
cohorts as presented in Table 3. Both models confirmed the
findings from the univariate Cox analyses that SGLT2I use is
associated with lower incidence of new-onset dementia, new-
onset Parkinson’s, all-cause mortality, cardiovascular mortality,
and cerebrovascular mortality, but not new-onset Alzheimer’s

disease compared with DPP4I use. In addition, sensitivity
analyses were further conducted using Cox proportional hazard
model on the matched cohorts with 1-year lag time, as presented
in Supplementary Table 5.

Finally, different propensity score matching adjustment
approaches were performed as presented in Table 4. Again, the
three approaches confirmed the findings from the univariate
Cox analyses that SGLT2I users have a lower risk of new-
onset dementia, new-onset Parkinson’s, all-cause mortality,
cardiovascular mortality, and cerebrovascular mortality, but not
new-onset Alzheimer’s disease compared with DPP4I users.

Subgroup Analysis

A subgroup analysis was performed on SGLT2I and DPP4I
users with concurrent type-2 diabetes and cardiovascular
disease (defined as heart failure, myocardial infarction, ischemic
heart disease, peripheral vascular disease, atrial fibrillation,
or cardiovascular medication use) (Table5). Patients with
new-onset cardiovascular disease after SGLT2I/DPP4I use
were excluded.

After propensity-score matching, SGLT2I users had a median
follow-up time of 459 days (IQR: 42-849) while DPP4I users had
a median follow-up time of 522 days (IUQ: 74-1,004). SGLT2I
users had a significantly lower risk of new-onset dementia
(HR:0.2, 95% CI: [0.09, 0.45], P < 0.0001) but not new-onset
Alzheimer’s disease (HR:0.27, 95% CI: [0.03, 2.16], P = 0.2155)
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and Parkinson’s disease (HR:0.42, 95% CI: [0.09, 1.96], P =
0.2706) compared with DPP4I users.

DISCUSSION

This study demonstrated several major findings. Firstly, SGLT2I
users had a lower risk of new-onset dementia, Alzheimer’s
disease, and Parkinson’s disease compared with DPP4I users.
Secondly, SGLT2I users had a lower risk of all-cause mortality,
as well as cerebrovascular and cardiovascular mortality. All
of these were confirmed by univariate Cox regression analysis
and competing risk analysis models apart from the association
with Alzheimer’s disease, which was not significantly reduced in
SGLT?2I users compared with DPP4I users.

The superior protective effect of DPP4l on dementia
compared with other second-line anti-diabetic medication
has been demonstrated by multiple studies (29-32). To our

TABLE 3 | HRs (and 95% Cls) of SGLT2I vs. DPP4I from cause-specific and
subdistribution hazard models for cognitive dysfunction and mortality risks after
1:2 propensity score matching.

SGLT2I vs. DPP4I
(After 1:2 matching)
HR [95% CI]; P-value

Model Adverse outcomes

Cause-specific
model

Sub—distribution
model

New onset Parkinson’s
New onset Alzheimer’s
New onset dementia
Cerebrovascular mortality
Cardiovascular mortality
All-cause mortality
New onset Parkinson’s
New onset Alzheimer’s
New onset dementia
Cerebrovascular mortality
Cardiovascular mortality
All-cause mortality

0.28 [0.09-0.91]; 0.0347*
0.25 [0.06-1.04]; 0.0567.
0.43 [0.28-0.66]; 0.0002***
0.55 [0.29-0.78]; <0.0001***
0.45 [0.31-0.59]; <0.0001***
0.54 [1.45-0.78]; <0.0001***
0.32 [0.12-0.89]; 0.0209*
0.29 [0.09-1.05}; 0.0502.
0.48 [0.31-0.72]; 0.0001**
0.39 [0.22-0.59]; <0.0001*™*
0.55 [0.23-0.71]; <0.0001***
0.54 [0.38-0.69]; <0.0001***

*p <0.05, **p < 0.01, **p < 0.001; SGLT2I, Sodium-glucose cotransporter—2 inhibitors;
DPP4I, Dipeptidy! peptidase—4 inhibitors; HR, hazard ratio, Cl, confidence interval.

knowledge, no study so far has attempted a direct head-to-head
between DPP4I and SGLT2I users for new-onset dementia,
although a recent case-control study indirectly compared
them when considering the risk of dementia associated with
different antidiabetic medications (22). They found that while
both DPP4I and SGLT2I were associated with lower odds
of dementia, the odds ratio for dementia were 0.8 and 0.58
for DPP4I and SGLT2I, respectively. This is consistent with
our findings that SGLT2I is superior to DPP4I in lowering
dementia risk in diabetic patients. There are several possible
explanations for the superior dementia-protective effects of
SGLT2I. Firstly, both obesity and diabetes are independent
risk factors for dementia due to shared pathophysiological
mechanisms such as oxidative stress, inflammation, and
insulin resistance (33, 34). Therefore, the increased reduction
in weight and HbAlc observed in SGLT2I compared with
DPP4I may account for the greater reduction in dementia
risk (35, 36). Secondly, animal studies have proposed different
neuroprotective mechanisms of SGLT2I and DPP4I which
may account for their different efficacy in reducing dementia

TABLE 5 | Subgroup analysis: Treatment effects of SGLT2I vs. DPP4 for incident
adverse cognitive dysfunction events, and mortality outcomes in patients with
both type—2 diabetes mellitus and cardiovascular diseases before and after
propensity score matching (1:2).

Outcome Before matching (N = 39,828) After matching (N = 49,830)
[95% CIJ; P-value [95% CIJ; P-value

All-cause 0.60 [0.55-0.65]; <0.0001**  0.45 [0.41-0.51]; <0.0001***

mortality

Cardiovascular ~ 0.63 [0.51-0.77]; <0.0001***  0.47 [0.33-0.65]; <0.0001***

mortality

Cerebrovascular  0.40 [0.24-0.65]; 0.0003*** 0.18 [0.15-0.22]; <0.0001***

mortality

New onset 0.53 [0.42-0.68]; <0.0001*** 0.20 [0.09-0.45]; 0.0001***

dementia

New onset 0.62 [0.34-1.14]; 0.1262 0.27 [0.03-2.16]; 0.2155

Alzheimer’s

New onset 0.77 [0.39-1.50]; 0.4429 0.42 [0.09-1.96]; 0.2706

Parkinson’s

TABLE 4 | Risk of incident adverse cognitive dysfunction events, and mortality outcomes in matched cohorts associated with the treatment of SGLT2I vs. DPP4I using

different matching approaches.

Outcome

HR after PS stratification
[95% CIJ; P-value

HR after HDPS matching
[95% CIJ; P-value

HR after PS IPTW
[95% CIJ; P-value

New onset Parkinson’s
New onset Alzheimer’s
New onset dementia
Cerebrovascular mortality
Cardiovascular mortality
All-cause mortality

0.3 [0.13-0.9]; 0.0343*
0.26 [0.08-1.02]; 0.0564.
0.41 [0.29-0.75]; 0.0003***
0.42 [0.3-0.83]; <0.0001***
0.61[0.32-0.9]; <0.0001***
0.78 [0.62-0.84]; <0.0001***

0.25 [0.08-0.92]; 0.0357*

0.28 [0.05-1.04]; 0.0557.
0.46 [0.31-0.79]; 0.0014*
0.43 [0.29-0.8]; <0.0001**
0.57 [0.32-0.89]; <0.0001*
0.72 [0.63-0.89]; <0.0001**

0.31[0.09-0.87]; 0.0357*

0.21 [0.01-1.02]; 0.0558.

0.46 [0.3-0.75}; 0.0007***
0.47 [0.26-0.84]; <0.0001**
0.43 [0.29-0.87]; <0.0001*
0.78 [0.62x—0.87]; <0.0001**

*p < 0.05, *p < 0.01, **p < 0.001;, SGLT2I, Sodium-glucose cotransporter—2 inhibitors; DPP4I, Dipeptidyl peptidase—4 inhibitors; HR, hazard ratio; Cl, confidence interval; PS,
propensity score; HDPS, high dimensional propensity score; IPTW, inverse probability of treatment weighting.
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risk. DPP4I predominantly reduced amyloid deposition, tau
phosphorylation, while increased GLP-1 and stromal-derived
factor-1 which promoted neurogenesis (16, 37). In contrast,
SGLT?2I improved brain mitochondrial function, hippocampal
synaptic  plasticity and  inhibited acetylcholinesterase
(18, 20, 38).

Alzheimer’s disease and diabetes are closely linked by
mechanisms such as oxidative stress, amyloid deposition, and
tau hyperphosphorylation, so much so that some have termed
Alzheimer’s as “Type-3 diabetes” (39, 40). There has been growing
interest in DPP4I as a potential new therapy against Alzheimer’s,
with animal studies showing that it reduces amyloid p protein,
tau phosphorylation, inflammatory cytokines, and neuronal cell
apoptosis in the brain (37, 41-43). This is consistent with clinical
studies which found that DPP4I use is associated with the
reduced rate of memory decline and increased mini-mental state
examination (MMSE) score in Alzheimer’s patients compared
with metformin use (44, 45). Research on the role of SGLT2I
in Alzheimer’s disease so far has been based predominantly on
animal models, with promising studies suggesting that SGLT2
reduces the amyloid burden, tau pathology, and brain atrophy
volume (46). Our finding that SGLT2I use was associated
with lower or similar risks of Alzheimer’s compared with
DPP4I suggested that both may have potential roles as novel
therapeutic approaches for Alzheimer’s patients and the role
of SGLT2I in Alzheimers should be further explored. The
subgroup analysis on patients with both type 2 diabetes and
cardiovascular disease showed SGLT2I did not significantly
reduce the risk of Alzheimer’s disease and Parkinson’s disease.
This could be a reflection of the equally strong association
between cardiovascular disease and such cognitive pathologies
(47, 48), as well as their link with type-2 diabetes.

Parkinson’s disease is another neurodegenerative disorder
closely associated with diabetes, sharing pathophysiological
mechanisms such as insulin dysregulation, amyloid deposition,
microglial activation, and mitochondrial dysfunction (49). This
has been confirmed clinically by several cohort studies which
demonstrate type 2 diabetes is associated with an increased
risk of Parkinson’s (50, 51). Whilst the interest in this is much
lower than that of Alzheimer’s, several recent studies have
suggested beneficial effects of DPP4I in diabetic patients with
Parkinson’s. A retrospective longitudinal cohort study found a
strong protective association between DPP4I and GLP-1 agonist
use and Parkinson’s disease while another retrospective study
found that DPP4I use was associated with increased dopamine
transporter availability, slower increase in levodopa dose, and
lower risk of levodopa-induced dyskinesia in diabetic patients
with Parkinson’s disease (52, 53). Our study is the first to
compare DPP4I and SGLT2I in their associated Parkinson’s
risk and demonstrated that SGLT2I has superior protective
effects against Parkinson’s. Due to the close association and
overlapping pathophysiology between Parkinson’s disease and
dementia with Lewy bodies, it could be inferred that SGLT2I
also has superior protective effects against dementia with Lewy
Bodies and Parkinson’s disease dementia compared with DPP4I
(54-56). To date, no study has examined the role of SGLT2I
in Parkinson’s disease or dementia with Lewy Bodies and our

finding suggests that this is an exciting area of research that
warrants further investigation.

Limitations

Several limitations should be noted for the present study. First,
given its observational nature, there was inherent information
bias due to under-coding, coding errors, and missing data.
Additionally, the drug compliance of the patient can only
be assessed indirectly through prescription refills, which were
ultimately not a direct measurement of drug exposure. Second,
residual and post-baseline confounding might be present despite
robust propensity-matching, particularly with the unavailability
of information on lifestyle cardiovascular risk factors, e.g.,
smoking. The drug exposure duration among the patients has
not been controlled, which might affect their risk against the
study outcomes. Finally, the occurrence of cognitive dysfunction
outcomes out of the hospital was not accounted for.

CONCLUSIONS

The use of SGLT?2I is associated with a significantly lower risk of
dementia, Parkinson’s disease, all-cause mortality, cardiovascular
mortality, and cerebrovascular mortality compared with
DPP4 use.
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Model of Huntington’s Disease
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Emily Chiem "2, Maria C. Jordan?®, Kenneth P. Roos?, Cristina A. Ghiani** and
Christopher S. Colwell?*

" Molecular, Cellular and Integrative Physiology Graduate Program, University of California, Los Angeles, Los Angeles, CA,
United States, 2 Department of Psychiatry and Biobehavioral Sciences, David Geffen School of Medicine, University of
California, Los Angeles, Los Angeles, CA, United States, ° Department of Physiology, David Geffen School of Medicine,
University of California, Los Angeles, Los Angeles, CA, United States, * Department of Pathology and Laboratory Medicine,
David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA, United States

Individuals affected by Huntington’s disease (HD) present with progressive degeneration
that results in a wide range of symptoms, including cardiovascular (CV) dysfunction.
The huntingtin gene (HTT) and its product are ubiquitously expressed, hence, the
cardiomyopathy could also be driven by defects caused by its mutated form (mHTT)
in the cardiomyocytes themselves. In the present study, we sought to determine the
contribution of the mHTT expressed in the cardiomyocytes to CV symptoms. We utilized
the BACHD mouse model, which exhibits many of the HD core symptoms, including
CV dysfunction. This model allows the targeted genetic reduction of mHTT expression
in the cardiomyocytes while maintaining the expression of the mHTT in the rest of the
body. The BACHD line was crossed with a line of mice in which the expression of Cre
recombinase is driven by the cardiac-specific alpha myosin-heavy chain (Myh6) promoter.
The offspring of this cross (BMYO mice) exhibited a dramatic reduction in mHTT in the
heart but not in the striatum. The BMYO mice were evaluated at 6 months old, as at this
age, the BACHD line displays a strong CV phenotype. Echocardiogram measurements
found improvement in the ejection fraction in the BMYO line compared to the BACHD,
while hypertrophy was observed in both mutant lines. Next, we examined the expression
of genes known to be upregulated during pathological cardiac hypertrophy. As measured
by gPCR, the BMYO hearts exhibited significantly less expression of collagenia as well
as Gata4, and brain natriuretic peptide compared to the BACHD. Fibrosis in the hearts
assessed by Masson'’s trichrome stain and the protein levels of fibronectin were reduced
in the BMYO hearts compared to BACHD. Finally, we examined the performance of
the mice on CV-sensitive motor tasks. Both the overall activity levels and grip strength
were improved in the BMYO mice. Therefore, we conclude that the reduction of mHtt
expression in the heart benefits CV function in the BACHD model, and suggest that
cardiomyopathy should be considered in the treatment strategies for HD.

Keywords: Huntington’s disease, cardiac dysfunction, BACHD mouse model, rescue, hypertrophy,
cardiomyopathy, cardiovascular function
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INTRODUCTION

Patients with Huntingtons disease (HD), a progressive
degenerative disease, present with cognitive, psychiatric
and motor dysfunctions (1, 2). HD is caused by mutations
within the first exon of the huntingtin (Htt) gene located on
Chromosome 4, which produce a CAG repeat expansion.
Translation of such repeats leads to a polyglutamine (polyQ)
repeat with consequent protein misfolding, production of soluble
aggregates and inclusion bodies throughout the body (3, 4). The
normal function(s) of the HTT protein is still largely unknown
and under study; albeit it is thought to be critical for a large
range of cellular processes including cytoskeletal organization,
protein folding, and metabolic processes (5). Cardiovascular
(CV) dysfunction and (mal)events have been reported to play
a role in HD progression, and likely to be, among others, one
of the leading causes of early death in HD individuals [(6, 7);
also see (8, 9)]. The clinical etiology in HD appears to be similar
to Parkinson’s disease where dysautonomia is a prominent
early symptom of the disease (10-12). Furthermore, the mutant
huntingtin gene (mHTT) is ubiquitously expressed raising the
possibility that the observed CV symptoms could be driven
by deficits in the cardiomyocytes themselves (13). The relative
contribution of the mHTT in the heart and brain is difficult to
tease apart in a clinical population thus, in the present study, we
turned to a model organism to address this issue.

Several animal models of HD, which recapitulate important
aspects of the human disease including CV dysfunction (9, 14—
16), are available. For example, a classic physiological test of the
autonomic nervous system (ANS) function is to measure the
baroreceptor reflex in which changes in blood pressure evoke
alterations in the heart rate. Both the BACHD (17) and the
Q175 (18) lines show clear deficits in such response. Heart rate
variability (HRV), a measure of the variation in the beat-to-
beat interval, reflects the equilibrium between the sympathetic
and parasympathetic systems in the control of heart function(s).
Traditionally, it is considered as an indicator of CV health, with
low HRV being predictive of CV disease and possibly, mortality
(19, 20). Reduced HRV has been observed in the R6/1 (21),
BACHD (22), and Q175 (18) models. Therefore, these animal
models clearly display the dysautonomia seen in the HD patients.

In addition, there is evidence for direct cardiomyopathy in
several of the preclinical models, as shown by the reduced
contractility and cardiac output (18, 22-25). Cardiomyocytes
appear to have metabolic dysfunction (26) as well as structural
abnormalities in the mitochondria (27) that are not likely driven
by the ANS. Finally, in Drosophila, heart specific expression of
mHtt resulted in cardiac hypertrophy and decreased contractility
(28). Similarly, in mice, when transgenic polyQ expression was
driven by a cardiomyocyte specific promotor (¢-myosin heavy
chain promoter, Myh6), heart failure and premature death were
observed (29). These two studies provide a proof-of-principle
that mHTT can drive cardiomyopathy without central nervous
system (CNS) involvement, but are subject to the concern that
the expression levels were much higher than what is normally
observed in HD.

Therefore, as an alternative strategy to explore the impact
of heart specific mHTT expression on CV pathophysiology, we

Myh6-Cre hemizygote BACHD hemizygote

BACHD;Myh6-Cre (BMYO)

FIGURE 1 | Schematic representation of the breeding strategy used in the
present study. Genetic reduction of mHTT expression in the heart of BACHD
mice was achieved by crossing this transgene (hemizygous) with mice
hemizygous for the cardiomyocyte-specific Myh6-Cre transgene. The
full-length mHTT with two loxP sites enables cell specific reduction of mHTT
using Cre-recombinase (Cre). Approximately 25% of the offspring were double
transgenics (BACHD; Myh6-Cre), BMYO, with the mHTT floxed out in the

cardiomyocytes.

utilized the BACHD line of mice, which has been engineered
to express the human mutation in the HTT gene, in a way that
it can be excised by Cre recombinase (Cre) in a tissue specific
manner (30, 31). Our previous studies showed structural and
functional CV changes in the BACHD mice by 6 months of age
(17, 22, 32). Therefore, the BACHD mouse was crossed with
a line in which the cardiac-specific Myh6 promoter drives Cre
expression only in the cardiomyocytes with the expectation that
mHTT would be selectively reduced in this cell type. Using this
genetically targeted reduction (BACHD X cardiac-specific Myh6-
Cre: BMYO line), we assessed cardiac function and structure
with echocardiograms as well as gene expression of a set of
markers associated with pathological hypertrophy in the heart
at 6 months of age. Finally, we examined the impact of specific
cardiac reduction of mHTT on motor behaviors sensitive to CV
function. Taken together, our study provides important insights
into cardiovascular pathophysiology in HD.

METHODS

Generation of BMYO Mice

BACHD mice on the C57BL6/J] background along with littermate
wild-type (WT) controls were acquired from the mouse mutant
resource at The Jackson Laboratory, (JAX, Bar Harbor, Maine) in
a colony maintained by the CHDI Foundation. « MHC®'® (Myh6-
Cre) were obtained from the Jackson Laboratory (JAX). BACHD
and Myh6-Cre mice on a C57BL/6 background were bred to
generate a double transgenic: BACHD; Myh6-Cre (BMYO), with
the mHTT floxed out in the cardiomyocytes (Figure 1). The
following three genotypes were used in this study: WT, BACHD,
and BMYO. Genotypes were confirmed by PCR of tail snips.
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WT (n = 8), BACHD (n = 8), and BMYO (n = 8) male
mice were group-housed and kept in a 12 h:12h light/dark
(LD) cycle with rodent chow provided ad libitum. Mice were
examined with echocardiograms at 3 and 6 months of age.
After the last echocardiogram measurement, the heart and
the brain region, striatum, were rapidly dissected on ice and
properly stored to be used for subsequent histological and
biochemical measurements. The left and right striati were frozen
separately to be used for whole tissue protein lysate or total RNA
extraction. All procedures followed guidelines of the National
Institutes of Health and were approved by the UCLA Animal
Research Committee.

Quantitative Real-Time PCR

WT, BACHD and BMYO mice (3 and 6 months-old; n = 3-4
per genotype, per age) were deeply anesthetized with isoflurane,
the hearts and striati rapidly dissected, and frozen. Total RNA
was extracted using TRIzol® (ThermoFisher; Carlsbad, CA)
and following the manufacturer’s protocol. The samples were
further treated with the Ambion® TURBO DNA-free™ (Life
Technologies; Waltham, MA), followed by a second extraction
with phenol/chloroform. Concentration and purity of the
samples were assessed using a ThermoScientific™ NanoDrop™
One Microvolume UV-Vis Spectrophotometer (Canoga Park,
CA). Total RNA (600 ng) was reverse transcribed using the
iScript™ cDNA Synthesis kit (Bio-Rad Laboratories, Hercules,
CA) then analyzed for various transcripts on a CEX Connect™
Real-Time PCR Detection System (Bio-Rad Laboratories).
Reactions were setup using the iQ™ SYBR® Green Supermix
(Bio-Rad Laboratories) and the QuantiTect® Primer Assay
(Qiagen, Valencia, CA). To detect the human mHTT expression,
primers were designed as previously published (30). The
forward primer 5'-ATC TTG AGC CAC AGC TCC AGC CA-
3’ recognized both the endogenous mouse HD gene homolog
and the exogenous mHTT, whilst two reverse primers were
designed to be species-specific (human): 5-GGC CTC CGA
GGC TTC ATC AGG-3'; reverse (murine): 5'-TCT GAA AAC
ATC TGA GAC TTC ACC AGA-3'. Assays were performed
in triplicate following the manufacturer’s directions. Negative
controls (samples in which reverse transcriptase was omitted)
were amplified individually using the same primer sets to ensure
the absence of genomic DNA contamination. Amplification
specificity was assessed by melting curve. Standard curves were
prepared using serial dilutions of control RNA and used for
quantification as well as to determine the efficiency of each
run. Expression standardization was done using as housekeeping
gene Gapdh (glyceraldehyde-3-phosphate dehydrogenase; Gene
ID 14433; Qiagen). The average values from three technical
replicates per sample were normalized to those obtained for
Gapdh in the same sample and the transcript levels expressed as
the mean & SEM.

Western Blotting

WT, BACHD and BMYO mice (3 and 6 months-old; n = 3-4
per genotype, per age) were deeply anesthetized with isoflurane,
the hearts and striati rapidly dissected, and frozen. Whole
tissue lysates from the heart and striatum were prepared as

previously described with minor modifications (22). Briefly,
hearts and striati were homogenized in lysis buffer [50 mM
Tris/HCl, 0.25% (w/v) sodium deoxycholate, 150 mM NaCl,
1 mM EDTA, 1nM EGTA, 1% (w/v) Nonidet-P40, 1 mM sodium
orthovanadate, 1 mM AEBSE 10ug/ml aprotinin, 10 g/ml
leupeptin, 10 pg/ml pepstatin and 4 wM sodium fluoride]. Total
protein concentration in cleared extracts was estimated using the
Thermo Scientific™ Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA USA). Twenty or thirty-five pg
of total proteins were resolved onto a 4-12% Tris-glycine gel
(Invitrogen, Carlsbad, CA). Equal protein loading was verified by
Ponceau S solution (Sigma, Saint Louis, MO) reversible staining
of the membranes as well as later by the relative protein levels
of GAPDH (1:3,000, GeneTex, Irvine, CA). Membranes were
blocked for 1 hr at room temperature and incubated overnight
with the primary antibody diluted in blocking solution [5%
(w/v) non-fat milk in PBS containing 0.5% (v/v) Tween-20].
Extracts were analyzed for the relative protein levels of the anti-
polyglutamine (polyQ)-expansion disease marker, clone 5TF1-
1C2 (mouse monoclonal, 1:1,000, Millipore-Sigma, Temecula,
CA), and fibronectin (rabbit polyclonal, 1:500, Millipore-Sigma).
Protein bands were detected by chemiluminescence using the
ThermoScientific™ Pierce™ SuperSignal West Pico or ECL 2
Western Blotting Substrate with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Cell Signaling, Danvers, MA).
Relative intensities of the protein bands were quantified by
scanning densitometry using the NIH Image Software (Image J,
http://rsb.info.nih.gov/ij/). Each background-corrected value was
normalized to the according GAPDH levels of the sample and are
shown as the mean & SEM.

Echocardiogram
WT, BACHD, and BMYO mice (n = 8 per genotype) were group
housed and kept in a 12:12 LD cycle with rodent chow provided
ad libitum. Mice were examined with echocardiograms at 3 and
6 months of age. After the last echocardiogram measurement,
the heart and brain tissues of the mice were collected and
morphologic and histological measurements were taken.
Echocardiograms were obtained using a Siemens Acuson
Sequoia C256 instrument equipped with a 15L8 15MHz
probe (Siemens Medical Solutions, Mountain View, CA)
as previously described (18, 32). Briefly, two-dimensional,
M-mode echocardiography and spectral Doppler images
enabled measurements of heart dimension and function: [Left
Ventricular (LV) Mass], end-diastolic dimension (EDD), end-
systolic dimension (ESD), posterior wall thickness (PWT),
ventricular septal thickness (VST), LV Ejection Fraction (LV
EF). The mice were lightly sedated with 1% isoflurane vaporized
in oxygen (Sommi Scientific, Foster City, CA) and heart rate
(HR) was monitored using electrocardiogram to maintain
physiological levels (between 450 and 600 beats per min).

Immunofluorescence and
Cyto-Histomorphometrical Analyses

Heart samples were harvested from 6 months-old BACHD,
perfused with 1x PBS, fixed in 4% paraformaldehyde overnight
at 4°C, and cryoprotected in 15% sucrose. After embedding the
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hearts in Tissue Tek O.C.T. (Sakura Finetek, Torrance, CA),
frozen coronal sections (10 um) were cut on a cryostat (Leica,
Wetzlar, GR), sequentially collected on Superfrost Plus glass
slides (Thermo Fisher Scientific, Waltham, MA), and stored
at —20°C until processed for either immunofluorescence or
Masson’s Trichrome staining. Mid-ventricular sections slices
were identified and paired based on the visual presence of the
papillary muscles in the left ventricle.

For immunofluorescence, sections were stained as previously
reported with minor modifications (33). Briefly, sections (n =
2 animals/genotype) were blocked in carrier solution [1% (w/v)
BSA and 0.3% (w/v) Triton X-100 in 1x PBS] containing 20%
(v/v) normal goat serum for 1h and incubated overnight at
4°C with a rabbit polyclonal antibody against collagen I (abcam,
Waltham, MA) diluted in carrier solution containing 5% (v/v)
normal goat serum. Sections were washed in carrier solution
and then incubated with a goat anti-rabbit secondary antibody
conjugated to Cy3 (Jackson ImmunoResearch Laboratories, Bar
Harbor, ME). Coverslips applied with a drop of Vectashield
mounting medium with DAPI (49,6-diamidino-2-phenylindole;
Vector Laboratories, Burlingame, CA). Immunostained sections
were visualized on a Zeiss Axio Imager 2 equipped with an
AxioCam MRm and the ApoTome imaging system (Carl Zeiss,
Germany) using the Zen software (Zeiss).

Masson’s Trichrome staining (Sigma-Aldrich, St Louis, MI)
was performed as previously reported (18, 22). The presence or
absence of fibrotic staining was visually scored by two researchers
masked to the experimental conditions in 3 sections/animal.
Trichrome stained slices were used for the following cyto- and
histo-morphological analyses:

(1) Heart dimensions were measured using 2 sections from each
Masson’s Trichrome-stained heart. Images were acquired
on a Zeiss Stereomicroscope (StemiSV11Apo) equipped
with a Zeiss color camera (Axiocam 208 color) using
the Zen software (Zeiss). The thickness of the left and
right ventricular walls was measured in three non-septal
parts to obtain an average thickness. The thickness of the
intraventricular septum was determined in three middle
parts (non-ventricular). Values from 2 sections/animal (n =
3 per genotype) were averaged.

To measure the cardiomyocytes’ cross-sectional area, images
from multiple fields of the same 2 sections were acquired at
the levels of the papillary of the Lv (10-15 images/animal),
from non-septal parts of the Rv wall and the middle
intraventricular septum (non-ventricular part; 5-10 images)
on a Zeiss upright microscope (Axioskop; 20x objective)
equipped with a Zeiss color camera (Axiocam 208 color)
and the Zen software (Zeiss). The cross-sectional areas of at
least 5-6 cells/image/animal were averaged and analyzed for
statistical difference (n = 3 per genotype).

The number of cells was determined in the same images
acquired for the analysis of the cross-sectional areas, using
the cell counting plugin/feature of Image] by an observer
masked to the genotype. Cells were counted in 2-3 ROI
(regions of interest) of equal size (153 pm x 153 um) in each
image. The number of cells/image was summed, and then

(3)

divided by the total area of the 2 or 3 ROIs. The values from
10-15 images (Lv) or 5-10 images (Rv and Septum)/animal
were averaged and analyzed for statistical difference. The
number of cells/um? is reported (1 = 3 per genotype).

All the morphological assessments were performed using Image
J by an observer masked to the genotype.

Behavioral Studies

Locomotor activity was recorded for 2 weeks from single-
caged mice with infrared motion sensors using our established
protocols (34). Locomotor activity was recorded in 3-min bins,
and 10 days of data were averaged for analysis. The amount
of cage activity over a 24-h period was averaged over 10 days
and reported here as the hourly arbitrary units (au/day). The
activity data was also analyzed for possible differences in diurnal
rhythmicity. The period and rhythmic strength was determined
as previously described (34, 35). The periodogram analysis used
a 2 test with a threshold of 0.001 significance, from which the
amplitude of the periodicities was determined at the circadian
harmonic to obtain the rhythm power. The number of activity
bouts and the average length of bouts were determined using
Clocklab (Actimetrics, Wilmette, IL), where a bout consists of
a duration in which activity never falls below the criterion (3
counts/min) for longer than the maximum gap (21 min).

The grip strength test was used to measure neuromuscular
function as maximal muscle strength of forelimbs. The grip
strength ergometer (Santa Cruz Biotechnology, Santa Cruz, CA)
was set up on a flat surface with a mouse grid firmly secured
in place. Peak mode was utilized to enable measurement of
the maximal strength exerted. Mice were tested in their active
phase under dim red light (3 lux), and prior to testing, mice
were acclimated to the testing room. Mice underwent five trials
with an inter-trial interval of at least 2 mins. For each trial, a
mouse was lowered slowly over the grid, and only its forepaws
were allowed to grip the grid. While the mouse was steadily
pulled back, the experimenter ensured the mouse remained
horizontal until the mouse was no longer able to grip the grid.
The maximal grip strength value of the mouse was recorded each
trial. The apparatus was cleaned with 70% ethanol and allowed
to dry before testing each mouse cohort. The maximum value
obtained per animal is reported as maximal strength divided
by bodyweight.

Statistics

We were interested in determining if the reduction of mHTT
would improve the symptoms reported in the BACHD mouse
model; therefore, the BMYO mice were compared to age-
matched BACHD and WT mice in all the experiments. The
sample size per group was determined by both our empirical
experience with the variability in the prior measures in the
BACHD mice. In addition, for the echocardiograms and
behavioral analysis, we carried out a power analysis that assumed
a power of 0.8 and an alpha of 0.05. One-way ANOVA along
with Holm-Sidak or Tukey’s post-hoc test was used to evaluate
the statistical significance of the findings. Data were examined
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for normality (Shapiro-Wilk test) and equal variance (Brown-
Forsythe test). If normality or equal variance tests failed, then
the Kruskal-Wallis one-way analyses of variance (ANOVA)
on ranks followed by Dunn’s Multiple comparison test was
used instead. Statistical analysis was performed using SigmaPlot
(SYSTAT Software, San Jose, CA) or Prism 9 (Version 9.2.0;
GraphPad Software, La Jolla, CA). Between-group differences
were determined significant if P < 0.05. All values are reported
as group mean =+ standard error of the mean (SEM).

RESULTS

Genetic Reduction of mHTT in the

Cardiomyocytes

To determine whether genetically reducing mHTT expression
from the cardiomyocytes would rescue the cardiovascular
phenotypes observed in the BACHD mice, we crossed BACHD
mice with Myh6-Cre mice and generated the BACHD;Myh6-
Cre (BMYO) (Figure 1). A significant reduction in the mHTT
transcript (67% as compared to the BACHD; Tukey: g = 18.584,
P < 0.001) expression levels was observed in the heart of
3 months old BMYO animals compared to the BACHD, but
not in the striatum (Figure 2A). No differences were found in
the expression of the endogenous Htt in the heart (Figure 2B)
between the three mouse groups. Furthermore, we assessed the
protein levels of mHTT in whole heart and striatum tissue
lysate by using an antibody that recognizes the polyglutamine-
expansion (polyQ) present in the pathological form of this
protein. Significant differences in the polyQ expression levels
were observed among the genotypes, with the BMYO displaying
a significant reduction (65% as compared to the BACHD; Tukey:
q=20.801, P < 0.001; Figures 2C,D). In the BMYO striatum, the
polyQ expression was unaffected and at a similar expression level
as in the BACHD (Figure 2C). In summary, the BMYO hearts
displayed a significant reduction in mHtt at both the transcript
and protein level as compared to the BACHD hearts, while its
expression was not affected in the striatum.

Genetic Reduction of the mHTT
Expression Improves Some Cardiovascular

Functions in BMYO Mice

The effects elicited by the reduction of mHTT on the cardiac
structure and functions were assessed by echocardiogram at 3 and
6-month age. Consistent with our earlier data (22) showing little
loss of cardiac function in the BACHD mice at 3 months of age,
few significant differences could be observed among the three
genotypes (Table 1). At this age, the Lv of both mutants exhibited
an increased mass (not significant), but only the BACHD
exhibited a reduced ejection fraction (Tukey: g = 3.941, P =
0.029) compared to WT. The fractional shortening (FS, %) was
just under with the BACHD showing reduced values compared
to the BMYO and WT groups. At 6 months of age (Figure 3;
Table 1), the BACHD (Tukey: g = 5.809, P = 0.002) and the
BMYO (Tukey: g = 3.664, P = 0.043) exhibited significantly
enlarged left ventricles compared to WT. Even though such
feature clearly was not altered by the removal of the mHTT, still
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FIGURE 2 | Genetic targeting of human mHTT elicits a selective reduction of
its transcript and protein expression levels in the heart, but not the striatum of
3 months old BMYO mice. (A) Quantification of the human mHTT transcript
levels in the heart and striatum shows a significant and selective decrease in
the heart of the BMYO line [Fp.5) = 125.5, P < 0.001]; while, striatal levels
were comparable in the two mutant lines [Fpg = 87.706, P < 0.001]. (B) The
levels of the endogenous mouse Htt were unchanged among genotypes in
both the heart [F o g = 2.045, P = 0.210] and striatum [F (p,8) = 0.852, P =
0.473]. (C) PolyQ protein expression levels were detected in the BACHD heart
and were greatly reduced in the BMYO [F o) = 162.549, P <0.001], but not
in the striatum of both mutants. These data demonstrate that the genetic
cross was successful, and the mHTT levels were selectively reduced in the
BMYO heart, while maintaining “normal” expression in the striatum.
Representative immunoblots for the heart (D) and (E) striatum. Values derived
from the densitometric analysis were corrected for the background and
normalized to GAPDH. The vertical bar plots represent the group means and
SEM. The symbols show the values for each individual animal (n = 3) per
genotype. Asterisks represent significant differences (P < 0.05) compared to
WT while crosshatch indicates significant differences (P < 0.05) between
BMYO and BACHD. One way ANOVA followed by Tukey’s multiple
comparison test was used to evaluate the possible significance of the findings.

it is notable that the mass in the BMYO mass did not further
increase compared to the measurement at 3 months old. Most of
the other parameters did not vary among the genotypes. On the
other hand, the ejection fraction (EF) was significantly reduced
compared to WT in the BACHD (Tukey: g = 4.889, P = 0.006),
while did not significantly change in the BMYO. The BMYO mice
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TABLE 1 | Echocardiographic parameters in BACHD, BMYO and WT animals at 3
and 6 months of age.

BACHD BMYO WT Stats
Mean + SEM

Age (months) 3 3 3

Lv mass (mg) 60+ 5 63+ 4 52+ 4  F(o03 =1.784;P=0.193
FS (%) 30+2 35+ 1 37+2  F (03 =23.186; P =0.062
E/A 19401 20+£01 20£01 F oz =0.027;P=0.973
Lv EF 63+ 2 68 + 1 71+£3  Fg23 = 3.952; P = 0.035
Age (months) 6 6 6

Lv mass (mg) 69 +3 64 +2 55+2  F(g23 =5.210; P =0.015
FS (%) 28+ 2 32+ 1 34 +1 F (023 = 3.148; P = 0.064
E/A 1.9+£01 20+£01 20+£01 F 3 =0.027;P=00973
Lv EF 63+ 2 69 +2 71+2  Fg23 = 6.689; P = 0.006

Two-dimensional, M-mode echocardiography and spectral Doppler images enabled
measurement of heart dimension and function including Left ventricle mass (Lv mass),
ratio of the early (E) to late (A) ventricular filling velocities (E/A ratio), fractional shortening
(FS%), Lv Ejection Fraction (Lv EF). For these data and those shown in the other tables,
one-way ANOVA was used to evaluate the possible significance of the findings. If normality
or equal variance tests failed, then a Kruskal-Wallis one way ANOVA on ranks was used
instead. Bold values indicate statistically significant genotypic differences. N = 7-8 per
genotype, all males.

display a heart functionality closer to the WT. Overall, at the two
ages points examined, most of the echocardiogram parameters
did not vary significantly. The measure that appeared to be the
most sensitive to the levels of mHTT in the cardiomyocytes was
the EE, which refers to the percentage of blood that is pumped out
of a filled ventricle with each heartbeat.

The Reduction of mHTT Impacted Gene
Expression for Cardiovascular Disease
Markers Within the BMYO Hearts

Along with abnormal echocardiogram parameters, a
pathophysiological feature of the middle-aged (>12 months)
BACHD hearts is to display extensive fibrotic tissue (22);
however, it is unknown how early such process presents.
Thus, the levels of transcripts known to be specific markers
for cardiovascular disease were analyzed in the mutant hearts
at 6 months of age (Figure 4; Table 2). The expression levels
of the marker for cardiac fibrosis collagen la (Colla) were
found significantly augmented in the BACHD hearts as
compared to the WT (Tukey: g = 4.710, P = 0.03), while the
BMYO showed no significant difference from the other groups
(Figure 4A; Table 2). The ventricular/slow myosin heavy chain
isoform (Myh7), a gene associated with increased fibrosis and
hypertrophic cardiomyopathy (36), showed a trend to increase
in the BACHD (Figure 4B), with no significant changes in the
BMYO in comparison to the WT. It is well established that the
expression of genes involved in cardiomyocyte development is
up-regulated in response to injury or myocardial remodeling in
response to physiological and pathological events (e.g. 32-34).
We found a significant increase in the expression of the GATA
binding protein 4 (Gata4) in the hearts of the BACHD (Dunn’s
Method: Q = 2.697, P = 0.021 vs. WT) which was absent in the
BMYO line (Figure 4C; Table 2). In addition, the BACHD mice
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FIGURE 3 | Echocardiographic measurements of BACHD, BMYO, and WT
animals at 6 months of age. Two-dimensional, M-mode echocardiography and
spectral Doppler images enabled measurement of heart dimension and
function including Left ventricle mass (LV mass), fractional shortening (FS%),
Lv Ejection Fraction (Lv EF), and heart rate. Most parameters did not vary
between the genotypes (Table 1). (A) Lv mass was increased in both the
BACHD and BMYO mice compared to WT controls, while (B) the ejection
fraction was reduced in BACHD compared to BMYO and WT hearts. (C) The
fractional shortening followed a similar pattern although the differences were
not significant by our criterion. The selective reduction of mHtt from the heart
did not reduce the hypertrophy in the BMYO heart but seemed to improve the
ejection fraction. The vertical bar plots show group means and SEM. The
symbols show the values from individual animals (n = 7-8 per genotype).
Asterisks represent significant differences (P < 0.05) compared to WT controls
while crosshatch indicates significant differences (P < 0.05) between BMYO
and BACHD. One way ANOVA followed by Tukey’s multiple comparison test
was used to evaluate the possible significance of the findings (see Table 1).

exhibited elevated transcript levels of brain natriuretic peptide
(Bnp, Figure 4D; Table 2; Dunn’s Method: Q = 2.562, P = 0.031
vs. WT), a hormone secreted by cardiomyocytes in the ventricles
in response to stretching. Again, the BMYO line showed a
much lower expression. In agreement, increased Collagen I
immunoreactivity could be observed in mid-ventricular coronal
sections of 6 months of age BACHD, in particular along the
septal and Rv walls, with the BMYO hearts showing a much lower
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FIGURE 4 | Gene expression levels of molecular markers for cardiovascular injury and repair were significantly lowered by the specific removal of mHtt from the heart.
(A) The expression levels of collagen 1a (Col7a) were significantly lower in the BMYO animals compared to the BACHD, while (B) the expression of ventricular/slow
myosin heavy chain isoform (Myh?7) did not significantly change. (C) GATA binding protein 4 (GATA4) and (D) brain natriuretic peptide (BNP) were both significantly
diminished in the BMYO heart at 6 months of age as compared to BACHD (see also Table 2 for values derived from the statistical analyses). Together these data
suggest that changes in molecular markers of CV injury were reversed by selective removal of the mHTT in the BMYO line. The vertical bar plots show group means
and SEM. The symbols show the values from individual animals (n = 3-4 per genotype). Asterisks represent significant differences (P < 0.05) compared to WT
controls. One way ANOVA followed by Tukey’s multiple comparison test was used to evaluate the possible significance of the findings. If normality or equal variance
tests failed, then Kruskal-Wallis one-way ANOVA on ranks followed by Dunn’s multiple comparison test was used instead (see also Table 2).

TABLE 2 | expression levels of selected genes in the hearts of BACHD, BMYO and WT animals at 6 months of age.

Gene Gene ID BACHD BMYO WT Stats

mean + SEM (normalized to Gapdh)

Colla 12842 0.0156 + 0.005 0.0031 £ 0.003 0.0002 + 0.0001 F(2,09) = 6.410; P = 0.026
Myh7 140781 0.020 £ 0.012 0.005 £ 0.003 0.001 £ 0.0003 F 09 =2.095; P =0.194
Gata4 14463 0.0011 + 0.0003 0.00001 £ 0.00004 0.00002 £ 0.000006 H =17.318; P = 0.004
Bnp 18158 0.006 £ 0.002 0.003 £ 0.0003 0.002 £ 0.0003 H = 6.745; P = 0.010

Primers targeting the collagen 1a (Col1a); the ventricular/slow myosin heavy chain isoform (Myh?); the GATA binding protein 4 (Gata4), and the brain natriuretic peptide (Bnp) were
used. For each gene, the average values from three technical replicates per sample were normalized to those obtained for Gapdh in the same sample. Bold values indicate statistically
significant genotypic differences. N = 3—4 per genotype, all males.

staining (Figure 5A). Finally, the protein levels of fibronectin  fibrotic heart. Hence, in the present study, Masson’s Trichrome
were significantly elevated in the BACHD heart in comparison  staining was used to investigate the presence of fibrotic tissue,
to the WT (H = 6.003; P = 0.042, Kruskal-Wallis one-way  as well as cyto-histomorphological abnormalities in 6 months
ANOVA on ranks followed by Dunn’s multiple comparison  old BACHD and BMYO hearts. Whilst fibrotic staining was
test, P = 0.045), and consistently reduced in the BMYO heart  almost undetectable in the WT hearts (1/3 mice), all the BACHD
lysates (Figure 5B). Altogether these findings suggest that the  hearts (3/3 mice) exhibited some pockets of fibrosis of variable
BACHD hearts are under stress and such changes appear to be  extension located mostly in correspondence of the septal parts
prevented by the selective deletion of the human mHTT from  of the Rv wall (Figures 6B,C). The BMYO hearts (3/3 mice)

the cardiomyocytes of the BMYO mice. appeared to have fewer and quite small fibrotic areas compared
. . . to what observed in the BACHD (Table 3).
Reduction of mHTT Lessens Fibrosis To further assess possible morphological variations, including

As mentioned above, we have previously reported that 12 changes in cell numbers or cell morphology, which could account
months old BACHD mice (22) present with an enlarged and  for the enlarged heart observed in BACHD mice, we performed a
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Asterisks represent significant differences (P < 0.05) compared to WT mice.

FIGURE 5 | The expression of fibrotic markers was diminished by the selective removal of human mHTT from the cardiomyocytes. (A) Representative images of
immunostained mid-ventricular coronal heart sections showing stronger and diffuse expression of Collagen | in 6 months-old BACHD, but not in age-matched BMYO
and WT mice (n = 2 per genotype). The white rectangles delineate the areas where the enlarged images were obtained: (a) left ventricular wall-papillary muscle; (b)
right ventricular wall. Intense collagen | immunoreactivity can be observed around the cardiomyocytes in the BACHD heart (left panels), but at a lower level in the
BMYO and WT (middle and right panels, respectively). Lv, left ventricle; Ry, right ventricle. Scale bars = 200 um. (B) Representative western blotting of whole-tissue
lysates of hearts from 6 months-old BACHD, BMYO and WT mice. The total protein levels of fibronectin displayed a significant increase in the BACHD mice as
compared to WT. Each value derived from the densitometric analysis was corrected for background, and then divided by the sum of the background-corrected
signals obtained in the same immunoblot. These values were then normalized to the respective relative GAPDH levels, which were corrected in the same manner. The
vertical bar plots represent the group means and SEM. The symbols show the values for each individual animal (n = 4-5) per genotype. Kruskal-Wallis one-way
ANOVA on ranks (H = 6.003; P = 0.042) followed by Dunn’s multiple comparison test (P = 0.045) was used to evaluate the possible significance of the findings.
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series of measurements. Albeit not significant, the BACHD hearts
appeared enlarged while the BMYO hearts were sized similarly
to WT (Table 4). Whilst no differences were observed in the Lv
of the three genotypes, strikingly, the Rv of the BACHD, but
not of the BMYO, displayed a thinner wall and an enlarged
lumen (Figure 6A; Table 4). The cross-sectional area or any
other cytological measurement were not different among the
three groups; however, an increased number of cardiomyocytes
was observed in the Rv of the BACHD (Table 4). Hence, the
BACHD mice exhibited cyto-histopathological changes also early
in disease progressions, with a larger and thinner heart compared

to the BMYO as well as the WT mice. Thus, genetically removing
the mHTT from the cardiomyocytes may improve the defects
observed in the BACHD hearts.

Reduction of mHTT in the Heart Improved

Some Aspects of Motor Behavior

There is compelling evidence that a reduction in physical
activity is a sensitive biomarker for chronic CV disease (37, 38).
Therefore, in our final experiment, we sought to determine
whether the genetic reduction of mHTT expression in the
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FIGURE 6 | Selective removal of the human mHtt lessened the fibrosis in the hearts of 6 months old BMYO mice. Representative photomicrographs of mid-ventricular
heart sections stained with Masson’s trichrome at different magnifications. For all three genotypes, a representative stained section is shown at three progressively
higher magnifications. (A) Lower magnification images showing the enlarged BACHD heart, such phenotype was less evident in the BMYO mice (scale bar = 200 pm).
The white rectangles delineate the areas where the higher magnification images were acquired. (B,C) Higher magnification images showing pockets of fibrotic tissue
of variable extension in the septal part of the right ventricular wall of BACHD hearts. Some fibrotic areas could be also seen along the outer surface of the ventricular
walls near the interventricular septum. Conversely, such areas were qualitatively judged to be almost inexistent in the BMYO (Table 3). At this age, WT hearts did not
show strong evidence of fibrosis. Scale bars = 100 and 50 um in the middle and lower panels, respectively. n = 3 per genotype. Ly, left ventricle; Ry, right ventricle.

TABLE 3 | Masson’s Trichrome staining was used to investigate the presence of
fibrotic tissue in heart sections from WT, BACHD and BMYO mice at 6 months of
age.

Lv wall and Papillary muscles Septum Rv wall

BACHD + ++ ++
BACHD + ++ ++
BACHD + ++ ++
BMYO + + +

BMYO - + +

BMYO + + ++
WT _ E— —_—
WT _— _— R
WT + + +

Sections (3/animal) at the mid-ventricular level were chosen based on the visual presence
ofthe papillary muscles in the left ventricle (Lv). Two observers independently evaluated the
presence and degree of fibrotic staining in the left ventricular wall and papillary muscles,
right ventricular wall (Rv) as well as in the interventricular septum. The degree of fibrotic
staining was classified as moderate (++), weak (+), or none (——) in 3 sections/animal;
n = 3 animals of each genotype.

cardiomyocytes had beneficial impact on motor function in
the BACHD mice using two measures of motor function: grip
strength and overall physical activity in the 24-hr cycle (Figure 7;

Table 5). Grip strength was improved in the 6 months old BMYO
mice compared to BACHD alone (Figure 7A; Holm-Sidak: t =
3.262, P =0.011 BACHD vs. WT). In addition, both BACHD
and BMYO exhibited a significant reduction in activity over 24 h
compared to WT (Tukey: BACHD, g = 8.850, P < 0.001; BMYO,
q = 6.613, P < 0.001), although the BMYO mice still exhibited
more activity than the BACHD (Figure 7B). The strength of
the daily rhythms as measured by power of the periodograms
was similar in both mutant lines, so the rhythmicity of the
activity data was not impacted by the reduction in mHTT in
the heart (Figure 7C). BACHD mice have been shown to be
more active in the day, during their normal rest time than WT
(32, 39). Unexpectedly, such inappropriate activity in the day was
improved in the BMYO line compared to BACHD (Figure 7D;
Holm-Sidak: t = 3.348, P = 0.007). Overall, the performance of
the mice on two motor tasks (grip strength, total activity) was
improved by reducing mHTT in the heart.

DISCUSSION

Both clinical and preclinical research indicate that cardiovascular
dysfunction should be considered a core symptom of at least
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TABLE 4 | Gross morphological measurements were performed in heart coronal sections from WT, BACHD and BMYO mice at 6 months of age.

BACHD BMYO WT Stats
Whole heart
Cross sectional area (mm?) 36.9 + 4.31 33.0 £ 1.40 32.5+2.37 H=0.932; P =0.667
Circumference (mm) 22.3+1.92 20.8 £ 0.75 20.7 £0.77 H =0.800; P =0.721
Left ventricle
Wall thickness (mm) 0.88+ 0.01 0.80 & 0.06 0.87 £+ 0.01 H=0.621; P = 0.829
LLumen cross-sectional area (mm?) 11.56+1.65 12.6 £1.20 11.1 £ 0.51 H=1.867; P =0.438
Lumen perimeter (mm) 17.4+£1.48 17.6+£0.72 153+ 1.34 H=1.689; P =0.511
Lumen diameter (mm) 4.52 +£0.23 4.73+0.25 4.42 +£0.10 H=1.156; P = 0.629
Average Cell number/pm? 0.0029 + 0.00027 0.0033 + 0.00009 0.0032 + 0.00018 H=1.867; P =0.439
Total Cell number/pm? 0.020 + 0.004 0.026 + 0.006 0.024 £+ 0.001 H=0.622; P = 0.829
Cell cross-sectional area (1m?) 99.9 + 3.55 95.0 £ 2.56 123.4 £12.7 H =5.067; P =0.086
Cell diameter (um) 4.83 + 0.09 4.55 +0.03 5.30 + 0.29 H = 5.956; P = 0.025
Cell perimeter (jum) 13.7 £0.38 13.3 £0.35 16.2 +£ 0.92 H = 5.956; P = 0.025
Septum
Wall thickness (mm) 0.81 +£0.07 0.71 £ 0.01 0.80 + 0.06 H=1.689; P =0.511
Average Cell number/pm? 0.0033 + 0.00013 0.0034 + 0.00006 0.0035 + 0.00018 H =0.356; P = 0.879
Total cell number/um? 0.020 + 0.004 0.026 + 0.006 0.024 £ 0.001 H=0.622; P = 0.829
Cell cross-sectional area (um?) 108.8 &+ 3.06 108.2 + 4.18 110.5 + 3.44 H =0.089; P =0.993
Cell diameter (um) 16.2 £ 0.35 16.2 £ 0.75 16.6 +0.18 H=1.689; P =0.511
Cell perimeter (um) 44.6 £+ 0.60 44.6 £+ 0.61 45.2 +£0.19 H=0.267; P = 0.929
Right ventricle
Wall thickness (mm) 0.31 £0.04 0.40 £ 0.04 0.42 +£0.08 H =2.489; P = 0.338
LLumen cross-sectional area (mm?) 6.61 +2.85 3.12+1.75 3.09 +1.97 H=1.689; P =0.511
Lumen perimeter (mm) 179+ 2.28 14.8 £ 0.81 13.6 £ 1.84 H=2.222; P =0.381
Average cell number/pm? 0.00383 + 0.00018 0.0029 + 0.00004 0.0028 + 0.00003 H = 5.535; P = 0.050
Total Cell number/pm? 0.025 + 0.008 0.022 + 0.003 0.020 + 0.003 H=0.157; P = 0.950
Cell cross-sectional area (um?) 108.9 +1.20 108.1 + 8.26 98.7 £14.7 H=0.267; P =0.929
Cell diameter (m) 16.7 £ 0.45 159+ 1.05 15.7 £ 0.71 H=1.156; P = 0.629
Cell perimeter (um) 44.7 +1.08 43.2+212 42.9+2.28 H=0.267; P = 0.929

Sections (2/animal) at the mid-ventricular level were chosen based on the visual presence of papillary muscles in the left ventricle (Lv). Since the left and right ventricles (Rv) were not
perfectly round, we refer to the length of the lumen as perimeter. Cells were counted in 2-3 ROl of equal size (1563.21 um x153.21 um)/image and summed. The sums from 10-15
images (Lv) or 5-10 images (Rv and Septum)/animal were averaged and then divided by the ROl total area. Values are presented as the Mean + SEM, statistical differences were
determined using the Kruskal-Wallis one way ANOVA on ranks followed by Dunn’s multiple comparisons test. Bold values indicate statistically significant genotypic differences. n=3

animals per genotype, all males.

in a subset of HD patients (9, 12). Mutant huntingtin (mHTT)
is ubiquitously expressed so the cardiomyopathy could be the
result of deficits in the cardiomyocytes themselves and/or in the
dysautonomia driven by the nervous system. In this study, we
utilized the BACHD mouse model that allows specific reduction
of the mHTT expression in the cardiomyocytes when crossed
with the Myh6-cre mouse line (Figure 1). As shown in Figure 2,
we achieved a successful reduction in the mHTT mRNA and
protein levels in the BMYO hearts. The cre-driven recombination
would have occurred early in development so that the BMYO
mice that we evaluated would have had greatly reduced mHtt
from the heart with still high levels of mHTT present in the
brain. This genetic construct provides a unique model to evaluate
the contribution of the mHTT in the cardiomyocytes to the CV
disease associated with HD.

We examined the CV function and structure using
echocardiograms in all three genotypes at 6 months of age.
Most of the functional echo parameters did not vary between

the genotypes (Table 1). There were two notable exceptions. As
previously observed (22), the LV mass of the BACHD hearts was
larger than WT (Figure 3A). Hypertrophy is an unusual feature
of the BACHD model and contrasts with the reduction in size
seen in other models (18, 21, 23, 24). The divergence between the
genotypes was already seen at 3 months but was not significant
until 6 months of age. This hypertrophy was also observed in
the BMYO hearts suggesting that the driver was not the mHTT
in the cardiomyocytes. In addition, LV ejection fraction (EF)
was reduced in the BACHD while the EF of the BMYO heart
was comparable to WT levels (Figure 3B). The EF refers to the
percentage of blood that is pumped out of a filled ventricle with
each heartbeat. It is the relation between the amounts of blood
expelled during each cardiac cycle relative to the size of the
ventricle. It is important to note that an LV EF of 55% or higher
is considered normal under physiologic loading conditions,
with an EF of 50% or lower being considered reduced. Thus,
the BACHD hearts were still working at functional levels at
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followed by Dunn’s multiple comparison test was used instead (see Table 5).

FIGURE 7 | Behavioral biomarkers of cardiovascular function were improved in the BMYO line. Behavior measures including grip strength, and diurnal rhythms of
activity of the three lines were measured between 6 and 7 months of age. (A) Grip strength was reduced in the BACHD compared to BMYO and WT lines. (B) The
average total activity over 24 h as reduced in both the BACHD and BMYO compared to WT. (C) Power, one measure of circadian rhythmicity, was reduced in both the
BACHD and BMYO compared to WT controls. (D) The % of activity measured in the light was reduced in the BMYO. The vertical bar plots show group means and
SEM. The symbols show the values from individual animals (n = 8 per genotype) in each group. Asterisks represent significant differences (P < 0.05) compared to WT
mice while crosshatch indicates significant differences (P < 0.05) between BMYO and BACHD mice. One way ANOVA followed by Holm-Sidak or Tukey’s multiple
comparison test was used to evaluate the possible significance of the findings. If normality or equal variance tests failed, then Kruskal-Wallis one way ANOVA on ranks
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TABLE 5 | Behavioral measurements of motor function from BACHD, BMYO and WT animals at 6 months of age.

BACHD BMYO WT Stats
Mean + SEM
Body weight 251 +£0.7 254 +24 26.7 +£1.7 F (003 = 0.245; P = 0.785
Grip strength (N/g) 0.083 £+ 0.003 0.090 + 0.002 0.097 + 0.003 F (2,23 = 5.323; P = 0.013
Activity (a.u)/ 24 h 2504 + 224 2884 + 227 4741 + 317 F (2,23 = 21.440; P < 0.001
Power (% variation) 26.0+ 0.9 27.0+1.9 358+ 1.1 F (2,23 = 17.053; P < 0.001
Onset (ZT) 12.39 £ 0.19 11.87 £0.16 11.93 + 0.09 F (0,03 = 3.496; P = 0.052
Activity in light (%) 25,8+ 0.9 185+1.9 168+ 1.7 F (2,23 = 12.451; P < 0.001

Maximal forelimb grip strength was measured by a meter during the night and normalize to body weight. Infrared monitors were used to measure total cage activity over a 10-day
duration. The average activity levels during a 24-h cycle as shown as a measure of physical activity. The strength of diurnal rhythms in cage activity were assessed using periodogram
including power (% variation), onset of activity as well as the % of total activity during the light. Bold values indicate statistically significant genotypic differences. n = 8 per genotype,

all males.

the 6 month time point. The findings with LV EF were closest
to our predictions for a cardiomyopathy driven by mHTT in
the heart. Perhaps, we needed to wait to an older age to see
more robust differences with the echocardiogram. Prior work
indicated that the EF of the BACHD hearts steadily declined
with age after the 6 months-time point (22) so the present
measurements of cardiac output were done at the age of peak
performance. Reduced cardiac output are observed in other
models including the R6/2 (24) and R6/1 (21) and thus appears
to be a general feature of the models (see 8 for review). Recent
work described electrocardiogram (ECG) abnormalities in the
BACHD line (40) and found several abnormalities associated

with increased risk of sudden arrhythmic death in humans
(41). Taken together, these data suggest that reduced mHTT
expression in the cardiomyocytes help improve LV EF in the
BMYO mice.

In prior work examining the hearts of middle-aged BACHD
mice (>12 months), we found striking fibrosis (22). In the
present study, Colla mRNA expression in the BMYO hearts
was significantly reduced compared to BACHD (Figure 4A).
Similarly, we found that Collagen I immunoreactivity as well
as Fibronectin protein expression was highest in the BACHD
and reduced in the BMYO heart (Figure 5). In regard to Mhy7
expression (Figure 4B), the trends are consistent with increased
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fibrosis as well as an enlarged heart (36, 42, 43) exhibited
by the BACHD, and previously described (22). However, the
differences were not significant as measured by the one-way
ANOVA (Table 2) and the power of the performed test (0.173)
is below the desired power of 0.800. Already at this early age,
we observed the presence of fibrotic regions in the BACHD and
BMYO mouse hearts, but not in the WT (Figure 6). An increase
in fibrosis in the heart could explain the reduction in the EF
found in the echo data. Histological studies have suggested that
myocardial fibrosis can be an important driver of a reduction
in EF (44, 45). We also looked at the expression of genes
involved in ventricular remodeling including Gata4 (Figure 4C).
These genes are known to be up-regulated in response to injury
or cardiomyocyte remodeling (46-48). We found a significant
increase in the expression of Gata4 in the hearts of the BACHD
but not in the BMYO line (Table 2). Finally, we examined the
expression of Bnp (Figure 4D), which is a hormone secreted by
cardiomyocytes in the heart ventricles in response to stretching
(49, 50). Again, the BACHD mutants exhibited higher expression
while the BMYO line showed a much lower expression. Together
these data indicate that, at least transcriptionally, the BACHD
hearts were under stress that was reduced in the BMYO line.

Finally, we looked at the impact of the cross on motor
behaviors that are thought to be reflective of cardiovascular
health. In humans, there is strong evidence that grip strength
can provide indications of cardiovascular (mal)function (37,
38, 51). For example, a recent study examined the association
of objectively measured grip strength (GS) with incident heart
failure (HF) (52). Using the UK Biobank dataset, the authors
evaluated data from 374,493 individuals. They found that higher
GS was associated with 19% lower incidence of HF risk. While
these data are correlational, the literature indicates that objective
measurements of physical function (GS) are strongly associated
with lower HF incidence. In this study, we found that grip
strength was reduced in the BACHD compared to WT and
that this measure was improved by the excision of the mHTT
(Figure 7A). Overall, physical activity in this case measured by
total activity over 24-hr followed the same pattern (Figure 7B).
On the other hand, both of the mutant groups exhibited
the reduction in the strength of the rhythm as measured by
power (Figure 7C). Most other rhythmic parameters were not
improved by the reduction of the mHTT from the heart. The
central circadian clock is located in the hypothalamus thus
improvements in circadian output were not expected from this
cross. One unexpected finding is that the inappropriate day-time
activity seen in the BACHD line (32, 39) was improved by the
cross (Figure 7D). Taken at face value, this result suggests that
some of the negative circadian phenotype seen in HD models
could be a reflection of compromised CV function. This issue
deserves further study.

We were forced to bring this study to a premature closure
because of COVID-19. Due to the research stoppage, this work
presents several weaknesses. First, while the study was originally
designed to longitudinally follow the mice until 12 months of
age, we had to terminate the experiments at 6 months. Therefore,
we were only able to investigate the role of mHTT at early
stages of disease progression and, based on our prior work
(22), we expected more dramatic effects and differences among

genotypes at a later age. In addition, as our colony had to
be culled, the sample size for some of the measurements and
assays is limited to 3-4 mice per genotype, about half of our
original intent. Although we previously showed sex difference
in the BACHD mice (53), with the female presenting less severe
symptoms at early stages of disease, another limitation of the
present study is the usage of only male mice. Future work
will need to determine whether the reduction in mHTT in the
cardiomyocytes differentially affects male and female mice at
later stages of the disease, and may ameliorate mitochondrial
dysfunction, protein aggregation, ER stress, and/or facilitates
autophagy. In the present study, we were only able to interrogate
a limited number of pathways. Obviously, because of all the
above mentioned limitations, caution should be exerted when
interpreting our findings.

In summary, the clinical and preclinical research indicate that
cardiovascular dysfunction should be considered a core symptom
of at least a subset of HD patients. As established by prior work,
there is strong evidence for dysautonomia that can be detected
early in the HD progression. In addition, there is evidence for
cardiomyopathy and our results suggest that there is cardiac
specific pathology in the BACHD pre-clinical model. Reducing
mHTT specifically from cardiomyocytes did improve the LV
EF as measured by the echocardiogram, reduced the expression
of several markers of heart disease, and improved a behavioral
marker of cardiovascular health. We believe that these findings
argue that cardiomyopathy should be considered as part of the
consequences of the HD mutation in clinical practice.
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Objective: This study aimed to investigate acute hemodynamics of lower extremities
during enhanced external counterpulsation with a three-level sequence at the hips,
thighs, and calves (EECP-3), two-level sequence at the hips and thighs (EECP-2), and
single leg three-level sequence (EECP-1).

Methods: Twenty healthy volunteers were recruited in this study to receive a 45-min
EECP intervention. Blood flow spectrums in the anterior tibial artery, posterior tibial artery,
and dorsalis pedis artery were imaged by Color Doppler ultrasound. Mean flow rate
(FR), area, pulsatility index (PI), peak systolic velocity (PSV), end-diastolic velocity (EDV),
mean flow velocity (MV), and systolic maximum acceleration (CCAs) were sequentially
measured and calculated at baseline during EECP-3, EECP-1, and EECP-2.

Results: During EECP-3, PI, PSV, and MV in the anterior tibial artery were significantly
higher, while EDV was markedly lower during EECP-1, EECP-2, and baseline (all
P < 0.05). Additionally, ACCs were significantly elevated during EECP-3 compared with
baseline. Moreover, FR in the anterior tibial artery was significantly increased during
EECP-3 compared with baseline (P = 0.048). During EECP-2, Pl and MV in the dorsalis
pedis artery were significantly higher and lower than those at baseline, (both P < 0.05). In
addition, FR was markedly reduced during EECP-2 compared with baseline (P = 0.028).
During EECP-1, the area was significantly lower, while EDV was markedly higher in
the posterior tibial artery than during EECP-1, EECP-2, and baseline (all P < 0.05).
Meanwhile, FR of the posterior tibial artery was significantly reduced compared with
baseline (P = 0.014).

Conclusion: Enhanced external counterpulsation with three-level sequence (EECP-3),
EECP-2, and EECP-1 induced different hemodynamic responses in the anterior tibial
artery, dorsalis pedis artery, and posterior tibial artery, respectively. EECP-3 acutely
improved the blood flow, blood flow velocity, and ACCs of the anterior tibial artery.
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In addition, EECP-1 and EECP-2 significantly increased the blood flow velocity and
peripheral resistance of the inferior knee artery, whereas they markedly reduced blood
flow in the posterior tibial artery.

Keywords: enhanced external counterpulsation, lower extremity arteries, blood flow, hemodynamic responses,

sequential level

INTRODUCTION

Enhanced external counterpulsation (EECP) is a noninvasive
treatment for patients with cardiovascular disease (1-3). Studies
have also reported that EECP not only alleviates symptoms
of angina and reduces myocardial ischemia (4-6) but that
it is also beneficial to peripheral vascular function (7-9).
Braith et al. found that EECP significantly increases peripheral
artery flow-mediated dilation (FMD) and promotes endothelial-
derived vasoactive agents (9). Nichols et al. demonstrated that
EECP reduces arterial stiffness and improves wave reflection
characteristics (7). Zhang et al. also found that EECP decreases
resistance index in the common carotid artery (10). Gurovich et
al. demonstrated that EECP-induced blood flow patterns improve
endothelial function in peripheral muscular conduit arteries (11).
Avery et al. also found that EECP significantly elevates peak limb
blood flow and improves endothelium-dependent vasodilation in
calf resistance arteries (12).

However, there were some controversial studies. Werner et
al. found that EECP significantly reduces flow volumes of the
posterior tibial artery (13). Dockery et al. demonstrated that
EECP cannot reduce arterial stiffness (14). It showed that EECP
is unlikely to be influenced by the alterations in mechanical
properties of the arterial wall (14). Martin et al. reported
that EECP does not significantly improve resistance arterial
function in the calf (15). Whether EECP may provide vascular
medicine to the peripheral arterial tree needed to be verified
(12). In addition, Hashemi et al. found that endothelial function
is not significantly improved after EECP intervention (16).
Meanwhile, we found that peripheral hemodynamic responses
induced by EECP highlighted personalized plans in patients
with different cardiovascular risk factors (10). Furthermore,
our study demonstrated that EECP creates different responses
of vascular and blood flow characteristics in the carotid and
peripheral arteries. More importantly, beneficial effects on the
inner diameter, blood flow velocity, resistance index, and blood
flow after 45-min-EECP were shown only in patients with
coronary artery disease (17).

Based on the above-mentioned issues, Buschmann et al.
proposed an improved treatment for patients with peripheral
vascular disease (PAD), individual shear rate therapy (ISRT),
like EECP-2, which includes two cuffs wrapped around the
hip and thighs for ensuring adequate calf perfusion compared
to EECP-3 with the three-cuft system (18-20). It is evaluated
with real-time Doppler-derived variables of calf perfusion during
counterpulsation (18). Studies have reported that ISRT improves
endothelial function and increases lower limb walking distance
(19). A study showed that ISRT can improve the degree of
peripheral arteriosclerosis, increase exercise capacity, and reduce

arterial blood pressure (21). However, a study reported that ISRT
cannot reduce ankle brachial index and pulse wave velocity (22).

Currently, only few effective treatments for the improvement
of lower limb hemodynamics have been proposed. Additionally,
their clinical evidence is insufficient, and a related hemodynamic
mechanism is not clear (13, 23, 24). Furthermore, to our
knowledge, there is no effective treatment for lower limb stenosis
in different parts (e.g., anterior tibial artery, posterior tibial artery,
or dorsalis pedis artery). However, the pathogenesis of patients
with PAD is too complex to investigate detailed hemodynamic
changes (e.g., unilateral, bilateral, and multi-vascular). Therefore,
based on the aforementioned EECP technology platform, we
changed the sequential level, and set the monitoring scheme
of EECP with a three-level sequence (EECP-3), the two-level
sequence at the hips and thighs (EECP-2), and single leg three-
level sequence (EECP-1). The ultrasonic blood flow spectrum
of inferior knee arteries (anterior tibial artery, posterior tibial
artery, and dorsalis pedis artery) was analyzed during EECP-3,
EECP-2, and EECP-1. On the one hand, this study can clarify the
acute responses of these treatment schemes on lower extremity
hemodynamics. On the other hand, it may provide a theoretical
basis of exercise physiology for lower extremity arteriosclerosis,
that is, personalized treatment schemes for patients with a
different lower limb arterial stenosis.

MATERIALS AND METHODS
Subjects

Twenty young men (n = 20), ranging from 24 to 30 years
old, were enrolled from the Health Examination Center of the
Eighth Affiliated Hospital of Sun Yat-sen University (SYSU).
All the participants were healthy and had no cardiovascular
disease or related risk factors. Exclusion criteria consisted of
exercising three times per week or more, known cardiovascular
diseases, and contraindications of EECP and medication.
Before the experiment, informed consent forms were signed
by all the healthy participants. It was approved by the local
medical ethics committee of the Eighth Affiliated Hospital
of SYSU (2021-020-02).

Experiment Protocol

Hemodynamic data on lower extremities were collected by echo
investigation at 5 p.m. every day. Before the experiment, all the
healthy participants were required to not eat any food or drink
alcohol or caffeine, and avoid EECP or exercise for at least 24 h
prior to measurements. The flowchart of the whole experimental
scheme is illustrated in Figure 1. The baseline measurements
were performed for each group in the supine position after
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FIGURE 1 | Flowchart of the whole experimental scheme.
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10 min of relaxation. Both blood pressure and heart rate were
measured at baseline.

All the subjects first received EECP-3 intervention with
the PSK P-ECP/TM Oxygen Saturation Monitoring EECP
Instrument (Made in Chongqing, China). These healthy
participants lay supine on the treatment bed with their legs
and buttocks wrapped in cuffs, which were sequentially inflated
from the lower thigh to the upper thigh and buttocks at the
beginning of the diastolic phase, followed by quick, simultaneous
deflation of all the cuffs just prior to the onset of systole.
Second, all the healthy participants were conducted EECP-1
treatment. They lay supine on the treatment bed with one leg
and buttocks wrapped in cuffs. Finally, EECP-2 was performed
with no cuffs in the calves. The ultrasonic blood flow spectrum
of inferior knee arteries (anterior tibial artery, posterior tibial
artery, and dorsalis pedis artery) was monitored in each stage.
A color Doppler ultrasound device (Toshiba Aplio 500 TUS-
A500; Toshiba, Japan) was used to measure the hemodynamic
information at baseline, during EECP- 3, EECP-2, and EECP-1.

Parameter Calculation
Parameters, namely, PSV, end-diastolic velocity (EDV), mean
flow velocity (MV), pulsatility index (PI), area, flow rate (FR),
and systolic maximum acceleration (CCAs) were continuously
recorded for 5 s, and then were calculated for mean value.

The mean PI of all the arteries was calculated as:

_ PSV — EDV )
T TAMAX
where TAMAX = g

Flow rate (FR) was calculated from vessel diameter, cardiac
period, and velocity-time integral as:

_SXVTI

FR = T 2)

where VTI is the averaged velocity-time integral, and T is the
averaged cardiac cycle time. S is a vascular area.

TABLE 1 | Basic characteristics of the participants.

Characteristics Subjects (n = 20)
Age, year 25,51 £2.28
Height, cm 173.20 £ 4.74
Weight, kg 66.83 + 7.38
Smoking 0
Drinking 0
Exercise habits, n (%) 6 (30)
Sleep disorders, n (%) 5 (25)
Family history, n (%) 3(15)
SBP (mmHg) 118.80 + 7.92
DBP (mmHg) 72.35 + 4.52
HR (bpm) 64.75 + 8.93

Statistical Analysis

All the variables were the mean value of the area under the
envelope curve in a cardiac cycle. Results are shown as means
=+ SD. Normal distribution for all the lower limb hemodynamic
variables was evaluated by the Kolmogorov-Smirnov test (at
least one test P > 0.05). Basic characteristics were determined
by descriptive analysis. A repeated ANOVA comparing the
parameters of inferior knee arteries (anterior tibial artery,
posterior tibial artery, and dorsalis pedis artery) was performed
at baseline, during EECP-3, EECP-2, and EECP-1. Additionally, a
one-way ANOVA comparing hemodynamic variables among the
three arteries was performed. Fisher’s least significant difference
test was conducted as a post-hoc analysis. All the statistical tests
were conducted with SPSS version 20.0 (IBM SPSS Statistics,
United States), and p < 0.05 was taken as a measure of
statistical significance.

RESULTS

The baseline information, including age, gender, height, weight,
risk factors (smoking, drinking, family history and sleep
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disorders, and exercise habits) were shown as below at resting
conditions before EECP intervention (Table 1).

Original ultrasonic pictures and the Doppler spectrum
of the anterior tibial artery at baseline, during EECP-3,
EECP-2 and EECP-1, are illustrated in Figure 2. Different
hemodynamic responses (e.g., blood flow, blood flow velocity,
and PI) among the anterior tibial artery, posterior tibial
artery, and dorsalis pedis artery are shown in Figure 3. FR,
area, and PSV in the anterior tibial artery were significantly
higher than in the other arteries (all P < 0.01). MV of
the anterior tibial artery was also significantly higher than
that of the other arteries during EECP-3 and EECP-2 (both
P < 0.01). However, PI of the dorsalis pedis artery was
significantly higher than that of the other arteries during EECP-2
(both P < 0.01).

Additionally, in order to clearly show hemodynamic response
in each participant, the effects of EECP on the hemodynamic
variables varied in each subject are illustrated in Figures 4-10
and summarized in Supplementary Table 2.

Blood Flow

Flow rate (FR) of the posterior tibial artery was significantly
decreased during EECP-2 and EECP-1 compared with baseline
(both P <0.05, Figure 4A). However, FR of the anterior tibial
artery was significantly increased during EECP-3 (P =0.048,
Figure 4B). FR of the dorsalis pedis artery during EECP-2 was
higher than that during EECP-3. In addition, the area, which is
used to calculate FR in the posterior tibial artery during EECP-
1, was significantly lower than that at baseline, during EECP-3
and EECP-2 (all P <0.01, Figure 5A). However, there was no
significant difference in the area of the anterior tibial artery and
dorsalis pedis artery at baseline, during EECP-3, EECP-1, and
EECP-2 (all P >0.05, Figures 5B,C).

Pulsatility Index

The pulsatility index (PI) of the posterior tibial artery during
EECP-3, EECP-2, and EECP-1 was significantly higher than the
baseline (all P < 0.01, Figure 6A). PI of the anterior tibial artery
was also significantly higher during EECP-3 than during EECP-1
(P=10.015) and EECP-2 (P = 0.049). Moreover, PI of the dorsalis
pedis artery was markedly higher during EECP-2 than during
EECP-1 (P = 0.003, Figure 6).

Blood Flow Velocity
Peak systolic velocity (PSV) in the inferior knee artery was
significantly increased during EECP-3, EECP-2, and EECP-1
compared with baseline (all P < 0.01, Figure 7). In addition, PSV
of the anterior tibial artery was significantly higher during EECP-
3 than during EECP-1 (P = 0.002) and EECP-2 (P = 0.005).
Compared with baseline, EDV of the inferior knee artery was
significantly increased during EECP-3, EECP-2, and EECP-1 (all
P < 0.01, Figure 8). EDV of the posterior tibial artery and dorsalis
pedis artery during EECP-1 was higher than during EECP-3
(both P < 0.01, Figure 8A). Additionally, EDV of the anterior
tibial artery and the posterior tibial artery was also significantly
higher during EECP-2 than during EECP-3 in this study (both
P < 0.01, Figures 8A,B).

Mean flow velocity (MV) of the anterior tibial artery
during EECP-3 was markedly higher than the baseline (P =
0.004), during EECP-1 (P = 0.012) and EECP-2 [(P = 0.012),
Figure 9], while MV of the dorsalis pedis artery was markedly
lower during EECP-2 than during EECP-3 (P = 0.001) and
EECP-1 (P = 0.045, Figure9C). There was no significant
change in MV of the posterior tibial artery in each stage (all
P > 0.05, Figure 9).

Systolic Maximum Acceleration (CCAs)
During EECP-3, CCAs in the anterior tibial artery, posterior
tibial artery, and dorsalis pedis artery was significantly increased
compared with the baseline (all P < 0.01, Figure 10). However,
there was no significant difference in CCAs at baseline during
EECP-1 and EECP-2 (all P > 0.05).

DISCUSSION

This study was designed to investigate lower extremity
hemodynamics during EECP-3, EECP-2, and EECP-1, and
determine acute hemodynamic effects on ultrasonic blood flow
spectrum data. The major findings in this study are 2-fold:
first, EECP-3 immediately improved the blood flow, blood
flow velocity, and ACCs of the anterior tibial artery; second,
EECP-1 and EECP-2 significantly increased the blood flow
velocity and peripheral resistance of the inferior knee artery,
whereas they markedly reduce the blood flow in the posterior
tibial artery.

In this study, we found that EECP significantly increased the
FR of the anterior tibial artery and that the FR of the anterior
tibial artery was significantly higher than that of the other
arteries. Few studies have investigated the acute effects of EECP
on lower extremity hemodynamics. Studies have reported that
inflation of the EECP-3 culffs creates the high-pressure retrograde
blood flow in the femoral arteries (11). Cai et al. (23) also
found that EECP could improve blood circulation in the lower
extremities by combining animal and human experiments. In
addition, our previous study has shown that EECP increases the
FR of the femoral artery (17). Meanwhile, Avery et al. found
that EECP significantly increased FR and improved endothelium-
dependent vasodilation in calf resistance arteries. EECP may
provide a kind of “massage” on the peripheral function, starting
with the elastic conduit arteries, muscular conduit arteries, and
extending to the skeletal muscle resistance arteries (12). The
diastolic inflation/systolic deflation sequence of EECP-3 results in
diastolic augmentation/systolic unloading and leads to increased
blood flow (8, 25).

However, our results are inconsistent, at least in part with the
above findings. After changing the limb cuffs, FR in the posterior
tibial artery was significantly decreased during both EECP-2 and
EECP-1. Werner et al. found that the FR of the posterior tibial
artery decreased to 69 £ 23% during EECP (13). Studies found
that reduced peripheral flow during EECP may have similar
physiologic effects like an exercise in patients with symptomatic
PAD. More importantly, it is contributed by changes in MV
and PI (13). PI of the posterior tibial and dorsalis pedis arteries
markedly increased compared with baseline. In addition, MV of
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FIGURE 2 | Ultrasound pictures and Doppler spectrum of the anterior tibial artery at baseline, during EECP-3, EECP-1, and EECP-2.
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the anterior tibial artery during EECP-3 was markedly higher
than the baseline (P =0.004), during EECP-1 (P =0.012) and
EECP-2 (P =0.012), while MV of the dorsalis pedis artery during
EECP-2 was markedly lower than during EECP-3 (P = 0.001) and
EECP-1 (P =0.045). Werner et al. assessed the blood flow velocity
of the posterior tibial artery during EECP (13). They found a
significant increase in the MV and PI, showing a marked increase
in retrograde blood flow. EECP creates a second diastolic pulse
wave in all arterial vessels (26).

In this study, during EECP-2, PI and MV of the dorsalis pedis
artery were significantly increased and decreased, respectively. In
addition, PI of the dorsalis pedis artery was significantly higher
than that of the other arteries during EECP-2. The findings of
this study support a previous study, which show that the PI
of the posterior tibial artery has a 4-fold increase (13). Studies
have reported that PI is an important indicator of peripheral

resistance (27-29), which can be associated with postural
changes, physiologic fluctuations, and vascular disease (30-32).
A second diastolic pulse wave in the lower extremity artery
was created by EECP-2. Additionally, changes in peripheral flow
patterns during EECP-2 were also characterized by elevated PI.
Studies have also reported that regulation of FR is associated
with vascular diameters and blood flow velocity (33). In this
study, blood flow velocity, like PSV and EDV, in the inferior
knee artery significantly increased. Few studies investigated the
PSV of the inferior knee artery during EECP. Zhang et al.
also found that vascular diameter and PSV were significantly
increased after EECP intervention. Besides that, the acceleration
of systolic peak velocity also increased. A study showed that
the ACC of systolic peak velocity in the lower limbs is an
effective marker of peripheral artery disease (34, 35). Cai et
al. observed a 1.2-fold increase in femoral artery retrograde
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FIGURE 5 | Effect of EECP-3, EECP-2 and EECP-1 on the area of posterior tibial artery (A), anterior tibial artery (B) and dorsalis pedis artery (C).

blood flow velocity (23). Based on a porcine EECP model,
Zhang et al. demonstrated that blood flow velocity and wall
shear stress of the peripheral artery increased by 1.3- and

2.1-fold, respectively, during EECP (8). Additionally, EECP
increases flow pulsatility and shear stress (13). Gurovich et
al. also found that EECP significantly increased retrograde
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FIGURE 7 | Effect of EECP-3, EECP-2 and EECP-1 on the peak systolic velocity (PSV) of posterior tibial artery (A), anterior tibial artery (B) and dorsalis pedis artery
(C).
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FIGURE 8 | Effect of EECP-3, EECP-2 and EECP-1 on the end-diastolic velocity (EDV) of posterior tibial artery (A), anterior tibial artery (B) and dorsalis pedis artery (C).

shear stress and retrograde-turbulent FR in the femoral artery  the single peak diameter investigated during the plateau phase
(11). The mechanism responsible for this phenomenon is  after cuff deflation (37). Dopheide et al. found that femoral artery

increased endothelial shear stress, which leads to vascular anti-  diameter and vascular shear stress were significantly increased
inflammatory changes in human umbilical vein endothelial  after supervised exercise training (38). Nevertheless, in this study,
cells (36). the area of the posterior tibial artery was significantly reduced

Moreover, they showed that changes in shear rate, led  during EECP-1, while there was no significant difference in the
by femoral artery vascular tone, elicited increased femoral —area during EECP-3 and EECP-2. Studies have reported that
baseline diameter after EECP intervention (11). Werner et al.  both flow- and pressure-induced forces play an important role
reported that the diameter of the posterior tibial artery was  in vessel wall diameter (39-41). Decreased area induced by
significantly decreased after EECP intervention (13). Sonka et ~ EECP-1 may be associated with different changes of pressure in
al. demonstrated that femoral peak diameters were regarded as  both legs.
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FIGURE 9 | Effect of EECP-3, EECP-2 and EECP-1 on the mean flow velocity (MV) of posterior tibial artery (A), anterior tibial artery (B) and dorsalis pedis artery (C).
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FIGURE 10 | Effect of EECP-3, EECP-2 and EECP-1 on the systolic maximum acceleration (CCAs) of posterior tibial artery (A), anterior tibial artery (B) and dorsalis

Limitations

Some limitations of this study should be emphasized. First,
in order to explore physiological changes in lower limb
hemodynamics, the participants in this study are healthy, young
individuals, whereas EECP is normally prescribed for patients
with cardiovascular disease. Second, we just investigate the acute
effects of EECP on the lower extremity vascular parameters due
to obtaining each immediate response of hemodynamics. Finally,
we did not measure lower limb FMD, so we were not able to assess
endothelial function after EECP in these arteries.

Future Direction

Further studies that will investigate EECP with different
sequence level-induced lower limb hemodynamics in patients
with PAD are appropriate. In addition, the long-term effects
of EECP with different sequence levels on lower limb
vascular function in patients with PAD will be explored in
the future.

CONCLUSION

This study demonstrated that sensitive parameters in the
anterior tibial artery, dorsalis pedis artery, and posterior tibial
artery are highlighted during EECP-3, EECP-2, and EECP-1,
respectively. EECP-3 immediately improved the blood flow,

blood flow velocity, and ACCs of the anterior tibial artery.
EECP-1 mainly regulated the hemodynamic indexes of the
posterior tibial artery, such as FR and area. In contrast,
EECP-2 significantly regulated the PI and MV of the dorsalis
pedis artery. This study will be beneficial to realize the
personalized and precise treatment of PAD with external
counterpulsation. EECP-3 may be recommended for patients
with anterior tibial artery stenosis. EECP-2 may be recommended
to improve lower artery hemodynamics of patients with dorsal
foot artery stenosis. On the contrary, EECP-2 and EECP-
1 may be not suitable for the treatment of the posterior
tibial artery.
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Background: Both the American Heart Association (AHA) and European Resuscitation
Council (ERC) have strongly recommended targeted temperature management (TTM) for
patients who remain in coma after return of spontaneous circulation (ROSC). However,
the role of TTM, especially hypothermia, in cardiac arrest patients after TTM2 trials has
become much uncertain.

Methods: We searched four online databases (PubMed, Embase, CENTRAL, and
Web of Science) and conducted a Bayesian network meta-analysis. Based on the time
of collapse to ROSC and whether the patient received TTM or not, we divided this
analysis into eight groups (<20 min 4+ TTM, <20 min, 20-39min + TTM, 20-39 min,
40-59 min 4+ TTM, 40-59 min, >60min + TTM and >60 min) to compare their 30-day
and at-discharge survival and neurologic outcomes.

Results: From an initial search of 3,023 articles, a total of 9,005 patients from 42 trials
were eligible and were included in this network meta-analysis. Compared with other
groups, patients in the <20 min 4+ TTM group were more likely to have better survival and
good neurologic outcomes (probability = 46.1 and 52.5%, respectively). In comparing
the same time groups with and without TTM, only the survival and neurologic outcome
of the 20-39 min + TTM group was significantly better than that of the 20-39 min group
[odds ratio = 1.41, 95% confidence interval (1.04-1.91); OR = 1.46, 95% CI (1.07-2.00)
respectively]. Applying TTM with < 20 min or more than 40 min of collapse to ROSC did
not improve survival or neurologic outcome [<20 min vs. <20min + TTM: OR = 1.02,
95% CI (0.61-1.71)/OR = 1.03, 95% CI (0.61-1.75); 40-59 min vs. 40-59 min + TTM:
OR = 1.50, 95% CI (0.97-2.32)/OR = 1.40, 95% ClI (0.81-2.44); =260 min vs. 260 min
+ TTM: OR = 2.09, 95% CI (0.70-6.24)/OR = 4.14, 95% ClI (0.91-18.74), respectively].
Both survival and good neurologic outcome were closely related to the time from collapse
to ROSC.
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Conclusion: Survival and good neurologic outcome are closely associated with the
time of collapse to ROSC. These findings supported that 20-40 min of collapse to ROSC
should be a more suitable indication for TTM for cardiac arrest patients. Moreover, the
future trials should pay more attention to these patients who suffer from moderate injury.

Systematic Review Registration:

[INPLASY202180027]

[https://inplasy.com/?s=202180027], identifier

Keywords: cardiac arrest, targeted temperature management, return of spontaneous circulation (ROSC), survival,

good neurological outcome

INTRODUCTION

Cardiac arrest (CA) has a variety of causes and severely threatens
human life. Even when cardiopulmonary resuscitation (CPR)
is performed promptly and with high quality under the latest
guidelines, only ~10.4% of patients survive after out-of-hospital
cardiac arrest (OHCA), and 25.8% survive after in-hospital
cardiac arrest IHCA) (1). Even with such a low survival rate, only
8-21% of patients have good neurologic outcome at discharge
(2). Therefore, improving survival and neurologic outcome has
remained a challenge in clinical practice.

The term hypothermia can be traced back to an ancient
“neoteric” technology first used by ancient Egyptians, Greeks,
and Romans to induce cooling for battle-inflicted trauma
and a variety of cerebral disturbances (3). In recent decades,
this technology has been applied to improve survival and
neurologic outcome and has given rise to a new concept, targeted
temperature management (TTM), for patients with CA (4).
However, there is a debate about TTM that has not stopped.
Two early randomized controlled trials (RCTs), as well as a
more recent trial, have consistently shown that TTM could
improve clinical outcomes for CA (5-7). Additionally, TTM has
been recommended by both the American Heart Association
(AHA) and European Resuscitation Council (ERC) in their latest
guidelines for adults who do not follow physicians’ orders after
return of spontaneous circulation (ROSC) from OHCA or IHCA
with any initial rhythm and control the temperature within 32—
36°C (2, 8). TTM might improve ischemia-perfusion by reducing
cell metabolism and thus improve clinical outcomes (9). While
clinicians firmly believe that targeted hypothermia is beneficial
for eligible patients, a recent blockbuster study has disrupted
that belief. A recent RCT showed that targeted hypothermia
did not improve clinical outcomes compared with targeted
normothermia, whether survival or neurologic (10). Therefore,
should we apply TTM? Or does it matter when we apply TTM?
The results of the latest trial are difficult to deny. Thus, we
conducted the current network meta-analysis to identify the
suitable time of collapse to ROSC, which is an optimal indication
for TTM to improve survival and neurologic outcome.

METHODS

Protocol Registration
We registered the protocol for this systematic review
with the International Platform of Registered Systematic

Review  and  Meta-analysis  Protocols

number: INPLASY202180027).

(registration

Databases and Search Strategy

We performed this network meta-analysis by searching four
online databases (PubMed, Embase, CENTRAL, and Web of
Science). References of relevant meta-analyses, letters, editorials,
reviews, and eligible trials were also screened. The initial search
was broad, and no limitations were made regarding publication
type, study data type, language, or species. Our detailed search
strategy is shown in the Supplementary Material.

Initially, two trained investigators screened the titles and
abstracts of all articles independently. If they were of different
opinions, a third person intervened to settle the disagreements.
Second, after preliminary screening, the remaining studies
were further screened by reading the full text. Finally, the
eligibility of all included trials was confirmed by contacting the
corresponding authors.

Criteria for Inclusion and Exclusion

After the screening, trials that met the following criteria were
included: (a) patients in the trial underwent CA, whether THCA
or OHCA; (b) valid 30-day or at-discharge survival neurologic
outcome data could be extracted; (c) the time of collapse to
ROSC could be extracted so we could divide patients into groups
based on that data; (d) patients who received TTM should have a
temperature below 36°C.

If a trial met any one of the following criteria, it was excluded
from our analysis: (a) only special populations were included
in the study, such as pediatric or obstetric; (b) full text was
not available; (c) the article was written in a language other
than English; (d) the trial performed on animals or cells; (e)
collapse with no witness and without reliable approach to recode
the time of collapse to ROSC. We did not limit inclusion to
randomized controlled trials; if a retrospective or cohort trial
met the inclusion criteria, it was included in our analysis. While
meta-analyses and reviews were not included, we reviewed their
references and included trials that met the inclusion criteria.

Data Extraction and Quality Assessment
Published data from the included trials were pooled in this
network meta-analysis, and a standard method was used to
extract patients’ demographics and trial characteristics. Finally,
two pre-specified endpoints, 30-day or at-discharge survival and
neurologic outcome, were collected from the included trials.
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Cochrane Handbook version 5.1.0 was wused to
assess the quality of each RCT and its risk of bias
(Supplementary Figures 9, 10). The Newcastle-Ottawa
Assessment Scale (NOS) for control and cohort studies was
used to assess the quality and risk of bias of each retrospective
and cohort study, respectively (Supplementary Tables 5, 6).
We considered that a NOS score greater than seven was high
quality (11).

Endpoints and Assignment Definitions

We distributed the studies in this analysis according to two
endpoints: 30-day or at-discharge survival and good neurologic
outcome. Based on the Cerebral Performance Category (CPC)
scale (which ranges from 1 to 5, with higher scores indicating
greater disability), a good neurologic outcome was defined as
CPC 1-2 (12, 13). The center temperature controlled below 36°C
was considered to be receiving TTM.

Based on the time of collapse to ROSC and whether a patient
received TTM, we assigned patients to eight groups (<20 min
+ TTM, <20 min, 20-39 min + TTM, 20-39 min, 40-59 min +
TTM, 40-59 min, >60 min + TTM and >60min) to compare
them and determine an optimal indication for TTM.

Synthesis and Analysis

We conducted this analysis based on the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. A Bayesian random effects survival model for
analyzing multiple treatment groups was built to compare
the different groups regarding their 30-day or at-discharge
survival endpoints and neurologic outcome endpoints. We used
a Bayesian extension of the hierarchical random effects model
proposed by Lumley for networks of multiarm trials. A Bayesian
network meta-analysis can make direct or indirect comparisons
to determine whether there is a direct comparison between
two groups. Pooled data were analyzed via STATA/MP 16.0
(Stata Corp LP, College Station, Texas, USA). Markov chain
Monte Carlo samplers were run in Stata, and 4 chains were
run with different starting values. Vague, non-informative prior
distributions with very small precision were given. A burn-in
phase of 20,000 iterations was used to ensure convergence. The
convergence was checked by running 4 chains at different starting
values using the Gelman-Rubin methods, which were stable in
all instances. For inference, 50,000 iterations were used. A fixed
effect model was used in traditional frequentist meta-analysis to
analyze pooled odds ratios (ORs), so a traditional frequentist

=
~§ Records identified through
3 PubMed, Embase, CENTRAL and
SE' Web of science searching
s (n=3,023)
=
Ll
~
y
Records after duplicates removed
(=1,903) Records excluded
) (a) irrelevant articles (n=772)
g l (b) conference (n=13)
2 (c) pool-analysis (n=35)
b} Records after screened by (d) meta-analysis or reviews
& reading title and abstract (n=866)
(n=172) (e) specific crowds (n=45)
-/
y
Full-text articles assessed Full-text articles excluded
for eligibility (a) no time of collapse to
vy " (n=38) ROSC could be extracted
= Extra 4 eligible studies (n=45)
= were included from < (b) no survival or neurologic
E’ conferences outcome could be
= Studies included in o trzlicted (nfil) 42
qualitative synthesis (c) single-am tri 5 (= )
(n=42) (d) no full-text articles (n=28)
(e) non-human trial (n=13)
-~
< Studies included in
'g quantitative synthesis
) (network meta-analysis)
= (n=42)
_
FIGURE 1 | Flow diagram according to PRISMA statement.
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meta-analysis was performed in this study using STATA. Pairwise
ORs were estimated from the median of the posterior distribution
with credible intervals (CIs) taken from the 2.5 and 97.5%
percentiles. The results are considered significantly different
when CI did not include 1 and the OR > 1 means favor last or
OR <1 means favor first. Markov chain Monte Carlo (MCMC)
modeling was used to calculate the relative ranking probability
of each intervention. “Rankograms” along with the surface
under the cumulative ranking curve (SUCRA) were employed to

compare the hierarchy of efficacy and safety of the interventions
(14). SUCRA is a numeric representation of the overall ranking
and assigns a single number associated with each treatment.
SUCRA values range from 0 to 100%. The higher the SUCRA
value, and the closer to 100%, the higher the likelihood that a
group is in the top rank, or highly effective; the closer the SUCRA
value is to 0, the more likely the group is in the bottom rank, or
ineffective. Additionally, a funnel plot was constructed to assess
the trials’ publication bias (Supplementary Figures 4, 8). If the

TABLE 1 | Characteristics of included trials (RCT: randomized controlled trial).

Author name Year Site Design of trial Follow-up (day) Survival outcome Neurologic outcome
Agarwal et al. 2018 us Retrospective 365 Yes Yes
Arrich et al. 2007 Europe Retrospective At discharge Yes Yes
Blumenstein et al. 2015 Germany Retrospective 365 Yes Yes
Castren et al. 2010 Sweden RCT At discharge Yes Yes
Chen et al. 2008 China Prospective 365 Yes No
Choi et al. 2016 Korea Cohort 30 Yes Yes
Chou et al. 2012 China Prospective 365 Yes No
De Fazio et al. 2019 Belgium Retrospective 180 Yes Yes
Dankiewicz et al. 2021 Multicenter RCT 180 Yes Yes
Ferreira et al. 2009 Netherland Retrospective At discharge Yes Yes
Fink et al. 2008 Germany Retrospective 30 Yes No
Fjelner et al. 2016 Denmark Retrospective At discharge Yes No
Gillies et al. 2010 UK Retrospective At discharge No Yes
Goto et al. 2018 Japan Retrospective 30 Yes Yes
Hachimi-Idrissi et al. 2005 Belgium RCT 30 Yes Yes
Han et al. 2015 Korea Retrospective 30 Yes Yes
Holzer et al. 2002 Multicenter RCT 180 Yes Yes
Jouffroy et al. 2017 France Prospective 28 Yes Yes
Kagawa et al. 2010 Japan Retrospective 365 Yes Yes
Kagawa et al. 2012 Japan Retrospective 30 Yes Yes
Kagawa et al. 2015 Japan Prospective 90 Yes Yes
Kamarainen et al. 2009 Finland RCT At discharge Yes Yes
Kim et al. 2007 us Prospective At discharge Yes No
Kim et al. 2014 Korea Retrospective 180 Yes Yes
Kim et al. 2018 Korea Retrospective At discharge Yes Yes
Look et al. 2017 Singapore RCT 30 or discharge Yes Yes
Maekawa et al. 2013 Japan Prospective 180 Yes Yes
Mecklenburg et al. 2020 Germany Retrospective 28 Yes No
Nagao et al. 2010 Japan Retrospective 365 Yes Yes
Nielsen et al. 2013 Multicenter RCT 180 Yes Yes
Okada et al. 2011 Japan Retrospective At discharge No Yes
Otani et al. 2018 Japan Retrospective At discharge Yes Yes
Pang et al. 2016 Singapore RCT 180 Yes Yes
Pang et al. 2017 Singapore Retrospective At discharge Yes Yes
Ryu et al. 2019 Korea Retrospective 30 Yes Yes
Scales et al. 2017 Canada RCT At discharge Yes Yes
Schenfeld et al. 2015 us Retrospective 365 Yes Yes
Schober et al. 2017 Austria Cohort At discharge Yes Yes
Shin et al. 2013 Korea Cohort 730 Yes No
Sonder et al. 2018 Multicenter Prospective At discharge Yes Yes
Tomte et al. 2011 Norway Cohort 365 Yes Yes
Yukawa et al. 2017 Japan Retrospective At discharge No Yes
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TABLE 2 | Characteristics of comparison arms (A: <20 min + TTM; B: <20min; C: 20-39min + TTM; D: 20-39 min + TTM; E: 20-39 min; F: 40-59 min + TTM; G: >60min + TTM; H: >60 min.

Author name Time of collapse to Comparison arm TTM case Method of Temperature Male Mean OHCA Witnessed Shockable Bystander ACS
ROSC of cooling control (°C) n (%) age n (%) arrestn(%) rhythm CPRn (%) causeCA
comparison arm (years) n (%) n (%)
(min)
Agarwal et al. 15vs. 20 Avs.C 385 (100)  Core 33-36 206 (54) 65 280 (73) 100 (26) 80 (21) 88 (23) 72 (19)
Arrich et al. 27 vs. 23 Cvs.D 462 (79) Core or surface  32-34 433 (74) 60 484 (83) 531 (90) 366 (62) 283 (48) 446 (76)
Blumenstein et al. 33 vs. 40 Dvs. F N/A N/A N/A 195 (60) 75 0 324 (100) 9(3) 324 (100) 225 (69)
Castren et al. 18 vs. 30 Avs. C 93 (48) Core 34 146 (75) 65 194 (100) 194 (100) 59 (30) 79 (41) 164 (85)
Chen et al. 53 vs. 43 Evs. F 59 (34) Core 34 123 (72) 59 0 172 (100) 55 (32) 172 (100) 117 (68)
Choi et al. 16vs. 13vs.22vs. 20 Avs.Bvs.Cvs. D 16 (27) Core 33 45 (75) 59 60 (100) 60 (100) 16 (27) 49 (82) N/A
Chou et al. 15vs.30vs.42vs. 66 Bvs.Dvs.Fvs. H N/A N/A N/A 57 (86) 64 0 66 (100) 35 (53) 66 (100) 66 (100)
De Fazio et al. 19vs. 20 Avs. C 352 (100)  Core or surface ~ 32-34 293 (83) 62 352 (100) 323 (92) 312 (89) 293 (83) 191 (54)
Dankiewicz et al. 35 vs. 35 Cvs. D 1,861 (100)  Core 33 1,477 (79) 63 1,861 1,702 (91) 1,371 (74) 1,487 (80) N/A
(100)
Ferreira et al. 8vs. 10 Avs. B 49 (65) Core or surface 32 25 (33) 64 75 (100) N/A 25 (33) 55 (73) 25 (33)
Fink et al. 18 vs. 22 Avs. C 59 (100) Surface 33 29 (59) 63 49 (100) 42 (86) 35 (71) 40 (82) 40 (82)
Fiolner et al. 54 vs. 70 Fvs. H N/A N/A N/A 12 (57) 48 21 (100) 21 (100) 14 (67) 21 (100) 12 (57)
Gillies et al. 19vs. 22 Avs. C 34 (100) Core or surface ~ 32-36 63 (76) 61 73 (88) 83 (100) 53 (64) 83 (100) N/A
Goto et al. 57 vs. 59 Evs. F 63 (44) Core 34 122 (85) 63 144 (100) 25 (18) 88 (61) 54 (38) 100 (69)
Hachimi-Idrissi et al. 35vs. 34 Cvs.D 16 (48) Surface 33 21 (64) 73 33 (100) 18 (55) 28 (85) 5(15) N/A
Han et al. 76 vs. 64 Gvs. H 26 (26) Core 32-34 74 (74) 55 75 (75) 86 (86) 54 (54) 73 (73) N/A
Holzer et al. 21vs. 22 Cvs.D 137 (50) Surface 32-34 210 (76) 59 275 (100) 273 (99) 275 (100) 127 (46) 51 (19)
Jouffroy et al. 36 vs. 40 Cvs. E 39 (100) Core 32-34 30 (65) 52 46 (100) N/A N/A N/A 27 (59)
Kagawa et al. (2010) 17 vs.22vs. 43vs. 40 Bvs.Cvs.Evs. F 25 (32) Core 33-34 55 (71) 62 39 (51) 67 (87) 29 (38) 63 (82) 43 (56)
Kagawa et al. (2012) 45 vs. 55 Evs. F 32 (37) Core 34 70 (81) 63 42 (49) 77 (90) 46 (53) 67 (80) 86 (100)
Kagawa et al. (2015) 32 vs. 43 Cvs. E 237 (100)  Core 32-36 180 (76) 61 193 (81) 193 (81) 126 (53) 127 (54) 76 (32)
Kamarainen et al. 22 vs. 23 Cvs. D 19 (61) Core 33-36 35 (95) 61 37 (100) 29 (78) 28 (76) 15 (41) 32 (86)
Kim et al. (2007) 47 vs. 51 Evs. F 63 (50) Core 33-36 88 (70) 66 125 (100) 88 (70) 51 (41) 54 (43) N/A
Kim et al. (2014) 37 vs. 21 Cvs.D 88 (18) Core 33 326 (65) 67 499 (100) 371 (74) 116 (29) 174 (35) 226 (45)
Kim et al. (2018) 47 vs. 44 Evs. F 25 (25) Surface 33-34 69 (68) 55 22 (22) 101 (100) 45 (45) 98 (97) N/A
Look et al. 26 vs. 24 Cvs.D 45 (52) Core 34 69 (79) 64 72 (83) 65 (75) 9(10) 25 (29) 21 (24)
Maekawa et al. 49 vs. 56 Evs. F 33 (20) Core 34 123 (76) 64 162 (100) 162 (100) 56 (35) 71 (44) N/A
Mecklenburg et al. 16 vs. 12 Avs.B 36 (55) Core 32-34 46 (70) 51 N/A N/A N/A N/A 27 (41)
Nagao et al. 58 vs. 64 Evs. G 177 (100)  Core 34 148 (84) 59 177 (100) 94 (53) 143 (81) 94 (53) 131 (74)
Nielsen et al. 25vs. 25 Cvs. D 473 (50) Core 33 or 36 761 (81) 64 939 (100) 838 (89) 729 (78) 683 (73) N/A
Okada et al. 17 vs. 35 Avs. C 40 (100) Surface 34.5-35.5 53 (80) 59 66 (100) 57 (86) 52 (79) 27 (41) 44 (68)
Otani et al. 23vs. 25vs. 40vs. 44 Cvs.Dvs.Evs. F 28 (21) Core 34 115 (85) 65 135 (100) 135 (100) 87 (64) 74 (55) 64 (47)
Pang et al. (2016) 30 vs. 22 Cvs. D 9 (43) Core 34 17 (81) 53 2(8) 19 (91) 7 (33) 21 (100) N/A
Pang et al. (2017) 31vs. 35 Cvs.D 14 (18) Core 34 62 (79) 50 6 (7) 73(92) 33 (42) 79 (100) 62 (79)
Ryu et al. 19 vs. 38 Bvs. D N/A N/A N/A 174 (64) 63 24 (8) 272 (99) 79 (29) 266 (97) 104 (38)
(Continued)
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TABLE 2 | Continued

Male Mean OHCA Witnessed Shockable Bystander ACS
n (%) arrest n (%) CPRn (%) cause CA

n (%)

Temperature
control (°C)

Method of
cooling

TTM case

Time of collapse to Comparison arm

Author name

rhythm

age
(years)

ROSC of
comparison arm

n (‘yo)

n (%)

(min)

N/A

11(8)

270 (46)
94 (75)
73 (31)

406 (100)
65 (54)
125 (77)
46 (58)

258 (44)

351 (60)
111 (84)
210 (89)

406 (100)

100)

83 (63)
138 (58)

100)

N/A
120 (30)
37 (31)
131 (71)

39 (49)

100)

98 (24)
54 (45)
120 (74)

100)

141 (87)
21 (27)

100)

582

68
58
60

33-36 380 (65)

33

Core

279 (48)

Avs.B

16 vs. 16

Scales et al.

132
239
406

82 (62)
178 (74)
254 (63)
55 (46)
137 (85)
65 (82)

Core

100)

34-36
34

60
58
59

33-34
34

Core or surface

162

Core or surface

N/A

132

Avs.C
17 vs. 17 vs. 55vs. 55 Avs.Bvs. Evs. F

17 vs. 20

Schenfeld et al.

Schober et al.
Shin et al.

Cvs.D

32 vs. 31

Avs.C

18 vs. 23
25vs. 28
33 vs. 45

Sonder et al.

Cvs. D

Tomte et al.

58 (73)

79 (100)

N/A

Dvs. F

Yukawa et al.

CA, cardiac arrest; TTM, targeted temperature management; core cooling involved endovascular cooling, intravenous cold fluids, automated peritoneal lavage, any dialysis technique, extracorporeal membrane oxygenation, esophageal

or transnasal; surface cooling involved skin exposure, cooling beds, iced packs, cooling pads, air-circulating or water-circulating blankets, water-filled blankets, air-filled blankets.

funnel plot was not evenly distributed, we considered publication
bias to be evident in those trials. Nodesplitting models were
constructed to assess the level of inconsistency between the direct
and indirect evidence estimates (Supplementary Figures 2, 6).
Global inconsistency was used to assess global inconsistency.
When P > 0.05, we considered that there was no inconsistency
(Supplementary Figures 1, 5). Moreover, the loop inconsistency
test was used to assess the inconsistency of every closed
loop. When the 95% confidence interval included 1, we
considered that there was no inconsistency in this closed loop
(Supplementary Tables 2, 4). A netweight plot was used to assess
the weight of pairwise direct and indirect comparisons between
different interventions (Supplementary Figures 3, 7).

RESULTS

Following our search strategy, an initial 3,023 articles were
identified from four online databases. A total of 1,120 duplicate
articles were removed. The remaining 1,903 articles were
screened by reading the titles and abstracts, after which 937
additional articles were removed because they did not meet the
inclusion and exclusion criteria. The full texts of 172 articles
were acquired and further screened based on the inclusion and
exclusion criteria. Finally, with the addition of 4 studies acquired
by reviewing the articles’ references, 42 studies were included in
this analysis (Figure 1).

Characteristics of Included Trials

A total of 9,005 patients from 42 trials were included in this
network meta-analysis to compare their 30-day or at-discharge
survival and their neurologic outcome. Only nine of the total
included trials were RCTs, with the others being retrospective
or cohort trials. Of the 9,005 patients, 5,622 (62%) received
TTM, of which the main cooling method was core cooling.
The temperature of patients who received TTM ranged between
32 and 36°C. The vast majority of all patients were male
(7,103/9,005, 79%). Survival data were available for 8,878 of the
9,005 patients, and neurologic outcome was available for 8,123
patients. The survival rate of all patients was 37% (3,315/8,878),
and the rate of good neurologic outcome was 33% (2,712/8,123).
Other detailed characteristics of the included trials are shown in
Tables 1, 2.

Survival Outcome

A total of 8,778 patients from 39 trials were included to compare
survival (958 patients in the <20 min + TTM group from 11
trials; 713 patients in <20 min from 8 trials; 2,792 patients in
20-39min + TTM from 23 trials; 2,941 patients in 20-39 min
from 17 trials; 464 patients in 40-59 min + TTM from 12 trials,
609 patients in 40-59 min from 12 trials, 185 patients in =60 min
+ TTM from 2 trials and 116 patients in =60 min from 3 trials
(Figure 2A).

Comparing the influence of the application of TTM in patients
with the same time of collapse to ROSC, the 20-39 min + TTM
group showed a significant difference from the 20-39 min [OR
= 141, 95% CI (1.04-1.91)] group, but TTM resulted in no
significant difference among the other groups (Figure 3A). Based
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2.81, 95% CI (1.43-5.51); >60 min: OR = 6.33, 95% CI (1.90-
21.11)]. When the time of collapse to ROSC exceeds 40 min,
applying TTM might not improve survival, as only >60 min +
TTM vs. 40-59 min showed a difference [OR = 3.38, 95% CI
(1.07-10.66)] (Figure 5).

Good Neurologic Outcome

A total of 8,123 patients from 35 trials were included to compare
neurologic outcome: 969 patients in the <20 min + TTM group
from 11 trials; 671 patients in <20 min from 6 trials; 2,744
patients in 20-39 min + TTM from 23 trials; 2,589 patients in
20-39 min from 16 trials; 342 patients in 40-59 min + T'TM from
10 trials, 549 patients in 40-59 min from 9 trials, 185 patients in
260 min + TTM from 2 trials and 74 patients in 260 min from
1 trial (Figure 2B).

Comparing the influence of the application of TTM in patients
with the same time of collapse to ROSC, the 20-39 min +
TTM group showed a significant difference from the 20-39 min
[OR = 1.46, 95% CI (1.07-2.00)] group, but TTM resulted in
no significant difference among the other groups (Figure 3B).
Based on a forest plot of neurologic outcome, we found a
stepped comparative distribution among the different groups
(the same background color in Figure 7 forest plot), with the
neurologic outcome of patients related to the time of collapse to
ROSC. Based on the rank and cumulative probability, patients
in the <20min + TTM group had the best probability of

B
Time of Collapse to ROSC Odds Ratio (95% CI)
20min vs <20min+TTM —— ¢ 1.03(0.61, 1.75)
20-39min vs 20-39min+TTM —o— ¢ 1.46 (1.07, 2.00)
40-59min vs 40-59min+TTM 46— ¢ 1.40 (0.81,2.44)
>60min vs >60min+TTM F——— ¢ 4.41(091,18.74)
I 1 1 1 I 1

FIGURE 3 | Forest plot for survival (A) and good neurologic outcome (B) with
the same time of collapse to ROSC.

good neurologic outcome (probability = 52.5%, SUCRA =
92.2) (Figure 6; Supplementary Table 3). There were significant
differences between the <20 min + TTM group and the other
groups [20-39 min: OR = 1.90, 95% CI (1.18-3.06); 40-59 min
+ TTM: OR = 3.69, 95% CI (1.85-7.38); 40-59 min: OR =
2.63, 95% CI (1.34-5.18); >60min + TTM: OR = 51.97, 95%
CI (5.40-500.13); >60 min: OR = 12.56, 95% CI (2.32-67.83)]
(Figure 7).
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FIGURE 4 | SUCRA plot for survival (the area of SUCRA is shown in the lower right corner).

Sensitive Analysis

To detect the potential bias in this network meta-analysis, we
conducted extra sensitivity analysis (15). First, we noticed that
three trials included only IHCA (16-18). Thus, we consider that
patients in these trials might receive CPR of higher quality by
medical care personnel than OHCA by bystanders. In addition
to the three trials, one trial with no record of OHCA and two
trials with <10% OHCA were excluded from the sensitivity
analysis (19-21). From this sensitivity analysis, we reached
similar results of survival and good neurologic outcome: patients
in 20-39+min TTM group had better clinical outcomes than
patients in the 20-39 min without TTM group [survival: OR
= 148, 95% CI (1.06-2.07); good neurologic outcome: OR
= 1.38, 95% CI (1.01-1.88)] (Supplementary Figures 11, 12).
Acute coronary syndrome (ACS) is one of most common
causes of CA, and a previous trial showed that it might have
better clinical outcomes than other diseases causing CA (22).
To eliminate the potential bias that this factor may cause,
we excluded 6 trials that included only ACS patients or did
not record the cause of CA, which were not declared in
the trial or protocol (18, 20, 23-26). From this sensitivity
analysis, we reached similar results of survival and good
neurologic outcome: patients in the 20-39 min TTM group
had better clinical outcomes than patients in the 20-39 min
without TTM group [survival: OR = 1.46, 95% CI (1.05-2.05);
good neurologic outcome: OR = 1.35, 95% CI (1.01-1.80)]
(Supplementary Figures 13, 14).

DISCUSSION

From this network meta-analysis, we found that both survival
and good neurologic outcome were related to the time of collapse

to ROSC. However, as this has long been clinicians’ consensus,
the most significant finding is that TTM did improve short-
term survival and neurologic outcome for patients with CA
and that improvement is also related to the time of collapse
to ROSC. The positive effect of TTM takes place between 20
and 40 min of collapse to ROSC. A shorter or longer interval
of collapse to ROSC applying the procedure does not appear to
significantly improve survival or neurologic outcome, especially
within 20 min of collapse to ROSC. Additionally, from the forest
plots, we noticed that the stepped distribution was more apparent
in improving neurologic outcome than survival. Therefore, we
speculated that the main effect of TTM might be to improve
short-term neurologic outcome for patients with CA.

Although both the AHA and ERC have recommended TTM
for patients who are still in comas after ROSC from OHCA
or IHCA with any initial rhythm, in clinical practice (2, 8),
clinicians still hesitate to apply TTM; in particular, the latest
RCT did not support this recommendation (10). What, then, is
causing this hesitation? There are two main ways to implement
TTM: core and surface (27). Regardless of the cooling method,
the ultimate goal is to keep the core temperature at a certain
level (28). A recent systematic review showed that, compared
with surface cooling, core cooling could improve neurologic
outcome for patients with CA (29). However, based on evidence
in the currently reviewed studies, core cooling methods do not
improve either survival or neurologic outcome (28, 30) and might
incur more frequent bleeding complications for patients with CA
(31), as confirmed by a recent meta-analysis (32). Therefore, the
cooling methods do not seem to affect the outcomes of TTM
for CA.

Another question related to clinician hesitation: does a
difference in temperature level have any effect on the CA patient’s
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FIGURE 5 | Forest plot for survival (the stepped distributions of each group’s comparison with the same given group are shown in the same background color).

clinical outcome? The recent RCT noted above has given us
a definite answer. The researchers compared the mortality and
neurologic outcome in CA patients at 33 and 36°C and found
no significant difference at 180 days [mortality: hazard ratio =
1.06, 95% CI (0.89-1.28), p = 0.51; and poor neurologic outcome:
risk ratio = 1.02, 95% CI (0.88-1.16), p = 0.78] (33). In addition
to the two factors just discussed, temperature level and cooling
method, there are other technological or methodological factors
that might have influenced the clinical outcomes of applying
TTM in the RCT, such as pre- or post-hospital cooling, local
cooling, duration of TTM, and rate and extent of cooling and
reheating. With regard to these multiple potential influences, it
seems that the current evidence does not provide a very exact
explanation (34-36), and AHA and ERC could therefore not
make strong recommendations but could only offer guidance on
some of these factors. Since the cooling method and temperature
level did not affect the clinical outcome of CA patients in the
RCT, we must conclude that it is difficult to improve the clinical
outcome from either the TTM method or technology.

As we were at a loss and had to deny any benefit of TTM, we
reviewed the above recent RCT again. We found that although

this trial did not show a significant difference in survival and
showed poor neurologic outcome at 6 months regardless of
whether patients received TTM [RR = 1.04; 95% CI (0.94-1.14);
p = 0.37 and RR = 1.00; 95% CI (0.92-1.09), respectively], the
survival rate was surprisingly high in both groups [hypothermia
group: 460/925 (50%); normothermia group: 479/925 (56%)]
(10). in China, the survival rate of OHCA patients was ~1%
in 2018 (37). Moreover, the survival rate at discharge of OHCA
with ROSC was <20% in China, and these data come from
the standard cardiac arrest center (38). We did not question
the methodology of this RCT, and we hypothesized that, in
addition to TTM, there were other factors influencing the results.
Many demographic characteristics, for example, can influence
results, but the cause of CA is one of the most significant
factors influencing clinical outcomes for patients. A recent meta-
analysis showed that patients with CA caused by acute coronary
syndromes, ventricular tachycardia, ventricular fibrillation, and
other heart diseases had better survival outcomes than patients
with CA from other causes [OR = 3.76, 95% CI (2.95-4.78),
p < 0.001] (39). Moreover, an interesting trial showed that
TTM might increase mortality for patients with non-shockable
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rhythm. However, this trial did not match the time of ROSC,
cause of CA and other baseline characteristics, which have a
significant underlying influence on the prognosis of CA (40). In
summary, it was associated with typical clinical manifestations,
specific laboratory results, and mature removal techniques of
etiology (41).

The other most important factor influencing patients’ clinical
outcomes is the time of collapse to ROSC. When the time of
collapse to ROSC is extended, the patient’s clinical outcome will
deteriorate, despite an effective and high-quality implementation
of CPR. However, concepts of pathology and physiopathology
can explain the observation (42-44). Therefore, patient outcomes
are based on the time of collapse to ROSC, regardless of whether
any intervention is applied. If an intervention is applied for
patients with shorter or longer intervals of collapse to ROSC,
there may be no significant clinical benefit for patients with CA.
Therefore, it is too early to completely deny the role of TTM.
In in vitro and animal trials, TTM reduced injury to cells (45).
We speculate that the level of cell injury or necrosis does not
cause organ dysfunction or failure within 20 min of collapse to
ROSC, so although TTM lessens the degree of cell damage, it
does not show an improvement in clinical outcomes. In contrast,
when TTM is applied for patients with a longer interval of
collapse to ROSC (>40 min in this meta-analysis), organ function
damage has already appeared and is irreversible. Based on this
network meta-analysis, patients with a time from collapse to
ROSC < 20min might have mild injury, and patients with a
time from collapse to ROSC more than 40 min might have severe
injury in organs. Because clinical outcomes in these patients
may be predicted with a high probability, the role of TTM may
be misestimated by studies including the above patients with
shorter or longer times from collapse to ROSC. Most importantly,

more attention should be given to patients with moderate injury
(the time from collapse to ROSC within 20-40 min) who are at
high risk of developing severe injury. Thus, just as with primary
percutaneous coronary intervention or emergency thrombolysis
for acute myocardial infarction or ischemic stroke, there might
be an optimal time window to intervene for improving clinical
outcomes for patients with CA (41, 46). If the results we reach
may be confirmed in the future, we might be able to put an
end to endless debate about TTM. In other words, avoiding
ineffective application of TTM can not only reduce the cost
burden but also avoid the occurrence of TTM-related adverse
events, such as bleeding or bradyarrhythmia. Based upon time
from collapse to ROSC, successful trials may be achieved by
excluding patients who will become well regardless of what
and those who are likely to become poorly regardless of what.
Based on the above evidence and speculation, we conducted this
network meta-analysis, and we did find an optimal time window,
within 20-39 min of collapse to ROSC, in which to apply TTM.
Moreover, we believe that the optimal time window may not only
benefit patients but also provide a meaningful reference for future
trials. Of course, TTM is only one of the most well-established
interventions. There are certainly other interventions that are
effective in improving patients’ clinical outcomes, and it only
remains for us to find evidence to support their application.

LIMITATIONS

This network meta-analysis has the following limitations: (a)
since most of the included trials were retrospective, we could only
cautiously summarize their conclusions; (b) we did not utilize
a subgroup with which to compare clinical outcomes among
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FIGURE 7 | Forest plot for good neurologic outcome (the stepped distributions of each group’s comparison with the same given group are shown in the same
background color).

different temperature levels; (c) the number of patients and trials
was small, and might have biased the results; (d) both in survival
and neurologic outcome, due to the lack of direct comparison
between some of the groups, a complete closed loop could not
be formed; there might therefore be some bias in the results
of only indirect comparisons; (e) the 20-min interval might be
too broad, and thus may mask some of the underlying factors;
(f) we only compared short-term (30 days and at discharge)
clinical outcomes.

CONCLUSION

From this network meta-analysis, we drew the following
conclusions: (a) the survival and neurologic outcomes were
related to the time of collapse to ROSC, and with the extension
of time, these clinical outcomes would deteriorate for patients
with CA; (b) TTM is still effective for CA patients to improve
short-term clinical outcomes, however, this effect might be shown
only within 20-40 min of collapse to ROSC; (c) the effectiveness
of TTM might be inconclusive in improving survival, but its
role in improving neurologic outcome should be recognized.

Of course, based on our findings, further trials should pay
more attention to patients with moderate time (20-39 min) from
collapse to ROSC who suffer from moderate injury and intend to
become worse.
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Background: Mortality of patients suffering from critical illness has been dramatically
improved with advanced technological development of extracorporeal membrane
oxygenation (ECMO) therapy. However, the majority of ECMO-supported patients failed
to wean from ECMO therapy. As one of several options, cardiopulmonary rehabilitation
serves as effective intervention in the improvement of cardiovascular and respiratory
function in various major critical illness. Nonetheless, its role in facilitating ECMO weaning
has not yet been explored. The purpose of this study is to investigate the effectiveness of
cardiopulmonary rehabilitation on rate of ready for ECMO weaning in ECMO-supported
patients (CaRe-ECMO).

Methods: The CaRe-ECMO trial is a randomized controlled, parallel group, clinical
trial. This trial will be performed in a minimum number of 366 ECMO-supported eligible
patients. Patients will be randomly assigned to either: (1) the CaRe-ECMO group,
which will be treated with usual care including pharmacotherapy, non-pharmacotherapy,
and specific nursing for ECMO therapy and the CaRe-ECMO program; or (2) the
control group, which will receive usual care only. The CaRe-ECMO program consists
of protocolized positioning, passive range of motion (PROM) training, neuromuscular
electrical stimulation (NMES), surface electrical phrenic nerve stimulation (SEPNS),
and pulmonary rehabilitation. The primary outcome of the CaRe-ECMO trial is the
rate of ready for ECMO weaning at CaRe-ECMO day 7 (refers to 7 days after the
CaRe-ECMO program initiation). Secondary outcomes include rate of ECMO and
mechanical ventilation weaning, total length in day of ready for ECMO weaning, ECMO
weaning and mechanical ventilation, all-cause mortality, rate of major post-ECMO
complications, ECMO unit length of stay (LOS) and hospital LOS, total cost for
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hospitalization, cerebral performance category (CPC), activities of daily living (ADL), and
health-related quality of life (HRQoL).

Discussion: The CaRe-ECMO is designed to answer the question “whether
cardiopulmonary rehabilitation can facilitate weaning of ECMO (CaRe-ECMO).” Should
the implementation of the CaRe-ECMO program result in superior primary and
secondary outcomes as compared to the controls, specifically the add-on effects
of cardiopulmonary rehabilitation to the routine ECMO practice for facilitating
successful weaning, the CaRe-ECMO trial will offer an innovative treatment option
for ECMO-supported patients and meaningfully impact on the standard care in

ECMO therapy.

Clinical Trial Registration: ClinicalTrials.gov, identifier: NCT05035797.

Keywords: cardiopulmonary rehabilitation, extracorporeal membrane oxygenation, weaning, multidisciplinary,
randomized controlled trial, open-label

INTRODUCTION

Recent improvements in technology have created extra chances
for lifesaving, i.e., using extracorporeal membrane oxygenation
(ECMO) as a bridge to win over time for the body and medical
strategies struggling with critical illness (1). Patients with acute
cardiac, pulmonary, or cardiopulmonary failure who have failed
conventional treatment appeared to benefit from ECMO therapy
(2). However, this population is often exposed to prolonged
immobilization, which may lead to multiple complications and
impaired physical function (3). Shortening the sedative course
and managing issues such as intensive care unit (ICU)-acquired
weakness and critical illness-induced cardiopulmonary function
impairment should take priority, as this can greatly impact
the post-ECMO prognosis. In this context, attention toward
enhancing ICU recovery, reducing complications, and improving
functional prognosis has started to be shifted to ECMO-
supported patients (4). Upon this perspective, early rehabilitation
is recommended to be applied in this population.

The general aim of early rehabilitation for critical illness
is to improve or maintain cardiopulmonary function, which
encounters the requirement of ECMO-supported patients (5).
There is a variety of early rehabilitation techniques that may
benefit patients with critical illness (6). However, due to the huge
difficulties in the application of early rehabilitation in ECMO-
supported patients, only a few evidence has been published
(4, 7). Considering their pathophysiological condition, regardless
of venovenous ECMO (VV-ECMO) or venoarterial ECMO
(VA-ECMO), cardiopulmonary rehabilitation is hypothesized
to compensate cardiopulmonary function of patients and
consequently speed up the recovery process after the emergency
period (normally after 72h) (8). For instance, cardiac output
and maximal oxygen uptake were proven to increase after one
subtype of cardiopulmonary rehabilitation in intubated, sedated
patients confined to bed in the ICU (9).

Upon the above rationale, the upcoming question is that what
benefits of cardiopulmonary rehabilitation can be delivered to
ECMO-supported patients. For clinicians, ECMO weaning is
particularly challenging and annual ECMO mortality has been
reported to be approximately ranged 40-70% (10, 11). According

to our experience, delayed ECMO weaning also demonstrated
worse functional prognosis and impaired health-related quality
of life (HRQoL). Previous studies have documented that rate
of mechanical ventilation weaning was improved in patients
received early rehabilitation intervention, while its effectiveness
in ECMO weaning remains unclear (12). Indeed, the successful
weaning of ECMO is complex and multifactorial (13). ECMO
weaning at the earliest possible time would be expected
to improve outcomes, reduce cost, and optimize functional
prognosis (14). This inspires us to hypothesize that if the
medical rationale is based on its assumed benefits on cardiac
function and oxygenation, then cardiopulmonary rehabilitation
may subsequently contribute to earlier weaning of ECMO.
Our perspective is to provide solutions with the application of
cardiopulmonary rehabilitation and convert the aforementioned
physiological changes (e.g., increased cardiopulmonary function)
into patient-oriented outcomes (e.g., earlier weaning of ECMO
and increased rate of ECMO weaning).

Considering the limited evidence in this aspect, ongoing
innovation must move from guessing to exploring the
effectiveness of cardiopulmonary rehabilitation through
an adequately powered trial. Therefore, we design this
multidisciplinary randomized controlled trial (RCT) to
answer the following clinical question—can cardiopulmonary
rehabilitation facilitate weaning of ECMO (CaRe-ECMO)? The
results of this trial may subsequently provide innovative
treatment solution, specifically the add-on effects of
cardiopulmonary rehabilitation to the routine clinical practice
for further successful weaning of ECMO.

METHODS/DESIGN

Trial Design

The CaRe-ECMO trial is a pragmatic, multidisciplinary,
randomized controlled, parallel group, clinical trial. Table 1
shows the overview of the trial registration information. The trial
protocol was developed according to the Consolidated Standards
of Reporting Trials (CONSORT) statements for pragmatic trials
and non-pharmacological treatment interventions (15, 16).
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TABLE 1 | The WHO trial registration data set for the CaRe-ECMO ftrial.

Data category

Information

Primary registry and trial identifying number

Date of registration in primary registry
Secondary identifying numbers

Trial protocol version

Source(s) of monetary or material support
Primary sponsor

Secondary sponsor

Contact for public queries

Contact for scientific queries

Public title

Scientific title

Countries of recruitment
Health condition(s) or problem(s) studied
Intervention(s)

Key inclusion and exclusion criteria

ClinicalTrials.gov Registry number: NCT05035797

01 September 2021

N/A

Version 1

Nanjing Municipal Science and Technology Bureau

Nanjing Municipal Science and Technology Bureau

N/A

XL, luxiao1972@163.com; JSZ, zhangjso@njmu.edu.cn; XFC, cxfyx@njmu.edu.cn
XL, luxiao1972@163.com; JSZ, zhangjso@njmu.edu.cn; XFC, cxfyx@njmu.edu.cn

Can cardiopulmonary rehabilitation facilitate weaning of extracorporeal membrane oxygenation

(CaRe-ECMOQ)? A prospective multidisciplinary randomized controlled trial

Impact of cardiopulmonary rehabilitation on weaning of extracorporeal membrane oxygenation

(CaRe-ECMO): A prospective multidisciplinary randomized controlled clinical trial
China

Rate of ECMO weaning in critical care patients supported with ECMO

Active comparator: Usual care, ECMO and cardiopulmonary rehabilitation
Placebo comparator: Usual care and ECMO

Ages eligible for study: aged 18yr or order

Sexes eligible for study: both

Accepts health volunteers: No

Inclusion criteria: see “Eligibility and withdrawal criteria” section, and Tables 2, 3
Exclusion criteria: see “Eligibility and withdrawal criteria” section, and Tables 2, 3

Study type Type: Pragmatic, multidisciplinary, randomized controlled, parallel group, clinical trial
Allocation: Simple randomization
Intervention model: Parallel assignment
Masking: Assessor, physician, data analyst, and statistician blinded
Primary purpose: Prevention and improvement
Phase: N/A
Date of first enrollment Not yet started
Target sample size 366
Recruitment status Not yet started

Primary outcome(s)
Key secondary outcomes

Rate of ready for ECMO weaning at CaRe-ECMO Day 7
Rate of ECMO weaning, total length of ready for ECMO weaning, total length of ECMO weaning,

rate of mechanical ventilation weaning, total length of mechanical ventilation, all-cause mortality, rate
of major post-ECMO complications, ECMO Unit LOS, total hospital LOS, total cost for
hospitalization, CPC, ADL, and HRQoL

CaRe-ECMO, cardiopulmonary rehabilitation on extracorporeal membrane oxygenation; LOS, length of stay; CPC, cerebral performance category; ADL, activities of daily living; HRQoL,

health-related quality of life.

Trial Objectives

The primary objective of the CaRe-ECMO trial is to investigate
the impact of cardiopulmonary rehabilitation combined with
usual care on rate of ready for ECMO weaning at CaRe-ECMO
day 7 (refers to 7 days after the CaRe-ECMO program initiation),
when compared to usual care alone. Secondary objectives are
to evaluate the effects of cardiopulmonary rehabilitation on rate
of ECMO weaning, total length of ready for ECMO weaning,
total length of ECMO weaning, rate of weaning of mechanical
ventilation, total length of mechanical ventilation, all-cause
mortality, rate of major post-ECMO complications, ICU length
of stay (LOS), total hospital LOS, total cost for hospitalization,
cerebral performance category (CPC), activities of daily living
(ADL), and HRQoL.

Ethics Statement

The CaRe-ECMO trial has been prospectively registered
at the ClinicalTrials.gov (https://register.clinicaltrials.gov/):
NCT05035797, 1 September, 2021. The trial protocol
has been reviewed and approved by the Research Ethics
Committee at the First Affiliated Hospital of Nanjing Medical
University. In accordance with the Declaration of Helsinki
of 1964 (revised in 2013), a written informed consent will
be obtained from the legal guardians of all the enrolled
patients (17).

Trial Setting
The CaRe-ECMO trial will be mainly conducted in the
Department of Emergency Medicine, the First Affiliated
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Hospital of Nanjing Medical University (a 3,700-bed primary
referral hospital in Nanjing, Eastern China), who is capable to
provide ECMO therapy for ~200 critical care patients annually.
Clinicians from the Department of Emergency Medicine are
required to have training certifications in ECMO therapy
and at least 5-year therapeutic experience in management of
critical care patients supported with ECMO. The Department
of Rehabilitation Medicine will mainly be responsible for
cardiopulmonary rehabilitation delivery. Clinicians from
both the departments will collaborate on cardiopulmonary
rehabilitation prescription. Therapists are required to have a
certified degree in cardiopulmonary rehabilitation and at least
3-year therapeutic experience with critical care patients. The trial
coordinating group will implement the CaRe-ECMO program
guidelines and standard operation procedures (SOPs) for all the
medical staffs via a kickoff meeting to be held in September 2021
(Nanjing, China).

Eligibility and Withdrawal Criteria

The consolidated criteria for patient enrollment are those:
(1) aged 18 years or older; (2) eligible for receiving ECMO
(VV or VA) therapy; (3) with mechanical ventilation; (4) with
stable condition and eligible for cardiopulmonary rehabilitation
after 72h of ECMO; (5) with no contraindications for
cardiopulmonary rehabilitation; (6) not pregnant; (7) with a life
expectancy of more than 3 days; (8) wean from ECMO therapy
within the first 3 days before the initiation of the CaRe-ECMO
program; (9) not use ECMO as a bridge to recovery or definitive
treatment (e.g., lung transplantation or heart transplantation);
(10) not enrolled in another trial previously; and (11) sign
informed consent form by the guardian (18). According to
previously published guidelines, the specific indications and
contraindications for VV-ECMO and VA-ECMO are given in
Tables 2, 3, respectively (19, 20).

Patients will be withdrawn from the trial if: (1) the guardian
makes such a request with no reasons; (2) the patient develops
adverse events due to cardiopulmonary rehabilitation (e.g., rib
fracture, limb fracture); and (3) the patient develops ECMO-
related complications (e.g., bleeding, thromboembolism, severe
infection) and is ever unsuitable for participating in the trial
according to the point of view by clinicians.

Enroliment, Randomization, and Allocation
Eligible patients who meet the eligibility criteria and are provided
with ECMO therapy in our Department of Emergency Medicine
will be enrolled in the CaRe-ECMO trial. Their guardians will
receive a detailed explanation of trial purpose and procedures.
The patients will have a same chance to be randomly assigned to
the CaRe-ECMO group or the control group. They also will be
informed that they have the right to withdraw from the trial at
any time of the trial period.

Simple randomization (1:1) will be applied using a computer
generated random sequence, which will be independently
administered and concealed by the Clinical Research Board from
the School of Public Health of Nanjing Medical University (from
here on called allocation center). Once a patient has been deemed
eligible and the informed consent form has been signed, an

TABLE 2 | Indications and contraindications for VV-ECMO.

Indications for VV-ECMO (one or more of the following)

1. Hypoxemic respiratory failure (PaO»/FiO> < 80 mmHg), after optimal medical
management (FiO, > 80%)

2. pH < 7.25 with PaCO, > 60 mmHg for more than 6 h, despite optimal
conventional mechanical ventilation (respiratory rate of 356 bpm and Ppjar <
30 cmH,0)

3. Airway obstruction, unable to establish advanced airways
Contraindications for VV-ECMO

1. lIrreversible non-cardiac organ failure limiting survival (e.g., severe anoxic brain
injury or metastatic cancer)

. Irreversible and incapacitating central nervous system pathology
. Irreversible and incapacitating cardiovascular system pathology
. Systemic bleeding

a A~ W N

. Mechanical ventilation for more than 7 days with Pyjat > 30 cmH,O and FiO»
> 90%

6. Limited vascular access (severe peripheral arterial disease, extreme obesity,
amputated limbs, among others)

7. Older age (increasing risk of death with increasing age)

W-ECMO, venovenous extracorporeal membrane oxygenation; PaO,, partial pressure
of arterial oxygen; FiOy, fraction of inspired oxygen; PaCQOpy, partial pressure of arterial
carbon dioxide; Ppjat, plateau pressure.

TABLE 3 | Indications and contraindications for VA-ECMO.

Indications for VA-ECMO (one or more of the following)

1. Rapidly deteriorating or severe cardiogenic shock (cardiac Index < 2.2
L/min/m? with * VIS > 40) with LVEF < 35%

2. Rapidly deteriorating or severe cardiogenic shock (cardiac Index < 2.2
L/min/m? with * VIS > 40) with LVEF of 35-55%, and severe mitral
regurgitation or aortic stenosis

3. Two consecutive lactate values >4 mmol/L (with at least 30 min interval
between sampling), with non-decreasing trend on steady dose of inotropes
and/or vasopressors

4. Witnessed cardiopulmonary resuscitation for more than 10 min or intermittent
ROSC but unable to maintain

Contraindications for VA-ECMO

1. lIrreversible non-cardiac organ failure limiting survival (e.g., severe anoxic brain
injury or metastatic cancer)

. Irreversible and incapacitating central nervous system pathology
. Irreversible and incapacitating cardiovascular system pathology
. Systemic bleeding

. Aortic dissection

o g~ WN

. Limited vascular access (severe peripheral arterial disease, extreme obesity,
amputated limbs, among others)

7. Older age (increasing risk of death with increasing age)

VA-ECMO, venoarterial extracorporeal membrane oxygenation; LVEF, left ventricular
gfection fraction; SvO», mixed venous oxygen saturation; ROSC, return of spontaneous
circulation; VAD, ventricular assist device.

“Vasoactive-inotrope score (VIS): (Epinephrine dose + Norepinephrine dose) wg/kg/min
x 100 + (Dopamine dose + Dobutamine dose) yw.g/kg/min.

independent trial assistant will register the participant, record
her/his group allocation, and reveal the group allocation to
those delivering the interventions (21). Figure 1 demonstrates
the overview of the recruitment, randomization, and allocation
based on the CONSORT principle.
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Inclusion criteria

Aged 18yr or older

Eligible for ECMO therapy
Eligible for CR after 72 hours of
ECMO therapy

Not pregnant

With a life expectancy of more
than 3 days

Not use ECMO as a bridge to
recovery or definitive treatment

© Enrollment

Patients with ECMO in ICU

Exclusion criteria

With contraindications for CR
With contraindications for VV-
ECMO therapy

With contraindications for VA-
ECMO therapy

Screen for eligible patients

Informed consent

Randomization

Ready for weaning  Not ready for weaning  Not ready for weaning Ready for weaning

| |
Receive first CR
|

cardiopulmonary rehabilitation on ECMO; CR, cardiopulmonary rehabilitation.

Ready for weaning  Not ready for weaning ‘Notmdytormnlnc Ready for weaning

© RCT part
|
Day 7
Receive second CR
© Open-Label part '
Day 14
Day 30
v
Day 90

Follow-up evaluations at CaRe-ECMO Day 14, 30, and 90

FIGURE 1 | Overview of trial recruitment, randomization, and allocation. ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit; CaRe-ECMO,

Interventions

CaRe-ECMO Group

Patients in the CaRe-ECMO group will be treated with usual
care, ECMO therapy, and cardiopulmonary rehabilitation
program. Usual care normally comprises pharmacotherapy,
mechanical ventilation, continuous renal replacement therapy
(CRRT), intra-aortic balloon pump (IABP), and specific nursing
for ECMO therapy and their original injuries, as appropriate.
In addition, patients will receive cardiopulmonary rehabilitation
from a multidisciplinary team (e.g., clinicians, rehabilitation
physicians, nurses, and therapists) who were fully trained
to provide care to every ECMO-supported patient when
medically appropriate. A core group of clinicians and therapists
(e.g., XL, ZS, XC, YZ, YC, and SW) are competent in the
use of a screening procedure (e.g., stability of hemodynamic
and vital signs, stability of blood coagulation, stability of
homeostasis, stability of mechanical ventilation, stability of
ECMO flows, and stability of cannulation position and tightness)
to determine appropriateness and safety for cardiopulmonary
rehabilitation delivery according to the experience from
the University of Maryland Medical Center (4). Detailed
daily eligibility screening flowchart for cardiopulmonary
rehabilitation is shown in Figure 2. Once the patients pass

the screen, the therapists will proceed to provide protocolized
cardiopulmonary rehabilitation program, which encompasses
five evidence-based components according to literature
review: (1) positioning; (2) passive range of motion (PROM)
training; (3) neuromuscular electrical stimulation (NMES);
(4) surface electrical phrenic nerve stimulation (SEPNS);
(5) respiratory proprioceptive neuromuscular facilitation
(PNF) techniques; and (6) airway clearance techniques (22-
24). Detailed content and protocol are given in Table 4. It
should be emphasized that hemodynamic and vital signs,
ECMO flows, and cannulation position and tightness will
be continuously monitored during each rehabilitation
session. In case any adverse events occur, cardiopulmonary
rehabilitation session will be discontinued. Corresponding
reasons for discontinuous and exact length of therapy will
be recorded.

After randomized treatment, the primary outcome will be
assessed at the CaRe-ECMO day 7 after last cardiopulmonary
rehabilitation session. All the patients who are not responded
(e.g., failure in fulfilling the criteria of ready for ECMO
weaning and need continuous ECMO support), regardless of
trial assignment, will be provided with open-label treatment
of cardiopulmonary rehabilitation. Corresponding secondary
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Daily rehabilitation

eligibility screening

1) Stability of vital signs
2) Stability of homeostasis

3) Stability of hemodynamic

4) Stability of blood coagulation

5) Stability of mechanical ventilation
6) Stability of ECMO flows

7) Stability of cannulation position and

tightness

s

Cardiopulmonary

rehabilitation

1) Positioning

2) Passive range of motion training

3) Neuromuscular electronic stimulation

4) Surface electrical phrenic nerve
stimulation

5) Respiratory proprioceptive

neuromuscular facilitation techniques

6) Airway clearance techniques

s

( Cardiopulmonary rehabilitation program will be suspended and re-evaluated the next day ]

FIGURE 2 | Eligibility screening flowchat for cardiopulmonary rehabilitation. ECMO, extracorporeal membrane oxygenation.

outcomes will be assessed at the open-label stage according to the
preplanned schedule.

Detailed procedure of the CaRe-ECMO program is shown in
Figure 3.

Control Group
No additional rehabilitation intervention, except usual care and
ECMO therapy, will be provided to patients in the control group.

Outcome Measures

Primary Outcome

The primary outcome of the CaRe-ECMO trial is the rate of
ready for ECMO weaning at CaRe-ECMO day 7. It means
that rate of ready for ECMO weaning will be calculated 7
days after cardiopulmonary rehabilitation delivery. Checklists
to define ready for ECMO weaning (hereafter called ready for
ECMO weaning checKlists), either for VV-ECMO or VA-ECMO,
have been prepared according to literature review and shown in
Tables 5, 6 (20, 28). A fixed medical staff will be responsible for
checkouts of listed items daily. Eligible patients defined as ready
for ECMO weaning reveal the fulfillment of all the items in the
checklists. Date of ready for ECMO weaning will be recorded and
the rate of ready for ECMO weaning at CaRe-ECMO day 7 will
be calculated.

Secondary Outcomes
Secondary outcomes are listed and elaborated as follows:

1) Rate of ECMO weaning will be calculated according to date
of ECMO weaning fulfilled.

2) Total length of ready for ECMO weaning refers to exact
length in day till patients fulfill all the criteria of ready for
ECMO weaning according to daily checkout records (14).

3) Total length of ECMO weaning refers to exact length in day
for patients treated with ECMO therapy (29).

4) Rate of mechanical ventilation weaning will be calculated
according to date of mechanical ventilation weaning
fulfilled. Daily screening of mechanical ventilation weaning
will be strictly performed with checklist shown in Table 7
according to the American Thoracic Society and the
American College of Chest Physicians Clinical Practice
Guideline (30).

5) Total length of mechanical ventilation refers to exact length
in day for patients treated with mechanical ventilation.

6) All-cause mortality is defined as rate of death due to any
causes and will be calculated according to date of death (31).

7) Rate of major post-ECMO complications refers to rate
of complications occurred after ECMO including but
not limited to ECMO-related complications (e.g.,
thromboembolism), mechanical ventilation-related
complications  (e.g., pneumonia), newly developed
myocardial infarction, acute kidney injury, neurologic
events (e.g., stroke, seizures), and multiple organ failure
(32). Information of major post-ECMO complications will
be collected in the Complication Recording Sheet (Table 8).

8) Diaphragmatic thickness and mobility refer to ultrasound-
guided evaluation of diaphragmatic thickness and mobility
under M-mode (33).

9) Extracorporeal membrane oxygenation unit LOS accounts
for length in day for stay of patients in the ICU unit.

10) Total hospital LOS accounts for total hospital LOS in
day for stay of patients in both the ECMO unit and
other departments.

11) Total cost for
by addition of the cost
department admission.

calculated
units and

hospitalization will be
of all the
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TABLE 4 | Detailed content and protocol of cardiopulmonary rehabilitation.

Cardiopulmonary Components
rehabilitation

Instructions

Duration and frequency

Rationale

Positioning Semi-reclining positioning (30°)

Left or right lateral positioning (45°)

Prone positioning

PROM training PROM training for shoulder joint,
elbow joint, wrist joint, hip joint,

knee joint, and ankle joint

NMES NMES (Ruiyi S4, Nanjing Vishee
Medical Technology Corporation,
Nanjing, China) for triceps brachii,
extensor carpal muscles,

quadriceps, and tibialis anterior

SEPNS SEPNS (Diafun EDP, Arahelio
Group, Guangzhou, China) for

Diaphragm

Respiratory PNF
techniques

Manual thoracic expansion and
compression

Airway clearance Manual flutter mucus clearance

techniques

High-frequency chest wall
oscillation

Endotracheal suctioning

Nurse-assisted position change

Therapist-assisted
multidimensional movement of
joints within normal ROM

1. Allocation of electrodes: surface
electrodes attached to the
motion points of muscles

2. Allocation confirmation: obtain
a palpable muscle contraction
of the targeted muscle

3. Stimulation parameters: pulse
frequency of 40-60 Hz, pulse
width of 0.2-0.4ms, and
rectangular, intermittent,
bidirectional current

1. Allocation of phrenic nerve:
ultrasound scanning on
supraclavicular region to identify
phrenic nerve which is on the
surface of anterior scalene
muscle

2. Allocation confirmation: after
the surface electrodes
attachment, successful SEPNS
can be confirmed with
ultrasound imaging (M-mode)
both at breathing and
breath-hold phases reflecting
changes of bilateral
diaphragmatic thickness and
mobility as compared to with no
SEPNS

3. Stimulation principles and
parameters: in synchrony with
mechanical ventilation, pulse
frequency of 40-60 Hz, pulse
width of 0.2-0.4ms, and
rectangular, intermittent,
bidirectional current

Therapist- or device-assisted

pulmonary rehabilitation

techniques

Therapist-, nurse- or

device-assisted airway clearance

techniques

Every 2h

20 min per session
1 session per day

20 min per session
1 session per day

20 min per session
1 session per day

20 min per session
1 session per day

20 min per session
1 session per day

Improve oxygenation (25)

Improve ventilation/perfusion ratio

of the lower part of lung (26)

Improve oxygenation (27)

1. Maintain joint mobility

2. Prevent contractures

3. Compress peripheral vessels
to avoid thrombosis

1. Maintain muscle mass, muscle
strength

2. Prevent disuse atrophy

3. Compress peripheral vessels
to avoid thrombosis

Prevent diaphragmatic
ICU-acquired weakness

. Improve chest wall compliance
. Increase lung volume
. Reduce and avoid atelectasis
. Assist airway clearance
. Reduce post-ECMO
pulmonary complications
(e.g., infection)

N = W=

PROM, passive range of motion; NMES, neuromuscular electrical stimulation; SEPNS, surface electrical phrenic nerve stimulation; ICU, intensive care unit; PNF, proprioceptive

neuromuscular facilitation.

12) Cerebral performance category will be recorded, for those
successfully weaning of ECMO, to reflect post-ECMO

neurological status (34).

13) Activities
those

of daily

Index (35).

living will be
successfully weaning of ECMO, with Katz

evaluated, for
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CaRe-ECMO program
(First Round)

l

Randomization

CaRe-ECMO program Continuous CaRe-ECMO
(Second Round) program for non-respondents

e Eir

Admisssion

CaRe-ECMO Day 1-7

CaRe-ECMO Day 8-14

CaRe-ECMO Day 15-90

oxygenation; RCT, randomized controlled trial.

Protocolized cardiopulmonary rehabilitation intervention

Baseline data collection Randomized controlled trial Open-label cohort
Consecutive data collection across all follow-up time points

FIGURE 3 | Flow diagram of the CaRe-ECMO program. First round of the CaRe-ECMO program refers to the protocolized cardiopulmonary rehabilitation delivery in
the RCT part; second round of the CaRe-ECMO program refers to the protocolized cardiopulmonary rehabilitation delivery in the RCT part. Red flags symbolize
measurement points of selective outcomes across all the follow-up time points. CaRe-ECMO, cardiopulmonary rehabilitation on extracorporeal membrane

TABLE 5 | Ready for VW-ECMO weaning checklist.

Ready for VV-ECMO weaning checklist

Move forward to the nest step when the former step is fulfilled, should all of the steps be fulfilled indication the

patient is ready for ECMO weaning

The primary disease has been controlled or improved pulmonary function assessment:

If VT < 6 ml/kg, FiO, < 60%, PEEP < 10 cmH,0, PaO, > 70 mmHg, PaO,/FiO, > 200 mmHg, PaCO, < 45 mmHg, pH
7.35-7.45, improved changes in X-ray/CT scanning, lung compliance >0.8 mi/kg*cmH,0O, then move to the next step

If MAP > 70 mmHg, the heart rate increases over 20% of the baseline following the reduction of ECMO flow, then move to the

If lactate < 2 mmol/L, SvO, > 70%, no symptoms of respiratory distress and improved function of other damaged organs,

If disconnect oxygen supply of the ECMO with no reduction of ECMO flow, observation for 6 h, monitoring the patient to

If Step 1, 2, 3, and 4 are validated then the patient is under minimal ECMO support:

Be sure that there is no CO» retention and the patient can maintain normal oxygenation and normocarbia, and FiO» reaches
21%, ECMO flow becomes 3-4L per minute and the sweep should be <1 L per minute, then move to the next step

Step 1
Step 2 Cardiac function assessment:
next step
Step 3 Organ function and tissue perfusion assessment:
then move to the next step
Step 4 Patient must tolerate a full weaning trial:
maintain parameters mentioned in Step 1-3, then move to the next step
Step 5
Step 6 The patient is ready for VW-ECMO weaning

W-ECMO, venovenous extracorporeal membrane oxygenation; VT, tidal volume; FiO», fraction of inspired oxygen; PEEF, positive end-expiratory pressure; PaOo, partial pressure of
arterial oxygen; PaCOp, partial pressure of arterial carbon dioxide; MAR, mean arterial pressure; SvO,, mixed venous oxygen saturation.

14) Health-related quality of life will be measured, for those
successfully weaning of ECMO, with SF-12 (36).

Data Collection

Data in terms of rate of ready for ECMO weaning, rate of
ECMO weaning, rate of mechanical ventilation weaning, all-
cause mortality, and rate of major post-ECMO complications will
be calculated throughout the index hospitalization and follow-
up period (e.g., CaRe-ECMO days 7, 14, 30, and 90) according
to daily evaluations recorded in the medical records. Outcomes,
for instance ready for ECMO weaning, will be treated as time-
to-event outcomes; therefore, date and timing of events will
be also recorded to facilitate statistical analysis. Total length
of ready for ECMO weaning, total length in hour of ECMO

weaning, total length in day of mechanical ventilation, ECMO
unit LOS, and total hospital LOS will be collected according to
the medical records. CPC index, ADL score, and HRQoL score
will be selectively collected among those successfully weaning of
ECMO across discharge day (discharge from ECMO unit) and
all follow-up time points (e.g., CaRe-ECMO days 30 and 90). In
addition, diaphragmatic thickness and mobility will be evaluated
with ultrasound (M-mode) every 3 days for determining the
allocation of phrenic nerve and the efficacy of SEPNS. The
detailed data collection schedule is given in Table 9.

Baseline demographics and clinical characteristics, directly
from the medical files at randomization, will also be collected
including but not limited to the following information:
age, gender, main diagnosis, comorbidities (diabetes mellitus,
hypertension, respiratory infection, or others), the Acute
Physiology and Chronic Health Evaluation II (APACHE II)
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TABLE 6 | Ready for VA-ECMO weaning checklist.

Ready for VA-ECMO weaning checklist

Move forward to the nest step when the former step is fulfilled, should
all of the steps be fulfilled indicating the patient is ready for ECMO
weaning

If FiO,> < 50%, PEEP < 10 cmH,0, PIP < 30 cmH»0, PaO, > 70 mmHg, PaO./FiO, > 200 mmHg, PaCO, < 45 mmHg, pH

If MAP > 70 mmHg and PPD > 30 mmHg for 24 h, the heart rate increases over 20% of the baseline following the reduction of
ECMO flow, VIS of <10, LVEF of more than 40%, aortic VTI of more than 10 cm/s, decreasing trend of cTnT and BNP values,
CVP < 12 cmH,0, lactate < 2 mmol/L, SvO, > 70%, with improved function of other damaged organs, then move to the

Increase ACT to 200's, then gradually reduce ECMO flow to 66% for 15 min, and then to 33% of its baseline value for 15 min,
and finally a minimum of 1-1.5 L/min for 15 min. During the weaning trial, monitoring the patient to maintain parameters

Step 1 The etiology of cardiac failure must be compatible with myocardial recovery
Step 2 Pulmonary function should not be severely impaired:
7.35-7.45, no puimonary edema in X-ray/CT scanning, then move to the next step
Step 3 Hemodynamic and cardiac functional assessment:
next step
Step 4 The patient must tolerate a full weaning trial:
mentioned in Step 3
Step 5 The patient is ready for VA-ECMO weaning

VA-ECMO, venoatrterial extracorporeal membrane oxygenation; FiOs, fraction of inspired oxygen; PEEF, positive end-expiratory pressure; PIF, peak inspiratory pressure; PaO,, partial
pressure of arterial oxygen, PaCO,, partial pressure of arterial carbon dioxide; MAR, mean arterial pressure; PPD, pulse pressure difference; VIS, vasoactive-inotrope score; VTI, velocity
time integral; cTnT, cardiac troponin T; CVR, central venous pressure; SvO», mixed venous oxygen saturation; ACT, activated clotting time.

TABLE 7 | Mechanical ventilation weaning checklist.

Mechanical ventilation weaning checklist

e Ready for mechanical ventilation weaning: Daily check prerequisite of primary disease controlled; FiO, < 0.6, PaO,/FiO2 > 200 with PEEP < 5 cmH2O; no
or low dose vasopressor being used; continuous intravenous sedation minimized as appropriate; response to simple questions; cough during tracheal

aspirations

e Should the above ready for mechanical ventilation weaning criteria fulfilled, move through the following steps when the former step is fulfilled. Should all of

the steps be fulfilled indicating weaning of mechanical ventilation

Step 1 Weaning test

® Gradually decrease PEEP to 5 cmH,O with possible increase of FiO, to 0.6 (over 20-30 min)

e If: desaturation occur (SpO» < 88%) and persist (>5 min) during this trial, then fail

e |f not: blood gases determined 10-20 min after establishing PEEP at 5 cmH,O
e |f: under these conditions (PEEP = 5 cmH,O and FiO, at 30-60%), PaO,/FiO, < 200, then fail
e If not: weaning test passes, forward through the next step within 24 h

Step 2 Prolonged weaning test

e Mechanical ventilation mode of volume-assist control ventilation or pressure support

e Mechanical ventilation parameters of VT < 10 mL/kg; Ppjat or pressure support < 30 cmH2O; RR < 35/min; PEEP = 5

cmH;0; FiO2 < 50%

e If: desaturation occur (SpO2 < 88%) and persist (>15 min) during this trial, then failed

* |f not: prolonged weaning test passes, forward through the next step within 24 h

Step 3 Spontaneous breathing trial

e T piece or PSV with pressure support at +7 cmH,O

Step 4 Weaning of mechanical ventilation

PEEF, positive end-expiratory pressure; FiOo, fraction of inspired oxygen; SpO», oxygen saturation; PaOo, partial pressure of arterial oxygen; VT, tidal volume; Ppy.t, plateau pressure;

RR, respiratory rate; PSV, pressure support ventilation.

score, ECMO mode (VV-ECMO or VA-ECMO), length in
hour since mechanical ventilation, partial pressure of arterial
oxygen/fraction of inspired oxygen (PaO,/FiO;) in mm Hg,
positive end-expiratory pressure (PEEP), tidal volume in ml/kg
of predicted body weight, respiratory rate in breaths/min, plateau
pressure in cm of water, driving pressure in cm of water,
arterial blood pH, PaO, in mm Hg, partial pressure of arterial
carbon dioxide (PaCO;) in mm Hg, N-terminal pro-B-type

natriuretic peptide (NT-proBNP) in pg/ml, creatine kinase-
MB (CK-MB) in ng/l, cardiac troponin T (¢TnT) in ng/l, and
ejection fraction (EF) in percentage. The above data will be
recorded in the Baseline Data Collection Sheet (Table 10). Apart
from that, daily clinical monitoring for both the condition and
ECMO running status of patient will be performed. The detailed
information will be recorded in the Daily Monitoring Sheet
(Table 11).
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TABLE 8 | Complication recording sheet.

Complication recording sheet

Name: ___ Gender: ___ Age: ___Inpatient ID: ___ Bed number:__
Date of record: / / Main diagnosis:

Neurological complications
[0 No [ Yes (If yes, then fill the following items)
Dateandtime: __ /__ /__,

[ Cerebral hemorrhage [J Cerebral infarction [ Epileptic seizure
Cardiovascular complications

[0 No [ Yes (If yes, then fill the following items)

Dateand time: ___ /___ /__,

[ Cardiac arrest I Newly developed myocardial infarction [ Heart failure

[ Myocardium stunning (Ultrasound) [J Newly developed hypertension requiring vasodilator therapy

[ Shock (& Cardiogenic T Hypovolemic O Obstructive [ Distributive)
[ North-south syndrome
[ Tamponade ((J Blood [ Plasma [ Air)

Respiratory complications
[0 No [ Yes (If yes, then fill the following items)

Date andtime: __ /__ /__,

[0 Pneumothorax [ Pulmonary infection [J Pulmonary edema [J Pulmonary atelectasis

[ Ventilator-associated lung injury

Other complications
[J No [ Yes (If yes, then fill the following items)

Dateandtime: ___/___ /__,

Extremities complications:

[ Distal ischemia [ Necrosis [ Deep venous thrombosis [J Osteofascial compartment syndrome [ Limb amputation

Infection:

Infection pathogen: OJ G* bacteria [0 G~ bacteria [J Mycobacteria [J Fungus [J Virus and prion O Protozoon
Infection site: (J Blood [0 Bone marrow [J Cerebrospinal fluid (] Ascites [ Hydrothorax [J Respiratory tract
[ Skin, muscle, soft tissue L1 Feces L] Urine U Surgical site [J Wound site [J Other

Bleeding:

[ Cerebral hemorrhage [J Gastrointestinal bleeding O Respiratory tract bleeding [J Cannulation site bleeding O Thrombocytopenia [J Surgical site bleeding

[J Hemolysis [ DIC [ Other.
Thrombosis:

[0 Pulmonary thromboembolism [1 ECMO catheter thrombosis [J Limb thrombosis [J Mesenteric thrombosis [ Other.

ECMO-related complications
[0 No [ Yes (If yes, then fill the following items)

Date andtime: ___/__ /__,

[0 Oxygenator failure [0 Raceway rupture [J Crack in connectors [J Heat exchanger malfunction
[0 Cannula problems [ Clots or thrombosis of circuit component [J Pump failure [J Clots hemofilter

[ Gircuit change [J Other

ID, identified number; DIC, disseminated intravascular coagulation; ECMO, extracorporeal membrane oxygenation.

Blinding

Trial assistants from the allocation center responsible for
randomization will be blinded to patients in both the groups.
Each cardiopulmonary rehabilitation session provided by the
therapists will be sheltered with a curtain. In the control group,
an optimization procedure will be imitated as closely as possible,
while no cardiopulmonary rehabilitation will be provided. This
action may be helpful to blind the clinicians and nurses and
mitigate any bias. Assessors, data analysts, and statisticians will
be blinded to group allocation.

Data Management and Monitoring

All the data will be entered into standardized electronic case
report forms (eCRFs) and stored in a bespoke trial cloud
database upon its collection. Data entry will be independently

performed and dated by two trial assistants. Typos and
missing data will be detected by this dual-track data entry
mode. When discrepancies occur, consensus will be achieved
by raw-data review or discussion. Confidentiality of data is
assured by restricted access to the cloud database granted to
authorized investigators only, for example, members of the
Data and Safety Monitoring Committee (DSMC). The primary
investigators, trial coordinators, the DSMC members, data
analysts, statisticians, and trial assistants will meet periodically to:
(1) monitor and review safety of patient; (2) request and perform
interim data analyses; (3) review patient recruitment, accrual,
and withdrawal; (4) discuss about continuing or modifying
the trial; and (5) stop the trial upon any severe adverse
events considered to have been caused by the CaRe-ECMO
program (37).
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TABLE 9 | Scheduled events and timeline of the CaRe-ECMO trial.

‘e 18 Busyyz

Study period

Eligibility Allocation Post-Allocation Close-out

Timepoint -4 to t4 to t3 ts 1y
Day of ECMO 7 days after CaRe-ECMO 14 days after CaRe-ECMO 30 days after CaRe-ECMO 90 days after CaRe-ECMO Discharge day*

10" UISIBIUOL MMM | BUIDIPB JejNoseAoIpIe)) Ul SIonuoiH

G696/ BOIUY | 8 BWN|OA | 220Z Aenuer

Enrollment  Eligibility check
Informed consent
Randomization

Assignment CaRe-ECMO group
Control group

Variables =~ Demographics
Clinical characteristics

Rate of ready for ECMO
weaning

Rate of ECMO weaning

Total length of ready for
ECMO weaning

Total length of ECMO
weaning

Rate of mechanical
ventilation weaning

Total length of
mechanical ventilation

All-Cause mortality

Rate of major
post-ECMO
complications

Diaphragmatic thickness
and mobility

ECMO unit LOS
Total hospital LOS

Total cost for
hospitalization

CPC
ADL
HRQoL

X
X

<

X X X X X

<

<

<
<

vy

X
X
X

X
X
X

>
>

>

CaRe-ECMO, cardiopulmonary rehabilitation on extracorporeal membrane oxygenation; LOS, length of stay; CPC, cerebral performance category; ADL, activities of daily living; HRQoL, health-related quality of life.
*Discharge day refers to discharge from ECMO unit and it may variate according to recovery process of patients.
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TABLE 10 | Baseline data collection sheet.

Baseline data collection sheet

Basic information

Name

Height (cm)

Inpatient ID

Main diagnosis

Date of admission
Date of record
Medical history
Cardiovascular system

Respiratory system

Cerebrovascular event
and sequelae

Diabetes
Malignant tumor
Organ transplantation

Immune system
disease

Medication history

Personal history

Allergic history
Family history

Gender Age

Weight (kg) Bed number
Phone number BMI (kg/m?)
APACHE Il score SOPA score

Date of ECMO admission

[0 No O Yes [ Cardiac surgery ] Cardiac intervention 1 Myocardial infarction: [J Non ST-segment elevation [ ST-segment elevation [J
Angina pectoris: O Stable [J Unstable [J Structural heart disease [J Heart failure (CJ New York Heart Association: O 1 I 11 T I3 1v) O
Atrial fibrillation [J Hypertension

[0 No O Yes O COPD [0 Asthma O Tuberculosis
[0 No O Yes [0 Cerebral hemorrhage [J Cerebral infarction [J Dyskinesia [J Dysphagia [ Cognitive disorder [J Other.

[0 No O Yes [ Type 1 diabetic mellitus O] Type 2 diabetic mellitus [J Impaired glucose tolerance
[0 No I Yes [ Solid tumor [J Metastatic tumor [J Leukemia [J Lymphoma [J Other.

O No O Yes

O No O Yes

[ Antiplatelet drugs: [J Aspirin O Clopidogrel L] Dipyridamole [J Other [ Anticoagulants: [J Warfarin [ Dabigatran [J
Rivaroxaban O Heparin [J Other O Antihyperlipidemic drugs: O Statin O Fibrates 0 PCSK9 [ Other. [ Antihypertensive
drug: [J B-receptor blocker J ACEI J ARB O CCB O Other. [0 Hypoglycemic drugs: [ Insulin [J Sulphonylurea [ Metformin [J
Other O Other

[0 Smoking history: Smoking index (Smoking index is a number of cigarettes smoked per day * years of tobacco smoking) O
History of alcoholism: Drinking index g/day [ Dust and toxic exposure history

[0 No O Yes [ Food O Drug
[0 No O Yes O Cardiovascular disease [ Cerebral disease [ Immune disease [J Endocrine disease [ Malignant tumor [ Other

ECMO-Related information

Venue of ECMO
operation

ECMO cannulation

[0 Out-of-hospital O In-hospital

Drainage cannula [ Left OJ Right Site: [ Femoral vein [J Axilla vein O Internal jugular vein O Right atrium Perfusion cannula O Left O
Right Site: 1J Femoral vein or femoral arteryld Axilla vein [J Internal jugular vein Whether additional drainage cannula is needed J No [
Yes

Running status of ECMO

Indication
ECMO type

ECMO cannulation
sites

Distal collateral
circulation

ECMO flow

Length from ECMO
response to operation
Length of ECMO
operation

Length of MV before
ECMO

O Cardiac [0 Pulmonary O ECPR
O VA-ECMO O W-ECMO O Other

VWW-ECMO: [ No O Yes (If yes, then fill the following items) O Right femoral vein [J Left femoral vein O Right internal jugular vein [J Left
internal jugular vein [ Other. VA-ECMO: [0 No [ Yes (If yes, then fill the following items) O Right femoral vein [ Left femoral vein O
Right internal jugular vein O Left internal jugular vein O Right femoral artery [ Left femoral artery [ Other.

First examination after ECMO

Blood routine
examination

Arterial blood gases
Inflammatory factors

O No O Yes
ECMO blood flow. L/min ECMO gas flow. L/min ECMO FiO, %
mins
mins
days hours mins
WBC 109/L NE % Hbo g/L PLT. 109/L
FiOy % pH PO, mmHg PCO, mmHg BE mmol/L HCOZ mmol/L Lactate mmol/l
C-reactive protein mg/L Procalcitonin ug/L Tumor necrosis factor pg/mL IL-6 pg/mL Serum
amylod A___ mg/L

(Continued)
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TABLE 10 | Continued

Baseline data collection sheet

Basic information

Biochemical ALT U/L AST U/L TBIL, wmol/L DBIL, wmol/L ALP U/L ALB g/L BUN mmol/L Cr. wmol/L

examination Na* mmol/L K+ mmol/L CI~ mmol/L Ca®* mmol/L

Anticoagulation Loading dose of heparin 1U/kg Maintenance dose of heparin IU/kg APTT. s PT. s D-Dimer. ng/mL

monitoring

Antibiotic prophylaxis [ No [J Yes

Cardiac function and NT-proBNP. pg/ml cTnT. ng/L MyO ng/L CK-MB ng/L

myocardial injury

markers

Electrocardiogram [ Sinus arrhythmia [J Atrial arrhythmia [ Ventricular arrhythmia [ Supraventricular arrhythmia [ Junctional rhythm [J Other. Ventricular
rate bpm

Radiology [0 No O Yes O Pulmonary infection [ Pneumothorax [ Pulmonary edema [ Pulmonary atelectasis [ Pleural effusion/Hemothorax [J
Cardiomegaly [J Pericardial effusion/Hemopericardium ] Cerebral edema [ Cerebral hemorrhage (] Ascites/Hemoperitoneum O lleus (I
Other

Echocardiogram EF. % VTI LVID mm RVID mm Valve [J Normal [J Abnormal [J Aortic valve (CJ Moderate to severe aortic stenosis [J
Moderate to severe aortic insufficiency) O Mitral valve (CJ Moderate to severe mitral stenosis [J Moderate to severe mitral insufficiency) [J
Tricuspid valve ((J Moderate to severe tricuspid stenosis [J Moderate to severe tricuspid insufficiency) Structural heart disease [ No [ Yes [J
Atrial septal defect [J Ventricular septal defect O Tetralogy of fallot (J Endocardial cushion defect [J Single ventricle [J Other. Pulmonary
arterial hypertension [J No [J Yes Ventricular aneurysm [J No [ Yes

Coronary angiography [0 No [ Yes Date of examination___/___/ ___(If yes, then fill the following items) Stenosis (1 No [J Yes Stenosis degree: | < 25% Il 26%-50%

1561%-74% IV > 75% Left main artery: O 1 O 11 O 111 O IV Left anterior descending artery: O 1 O 11 O I O IV Left circumflex artery: O 10 1110
Il I IV Right coronary artery: I 1 T 11 O 11l O IV Other O1igngmowNv

Cardiac arrest (If ECPR, then fill the following items)

[ Out-of-hospital O In-hospital

O Pulmonary O Cardiac O Anesthesia [J Other____

[ Ventricular fibrillation (] Pulseless ventricular tachycardia (] Pulseless electrical activity [ Cardiac standstill CJ Other.

Venue of cardiac arrest
Primary disease

Initial heart rhythm
(Before CPR)

Cardioversion or

[0 No O Yes O Unclear (If yes, then fill the following items) Drugs for cardioversion: OJ Lidocaine [J Amiodarone [ Other

defibrillation

Length from cardiac Time of cardiacarrest__ /___ /__, . TmeofCPR_/__/__, _:  Llength mins
arrest to CPR

Length from CPR to Timeof CPR__/__ /__ , :_ TmeofECPR__/__/__, _:__ Length mins

ECPR

ID, identified number; BMI, body mass index; ECMO, extracorporeal membrane oxygenation; APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure
Assessment; ECPR, external cardiopulmonary resuscitation; VWV-ECMO, venovenous ECMO; VA-ECMO, venoarterial ECMO; FiO», fraction of inspired oxygen; BE, base excess; MV,
mechanical ventilation; CPR, cardiopulmonary resuscitation;, ACEIl, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker; PCSK9,
proprotein convertase subtilisin/kexin type 9; COPD, chronic obstructive pulmonary disease; WBC, white blood cell; NE, neutrophil; Hb, hemoglobin; PLT, platelet; pOy, partial pressure
of oxygen; pCO,, partial pressure of carbon dioxide; IL-6, interleukin-6; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBIL, total bilirubin; DBIL, direct bilirubin; ALR,
alkaline phosphatase; AlB, albumin; BUN, blood urea nitrogen; Cr, creatinine; APTT, activated partial thromboplastin time, PT, prothrombin time; ACT, activated clotting time; NT-proBNR,
N-terminal pro-B-type natriuretic peptide; cTnT, cardiac troponin T; MyO, myoglobin; CK-MB, creatine kinase-MB; EF, gjection fraction; \/Tl, velocity-time integral; LVID, left ventricular

internal dimension; RVID, right ventricular internal dimension.

Sample Size Calculation

We considered the rate of ready for ECMO weaning being
conservatively 50% higher in the CaRe-ECMO group than in the
control group at CaRe-ECMO day 7 as a clinically meaningful
effect, implying a hazard ratio (HR) of 0.5. Accordingly, we
performed sample size calculation for the Cox proportional
hazards model with an alpha error of 5% and a power of 80%,
effect size of HR = 0.5, and overall event (ready for weaning)
probability of 30% at CaRe-ECMO day 7 (increases from 30 to
45%) according to our retrospective data analysis and literature
review (38). The needed sample size was estimated as n =
348, i.e., 174 per group. Due to the relative short observational
period and the real-world situation (e.g., patients treated with
ECMO therapy generally will not discharge till stable or death),

accounting for 5% attrition according to their failing for fulfill
of daily eligibility screening for cardiopulmonary rehabilitation
during the therapeutic period, the target sample size is set at 366
(183 per group).

Statistical Methods

The demographic and clinical characteristics collected at
randomization will be presented as means with SDs or medians
with interquartile ranges for continuous variables and as
percentages for categorical variables, as appropriate.

For all the outcomes, we will estimate differences in effect
size between the groups on both the intention-to-treat (ITT)
and per protocol (PP) basis (39). Categorical variables will
be compared with the chi-square or Fisher’s exact tests and

Frontiers in Cardiovascular Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 779695


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zheng et al.

Cardiopulmonary Rehabilitation in ECMO

TABLE 11 | Daily monitoring sheet.

Daily monitoring sheet

Name: ___ Gender: ___ Age: ___Inpatient ID: ___ Bed number: ___

Date of record: __ /

/ , ___:___ Main diagnosis:

Evaluation

Index CaRe-ECMO
Day 1 Day 2

CaRe-ECMO

CaRe-ECMO CaRe-ECMO
Day 3 Day 4

CaRe-ECMO
Day X

Consciousness

Temperature

Fluid intake and output

Nutrition

Blood routine
examination

Inflammatory factors

Biochemical examination

Arterial blood gases

Anticoagulation
monitoring

RASS score

GCS score

BIS index

NSE

S100-B protein

EEG

Bladder temperature (°C)
Axillary temperature (°C)
Intake (ml)

Output (ml)

Output excess (ml)
Enteral nutrition (Y/N)
Parenteral nutrition (Y/N)
Total calories (Kcal)
WBC (10°/1)

NE (%)

Hb (g/L)

PLT (10°/1)
C-reactive protein (mg/L)
Procalcitonin (ug/L)
Tumor necrosis factor
(pg/mL)

IL-6 (pg/mL)

Serum amyloid A (mg/L)
ALT (U/L)

AST (U/L)

TBIL (mol/L)

DBIL (umol/L)

ALP (U/L)

ALB (g/L)

BUN (mmol/L)

Cr (umol/L)

Na* (mmol/L)

K* (mmol/L)

CI~ (mmol/L)

Ca?* (mmol/L)

FiO2 (%)

pH

PO, (mmHg)

PCO, (mmHg)

BE (mmol/l)

HCO3 (mmol/l)
Lactate (mmol/l)

Maintenance dose of
heparin (IU/kg)

(Continued)
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TABLE 11 | Continued

Daily monitoring sheet

Name: ___ Gender: ___ Age: ___Inpatient ID: ___ Bed number: ___

Date ofrecord: _ /

/ , ___:___ Main diagnosis:

Evaluation

Index CaRe-ECMO CaRe-ECMO

Day 1 Day 2

CaRe-ECMO  CaRe-ECMO CaRe-ECMO

Day X

Cardiac function and
myocardial injury markers

Electrocardiogram

Echocardiogram

Hemodynamics

Ventilator parameters

Radiology

APTT (s)

PT (s)

D-Dimer (ng/ml)
ACT (s)
NT-proBNP (pg/ml)

cTnT (ng/L)

MyO (ng/L)

CK-MB (ng/L)

Heart rhythm

Ventricular rate (bpm)

EF (%)

VTI

LVID (mm)

RVID (mm)

Vasoactive agent (Y/N)
Type of vasoactive agent
Dose of vasoactive agent
Vasoactive inotropic score

Systolic blood pressure
(mmHg)

Mean arterial pressure
(mmHg)

Central venous pressure
(mmHg)

Inferior vena cava (mm)
Inferior vena cava variability
(%)

Mechanical ventilation (Y/N)
Mode

Tidal volume (ml)
Respiratory rate (bpm)

FiOs (%)

PEEP/CPAP (mmHg)

PIP (mmHg)

Ppiat (MMHg)

Minute ventilation (L/min)

Pulmonary compliance
(ml/cmH20)

Inspiratory resistance
Expiratory resistance
Pulmonary infection
Pneumothorax
Pulmonary edema
Pulmonary atelectasis
Pleural effusion
Cardiomegaly

(Continued)
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TABLE 11 | Continued

Daily monitoring sheet

Name: ___ Gender: ___ Age: ___Inpatient ID: ___ Bed number: ___
Date ofrecord: _ /_ / , ___:___ Main diagnosis:
Evaluation Index CaRe-ECMO CaRe-ECMO CaRe-ECMO CaRe-ECMO CaRe-ECMO
Day 1 Day 2 Day 3 Day 4 Day X
Pericardial effusion
Cerebral edema
Cerebral hemorrhage
Ascites
lleus
Pathogenic Bacteria (Y/N)
microorganism

Fungus (Y/N)
Virus (Y/N)
Location of the
microorganism
Name of the microorganism
ECMO mode
ECMO blood flow
ECMO gas flow
ECMO FiO; (%)
CRRT (Y/N)

IABP (Y/N)

Other (Y/N)

Running status of ECMO

Adjuvant therapy

ID, identified number; ECMO, extracorporeal membrane oxygenation;, RASS, Richmond Agitation Sedation Scale; GCS, Glasgow Coma Scale; BIS, bispectral index; NSE, neuron-
specific enolase; EEG, electroencephalography; WBC, white blood cell; NE, neutrophils; Hb, hemoglobin; PLT, platelet; IL-6, interleukin-6; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; TBIL, total bilirubin; DBIL, direct bilirubin; ALR, alkaline phosphatase; ALB, albumin; BUN, blood urea nitrogen; BE, base excess; Cr, creatinine; FiOy, fraction of inspired
oxygen; pO,», partial pressure of oxygen; pCOo, partial pressure of carbon dioxide; PIF, peak inflation pressure; Pplat, plateau pressure; APTT, activated partial thromboplastin time;
PT, prothrombin time; ACT, activated clotting time; NT-proBNF, N-terminal pro-B-type natriuretic peptide; cTnT, cardiac troponin T; MyO, myoglobin; CK-MB, creatine kinase-MB; EF,
ejection fraction; V/Tl, velocity-time integral; LVID, left ventricular internal dimension; RVID, right ventricular internal dimension; PEER, positive end-expiratory pressure; CPAFR, continuous
positive airway pressure; CRRT, continuous renal replacement therapy; IABR intra-aortic balloon pump.

continuous variables will be compared with the Student’s ¢-
test or the Wilcoxon signed-rank test, as appropriate. The time
effect of day the time-to-event outcomes identified (e.g., rate
of ready for ECMO weaning, rate of ECMO weaning, rate of
mechanical ventilation weaning, all-cause mortality, and rate of
major post-ECMO complications) between the groups will be
estimated with the Cox proportional hazards regression analysis
and graphically illustrated using the Kaplan-Meier methods until
CaRe-ECMO days 7, 14, 30, and 90, respectively (40). Variables,
including total length of ready for ECMO weaning, total length of
ECMO weaning, total length of mechanical ventilation, ECMO
unit LOS, and total hospital LOS, will be treated with time-
to-event data and will be analyzed with mixed-effects ordered
logistic regression (41). Secondary outcomes with normal and
non-normal distributions, including CPC, ADL, HRQoL, and
diaphragmatic thickness and mobility, will be estimated for group
differences with mixed-effects linear regression (41).
Considering that part of patients will definitely not reach the
primary endpoint, i.e., ready for ECMO weaning at CaRe-ECMO
day 7 for sensitivity purpose, we will assess the heterogeneity
of the treatment effect on primary outcome and secondary

outcomes in pre-specified subgroups of interest as per baseline
data to be collected at randomization (e.g., age, gender, main
diagnosis, comorbidities, the APACHE II score, ECMO mode,
length since mechanical ventilation) by using exploratory post-
hoc sensitivity adjusted analyses for any corresponding statistical
methods mentioned above.

Interim analysis will be scheduled halfway through enrollment
to check that there are no serious issues with respect to sample
handling or data collection.

All the analyses will be conducted at a two-sided alpha level of
5% and will be performed using the Stata version 16 (StataCorp,
College Station, Texas, USA) or other software, as appropriate.

DISCUSSION

Cardiopulmonary rehabilitation was proven to be effective in
the improvement of cardiovascular and respiratory function in
various major diseases (42). However, its efficacy in ECMO-
supported patients has not been well-verified. Its application
in routine clinical practice always encounters a number of
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challenges. Specifically, one of the major barriers is the multiple
sites of cannulation, which restrict the mobilization of the body.
This explained why most of the trials involved patients with
VV-ECMO with cannulation sites in the upper body allowing
for more chances of mobilization while less on VA-ECMO
(4). Nonetheless, active cardiopulmonary rehabilitation is ever
difficult to be performed for various reasons. In the emergency
room, patients would always be sedated with the application
of nitric oxide and neuromuscular blocking agents to promote
oxygenation and improve ventilator synchrony. That is why, only
few studies reported results with limited sample size in awake
patients with ECMO (43, 44). Furthermore, active mobilization
of the body may interrupt the ECMO flow (45). Therefore,
the upcoming challenge is to explore a cardiopulmonary
rehabilitation protocol, which can be safely delivered with no
interruption of the routine clinical treatment and subsequently
benefit all the types of ECMO-supported patients.

Despite the fact that most of cardiopulmonary rehabilitation
carried out in the ICU and emergency room are low intensity,
intensive rehabilitation has not been found to be superior
to rehabilitation with relatively low intensity (46, 47). In
addition, various types of cardiopulmonary rehabilitation have
been documented as functional beneficial in the literature. For
instance, prone positioning has been demonstrated to decrease
mortality at day 28 (16.0 in the prone group vs. 32.8% in the
supine group, p < 0.001) and day 90 (23.6 vs. 41.0%, p < 0.001) in
patients with acute respiratory distress syndrome. Its application
was strongly encouraged by several well-designed studies (27,
48). Physiotherapy such as NMES-induced muscle contraction
may serve as muscle pump to increase ejection capacity
and improve both the venous return and muscle perfusion,
consequently compensate cardiac function (49). Moreover, ICU-
acquired weakness was frequently observed in the ICU and
diaphragm dysfunction developed more often than limb muscle
weakness (50). Diaphragmatic weakness, occurs in as early as
18h after mechanical ventilation, is attributed to proteolysis-
induced muscle contractile dysfunction (51). It was proven to be
associated with a higher rate of mechanical ventilation weaning
failure and prolonged length of mechanical ventilation (52).
Upon this condition, we also included electrical stimulation
of phrenic nerve to minimize the reduction of diaphragm
atrophy and strength over time, possibly contributing to speed
up respiratory functional recovery and subsequently leading to
increased rate of ECMO weaning and shortened length of ECMO
therapy (53-55). Taken together, it is reasonable to hypothesize
that our protocolized cardiopulmonary rehabilitation may
contribute to internal pathophysiological changes (e.g., cardiac
output and maximal oxygen uptake) and spread it to external
clinical outcomes (e.g., earlier weaning of ECMO and increased
rated of ECMO weaning).

Additional important considerations, which we addressed
when preparing the CaRe-ECMO trial protocol, were the
following. First, the current trial is consisting of a RCT part
followed by an open-label cohort part. According to our clinical
experience and retrospective data analysis, the median length of
ECMO weaning varied ~from 7 to 9 days in all the types of
ECMO-supported patients. The design rationale of the RCT part

is to power the primary outcome, while the following open-label
cohort part is dedicated to benefit patients who do not respond
to one cycle of cardiopulmonary rehabilitation. This action may
impair the effects of RCT on long-term outcome observation;
however, it is hypothesized to provide additional opportunity
for those who are probably benefitted from active intervention
(56). Second, a critical concern of the CaRe-ECMO trial design
is the uncertainty of the effect size of the proposed interventions.
Therefore, our attention on primary outcome selection has been
shifted from the exact ECMO weaning to ready for ECMO
weaning. If any significant results would be introduced in terms
of earlier ready for ECMO weaning or increased rate of ready for
ECMO weaning due to our proposed interventions, then it may
satisfy the preliminary requirements when extending its effects
to more consolidated outcomes (e.g., rate of ECMO weaning).
To compensate the aforementioned risks, we introduce several
evidence-based checklists to ensure the standardized definition
and evaluation of ECMO or mechanical ventilation weaning
(Tables 5-7) and to maximally avoid potential performance
bias. Third, functional outcomes are essential to the long-
term recovery; therefore, CPC index, ADL score, HRQoL score,
and diaphragmatic thickness and mobility will be consecutively
collected. In case when primary outcome of the CaRe-ECMO
trial does not show a statistically significant difference, future
trials may consider to analyze our secondary clinical and
functional outcomes.

To sum up, the currently proposed CaRe-ECMO trial is
a pragmatic, multidisciplinary, randomized controlled, parallel
group, clinical trial, designed to answer the question whether
cardiopulmonary rehabilitation can facilitate weaning of ECMO.
Should the implementation of the CaRe-ECMO program result
in superior primary and secondary outcomes as compared to the
controls, the CaRe-ECMO trial will offer an innovative treatment
option for ECMO-supported patients and meaningfully impact
the standard care in ECMO therapy.
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Non-compaction cardiomyopathy (NCCM) is associated with neuromuscular disorders;
however, there has been little investigation on its association with other neurological
diseases, such as multiple sclerosis. We present the case of a 46-year-old woman
with a history of multiple sclerosis who developed heart failure and was diagnosed with
non-compaction cardiomyopathy.

Keywords: heart failure, multiple sclerosis, myocardium, non-compaction cardiomyopathy, left ventricular
dysfunction

INTRODUCTION

Non-compaction cardiomyopathy (NCCM) is characterized by a bilayer myocardial structure,
a thin compacted epicardial layer, and a thicker spongy endocardial layer with prominent
trabeculations and deep intertrabecular recesses (1). There is an embryonic hypothesis that
attributes the development of this pathology to arrested compaction of the loose meshwork of the
myocardial primordium during embryonic development, causing the persistence of deep trabecular
recesses in the myocardial wall (2, 3). However, there is not enough evidence to affirm this
hypothesis, as argued by Jensen et al. (4), who found that adult hypertrabeculated left ventricles
(LVs) were different from the embryo in that they were less trabeculated (15-40% vs. 55-80%) and
had thicker trabeculae.

When NCCM is systematically investigated, neuromuscular disorders are found in 80% of cases,
and associated mutated genes have also been described (5); unlike what happens with multiple
sclerosis (MS), where the common pathogenesis is still unknown. To our knowledge, this is the
second reported case of NCCM associated with MS (6).

CASE DESCRIPTION AND DIAGNOSTIC ASSESSMENT

A 46-year-old woman was admitted to our hospital for pelvic inflammatory disease complicated
by pelvic peritonitis; she underwent exploratory laparotomy with right salpingectomy, and double
antibiotic therapy was started. In the postoperative period, she presented with stage 2 acute
kidney injury (creatinine: 2.45 mg/dl, urea: 74 mg/dl) and new-onset dyspnea. Her past medical
history revealed a history of relapsing-remitting MS (Figures 1A-C) diagnosed 15 years ago and
treated with azathioprine and prednisone. She had no previous history of hypertension, diabetes,
or dyslipidemia. In the important family history, one of her sisters also has MS. She did not
give detailed information about heart disease in her family. Physical examination showed spastic
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paraparetic gait with little steps, and auscultation found
inspiratory crackles in the lower third of both lungs, rhythmic
heart sounds with no murmurs or gallops. Blood pressure was
120/80 mmHg, pulse rate was 120 beats/min, respiratory rate
was 16 breaths/min, and oxygen saturation was 95% with nasal
cannula set at 2 L/min. The electrocardiogram (ECG) showed
sinus tachycardia and complete left bundle branch block (LBBB)
(Figure 1D).

The Pro-B-type natriuretic peptide plasma level was elevated
(Pro-BNP: 1,038 pg/ml, normal < 125 pg/ml). High-sensitivity
troponin T and dimer D concentrations were within the normal
range. The complete blood count showed a decrease in white
blood cell count (11.39 10%/ul; at the beginning 19.60 10%/ul), and
the acute kidney injury had resolved (creatinine: 0.98 mg/dl; urea:
44.5 mg/dl).

In the first postoperative evaluation, we observed signs and
symptoms of volume overload, sinus tachycardia, and LBBB
on the ECG. In this setting, the initial differential diagnosis
was directed toward acute decompensated heart failure (ADHF)
secondary to cardiomyopathy. The history of MS raised the
suspicion of an undetected underlying structural heart disease.
On the other hand, other differential diagnoses were considered,
such as atelectasis that was ruled out in the chest X-ray, vascular
causes like pulmonary embolism since the D-dimer was in the
normal range, and systemic causes like sepsis of abdominal
origin, because of the absence of fever and a marked decrease in
infectious markers with double antibiotic therapy.

Transthoracic echocardiogram (TTE) demonstrated a left
ventricular ejection fraction (LVEF) of 30%, mildly dilated,
diffusely hypokinetic, prominent trabeculations of LV, and
a non-compacted to compacted (NC/C) myocardium ratio
of 2.75 in end-systole at inferolateral mid-ventricular level
(Figures 2A-D), so the diagnosis of NCCM was realized.
On the sixth hospital day, coronary angiography revealed
that coronary arteries were normal (Figures 2E,F). Right-sided
cardiac catheterization showed normal cardiac index and absence
of pulmonary hypertension.

The clinical status was stabilized with diuretic therapy,
enalapril 5mg bid, spironolactone 25mg OD, and bisoprolol
5mg OD for heart failure, with reduced ejection fraction (HFrEF)
were progressively initiated. During hospitalization, she was
evaluated by neurology to regulate her treatment for MS and
avoid any relapse crisis, which did not appear. The evolution of
the patient was favorable, and she was discharged on the 14th day
of hospitalization.

Cardiovascular magnetic resonance (CMR) imaging
was performed 1 month after discharge to confirm the
diagnosis and demonstrated positive diagnostic criteria for

Abbreviations: ADHE, acute decompensated heart failure; CMR, cardiac
magnetic resonance; CRT-D, cardiac resynchronization therapy with defibrillator;
DCM, dilated cardiomyopathy; ECG, electrocardiogram; HCM, hypertrophic
cardiomyopathy; HE heart failure; HFrEE, heart failure with reduced ejection
fraction; ICD, implantable cardioverter-defibrillator; LBBB, left bundle branch
block; LGE, late gadolinium enhancement; LV, left ventricle; LVEFE left
ventricular ejection fraction; MS, multiple sclerosis; NCCM, non-compaction
cardiomyopathy; NC/C, non-compacted to compacted; NYHA, New York Heart
Association; OMT, optimal medical therapy; TTE, transthoracic echocardiogram.

NCCM,; additionally, the study did not show late gadolinium
enhancement (LGE) (Figure 3). Currently, after 9 months
of outpatient follow-up, the patient remains in optimal
medical therapy. Bisoprolol was titrated to 5mg bid, and
dapagliflozin 10mg OD was started. The LVEF improved
slightly to ~35%, in NYHA class II, and she did not
require hospitalizations for ADHF. A timeline is showcased
in Figure 4.

DISCUSSION

Non-compaction cardiomyopathy (NCCM) is classified as
primary genetic cardiomyopathy by the American Heart
Association (AHA) and unclassified cardiomyopathy by the
European Society of Cardiology (ESC), with an adult prevalence
of 0.014% (2). NCCM is associated with neuromuscular
disorders; however, there has been little investigation on its
association with other neurological diseases, such as MS. The
first case report of NCCM and MS was published in 2009 (6).
However, it should be noted that we are proposing for the first
time a possible association pathway, which is through tenascin C,
on which some research has already been conducted in NCCM
and MS independently for now. This is a glycoprotein of the
extracellular matrix that is temporarily expressed in the heart
during embryonic development and regulates several cellular
functions, including embryogenesis and nerve regeneration
(7). In adults, this protein is reexpressed under pathological
conditions regulated by inflammation, such as NCCM and MS,
and is found in elevated serum levels (7, 8).

Momc¢ilovi¢ et al. (9), in an experimental MS model with
mice, evidenced that tenascin C is involved in the pathogenesis
of central nervous system autoimmunity, through Thl and
Th17 cells.

The NCCM can be grouped into seven phenotypical
subtypes (3), among which our case is associated with LV
dilation and dysfunction at baseline. The interaction between
MS relapses and myocardial stunning through a sympathetic
outburst has been proposed, similar to what occurs in stress
cardiomyopathy, where it has been found in common that
demyelinating lesions compromise the medulla oblongata
that controls the neurovegetative cardiovascular center (10).
Unlike this, in our patient, the demyelinating lesions found
(Figures 1A-C) did not affect the brainstem that includes
the medulla oblongata; therefore, we rule out this alternative
hypothesis to explain the reduced LVEF in our case, and we
suggest that this is probably due to the advancement of the
NCCM itself.

The TTE fulfills a fundamental value in the initial diagnostic
approach, being Jennis criteria the most widely used, and
evaluates a two-layer ventricular myocardium with thick non-
compacted and thinner compacted myocardium, generating an
NC/C ratio >2 in end-systole on short-axis parasternal view
(11). These alterations affect predominantly the mid-lateral,
mid-inferior, mid-anterior, and apical LV areas (12). Finally,
prominent excessive trabeculations and the flow between the
deep intertrabecular recesses by color Doppler and excluded
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FIGURE 1 | Brain magnetic resonance imaging. (A) Axial and (B,C) sagittal views in FLAIR sequence showing demyelinating lesions consistent with multiple sclerosis:
perpendicular to the lateral ventricles (A), periventricular (B), and corpus callosum (C) (white arrows). (D) Twelve-lead electrocardiogram showing sinus tachycardia
(125 beats/min), left atrial dilatation [P mitrale in Il, and deepening of the terminal negative portion of the P wave in V1 (black arrows)] and left bundle branch block
[QRS duration of >120ms (blue arrow), lead V1 with a dominant deep S wave (green arrow); broad, notched R wave in V6 and |, and monophasic R wave in aVL (red

arrows)]. ms, milliseconds.

coexisting structural cardiac abnormalities are also considered
(11). Cardiac magnetic resonance (CMR) allows us to confirm
the diagnosis with 86% sensitivity and 99% specificity, following
Petersen’s criteria that consider an NC/C ratio >2.3 in end-
diastole (11). Both criteria were met by our patient. The
differential diagnosis by TTE was made with a normal variation
of myocardial trabeculations, defined as less than 3 trabeculations
located in the LV apex, also with LV apical thrombi, false tendons,
aberrant chords, cardiac tumors, hypertrophic cardiomyopathy
(HCM), and dilated cardiomyopathy (DCM) (12, 13). The LV
apical thrombi are distinguished by their higher echogenicity
compared to myocardium; false tendons and aberrant cords
usually cross the LV cavity (13). None of these findings were
observed in our patient, neither was any cardiac tumor. Recently,
the characteristics of Speckle Tracking in NCCM began to
be studied, evidencing a reduced global longitudinal strain,
with greater involvement of the apical segments, generating a
significant basal-to-apical gradient, useful to differentiate it from
HCM and DCM (11, 13). Additionally, it differs from HCM,
since trabeculations and crypts that can mimic NCCM are mainly
limited to the basal ventricular septum or the posterior wall (13).

The ECG findings are non-specific and include left ventricular
hypertrophy, inverted T waves, and different types of bundle
branch blocks (2, 12). Currently, there is no specific therapy
for patients with NCCM and HFrEF, so it is recommended
to follow the heart failure (HF) management guidelines (12).
Consequently, our patient received optimal medical therapy.
According to the 2021 European HF guidelines, an implantable
cardioverter-defibrillator (ICD) should be considered to reduce
the risk of sudden death and all-cause mortality in patients with
symptomatic HF (NYHA class II-III) of non-ischemic etiology
and LVEF < 35 % after at least 3 months of optimal medical
therapy (OMT), and with a life expectancy greater than 1 year
with good functional status (class IIa, level of evidence A).
If a patient is scheduled to receive an ICD and is in sinus
rhythm, with an LBBB, cardiac resynchronization therapy with
defibrillator (CRT-D) is recommended if the QRS is > 150 ms to
improve symptoms and reduce morbidity and mortality (class I,
level of evidence A) (14). In our case, we are still titrating OMT;
and for ICD implantation, a minimum of 3 months of OMT
is recommended to assess whether the LVEF fails to increase
to >35%, so that in the following controls, according to the
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FIGURE 2 | Transthoracic echocardiogram. (A) Parasternal short axis of the mid left ventricle demonstrating two-layer myocardial structure, with a ratio of ticker
non-compacted (redline) to thin compacted (yellow line) myocardium >2 at end-systole in the inferolateral segment. (B) Flow between intertrabecular recesses by
intraventricular blood on color Doppler (white arrows). (C) Reduced global longitudinal strain (—6.5%). (D) Two-chamber view showing a regional deformation pattern
with a markedly decreased myocardial deformation in apical segments (green and purple curves) in comparison to basal segments (red and yellow curves). Coronary
angiography: coronary arteries without lesions (E,F) (white arrows). LCA, left coronary artery; LCx, left circumflex coronary artery; LM, left main coronary artery; LV, left
ventricle; RCA, right coronary artery.

M c

FIGURE 3 | Cardiac MRI. (A) Short axis, (B) 4-chamber, and (C) 2-chamber views showing representative measurements of the ratio of ticker non-compacted
(redlines) to thin compacted (yellow lines) myocardium >2.3 at end-diastole, in the (A) mid-inferolateral, (B) mid-anterolateral, and (A,C) mid-inferior segments. LA, left
atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

evolution of the patient she will be reassessed for the need to  thrombus (class I, level of evidence B), whereas in those with
implant an ICD and/or CRT-D. NCCM and only LV dysfunction, it may be considered (class

Anticoagulation is mandatory in all patients with NCCM  IIb, level of evidence B) (1, 15). Patients with NCCM and LV
with atrial fibrillation, previous thromboembolic events, or LV dysfunction, presenting with LGE on CMR imaging, compared

Frontiers in Cardiovascular Medicine | www.frontiersin.org 150 May 2022 | Volume 9 | Article 871350


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Mufoz Moreno et al.

Non-Compaction Cardiomyopathy and Multiple Sclerosis

Acute heart
failure with
renal disfunction

Pelvic
surgery

46-year-old
women with history
of multiple sclerosis
(white arrows)

TTE with dilated LV and
prominent trabeculations
(NC/C ratio of 2.75).
LVEF of 30%

Diagnostic process

NYHA, New York Heart Association; TTE, transthoracic echocardiogram.
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FIGURE 4 | The timeline of events. CMR, cardiac magnetic resonance; LV, left ventricle; LVEF, left ventricular ejection fraction; NC/C, non-compacted to compacted;

to those without LGE, experienced stroke more frequently (1).
Fortunately, in our case, the presence of LGE was not observed.
Starting with direct oral anticoagulants was proposed to the
patient and, as a second option, a vitamin K antagonist. However,
both options were rejected because of economic issues and the
risk of bleeding, respectively.

The prognosis depends on the development of HF or the need
for heart transplantation; likewise, there is a variety of predictors
associated with poor outcomes that include the presence of
advanced age, inpatients NCCM diagnosis, NYHA functional
class ITII-IV, and LVEF < 31% (12, 16). Vaidya et al. (17) found
that age, LVEF < 50%, and non-compaction extending from
the apex to the mid or basal segments were associated with
all-cause mortality.

It was suggested that first-degree relatives undergo
echocardiographic screening; however, because of health
insurance issues and living in another locality in Peru, this has
not yet been possible. When we were evaluating the family
history, the patient mentioned that one of her sisters also had a
diagnosis of MS and was being evaluated in a private clinic.

LIMITATIONS AND STRENGTHS
Strengths

This case serves to propose a possible pathway of association
between NCCM and MS, through Tenascin C. In addition,
it highlights the importance of performing a cardiovascular
evaluation that includes echocardiographic screening in all

patients with MS to timely identify NCCM, and particularly the
dilated LV phenotype with reduced LVEEF, to initiate OMT and
prevent HF progression.

Weaknesses

Because of the lack of advanced genetic studies, it was not possible
to perform genetic screening on our patient. Tenascin C was
not measured in our patient because of the lack of resources
in our reality. It is necessary to carry out studies on large
population groups to confirm this possible association between
the pathologies described.

FUTURE DIRECTIONS

The NCCM is possibly associated with MS; however, the exact
pathophysiological mechanisms that explain the association are
not clear, and with the present case, we would like to encourage
the research for evidence through studies with large population
groups on Tenascin C.

CONCLUSION

Patients with NCCM with a phenotype of dilated LV with reduced
LVEF must be diagnosed promptly to initiate OMT and avoid the
progression of HF.
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Background: Although the angiotensin receptor-neprilysin  inhibitor  (ARNI)
sacubitril/valsartan started a new era in heart failure (HF) treatment, less is known
about the tissue-level effects of the drug on the atrial myocardial functional reserve
and arrhythmogenesis.

Methods and Results: Right atrial (RA) biopsies were retrieved from patients (n = 42)
undergoing open-heart surgery, and functional experiments were conducted in muscle
strips (n = 101). B-type natriuretic peptide (BNP) did not modulate systolic developed
force in human myocardium during B-adrenergic stimulation, but it significantly reduced
diastolic tension (p < 0.01) and the probability of arrhythmias (p < 0.01). In addition,
patient’s plasma NTproBNP positively correlated with isoproterenol-induced contractile
reserve in atrial tissue in vitro (r = 0.65; p < 0.01). Sacubitrilat+valsartan (Sac/Val)
did not show positive inotropic effects on atrial trabeculae function but reduced
arrhythmogeneity. Atrial and ventricular biopsies from patients with end-stage HF (n =
10) confirmed that neprilysin (NEP) is equally expressed in human atrial and ventricular
myocardium. RA NEP expression correlates positively with RA ejection fraction (EF) (r =
0.806; p < 0.05) and left ventricle (LV) NEP correlates inversely with left atrial (LA) volume
(r=-0.691; p < 0.05).

Conclusion: BNP ameliorates diastolic tension during adrenergic stress in human atrial
myocardium and may have positive long-term effects on the inotropic reserve. BNP
and Sac/Val reduce atrial arrhythmogeneity during adrenergic stress in vitro. Myocardial
NEP expression is downregulated with declining myocardial function, suggesting a
compensatory mechanism in HF.

Keywords: BNP, sacubitrilat/valsartan (Sac/Val), atrial function, arrhythmias, heart failure, neprilysin,
sacubitril/valsartan
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Atrial Effects of Sac/Val

INTRODUCTION

Heart failure (HF) is a major burden in Western societies, both
economically and in terms of disability-adjusted life years lost. Its
prevalence is increasing with age up to 10% in the 8th decade
of life (1, 2). HF with reduced ejection fraction (EF) and HF
with preserved EF are characterized by a reduced functional
reserve to physiological stress, such as adrenergic stimulation
(3). The heart’s atria play an important role in HF, as they
improve ventricular filling and contribute to ventricular stroke
volume and cardiac output to up to 40% during periods of
hemodynamic demand (4). Atrial dysfunction and remodeling
are closely associated with new-onset HEF, atrial fibrillation, and
overall increased mortality (5-7). The atria also contribute to
endocrine signaling in HEF, especially by releasing natriuretic
peptides (NPs), such as atrial natriuretic peptide (ANP) and B-
type natriuretic peptide (BNP). NPs modulate the functional
reserve of the ventricular myocardium; however, their role in
modulating the atria’s functional reserve is unknown (8).

One of the pivotal enzymes involved in NP degradation is
neprilysin (NEP), an endopeptidase located on the extracellular
portion of the cell membrane (9). The regulation of NEP
expression in HF is part of an ongoing discussion, as an
early study found NEP upregulation in human ventricular
cardiomyocytes in patients with aortic stenosis and HF (10),
while a more recent study in a porcine model of ischemic
cardiomyopathy suggested a systemic downregulation of total
NEP expression (11). The expression of NEP in human atrial
tissue has not been reported yet.

In 2014, the PARADIGM-HF trial introduced the first of
its kind angiotensin receptor-neprilysin inhibitor (ARNI),
sacubitril/valsartan, which exerts its function by a dual
mechanism, namely, angiotensin receptor blockage and
NEP inhibition (12). Besides its beneficial effects on HE
evidence supports a reduced probability of (ventricular)
arrhythmias in patients with HF on ARNI treatment (13-15).
The exact mechanisms involved are unknown and supposedly
multifactorial. By increasing the NP levels and stimulating
the cyclic guanosine monophosphate/ protein kinase G
(cGMP/PKG) pathway, sacubitrilat (Sac; the active metabolite
of sacubitril) may improve cardiomyocyte function in (early)
cardiac remodeling, as reported for ANP in a murine model of
HF (8). Thus, we hypothesized that an increase in NP tissue
concentration by Sac without or with angiotensin-receptor
blockade by valsartan (Val) may exert beneficial effects on atrial
myocardial function reserve and arrhythmias.

In this study, we, therefore, investigated the functional and
antiarrhythmic effects of BNP and Sac without and with Val on
human atrial myocardium. Furthermore, we also analyzed the
expression of NEP in failing human left ventricular (LV) and right
atrial (RA) myocardial samples.

METHODS

Patient Selection
The study was performed in line with the 1975 Declaration
of Helsinki ethical guidelines. Sample acquisition at Charité

Campus Virchow-Klinikum and German Heart Center Berlin
(DHZB) was approved by the Local Ethics Committee of the
Charité (EA2/167/15) and the Ethics vote for the Biobank
at the DHZB (EA4/028/12). All patients were >18 years old
and provided written informed consent prior to enrolment.
Patients with active malignancy, congenital heart disease, and
endocarditis were not enrolled in our study, and one patient
was excluded due to reported chronic right coronary artery
occlusion. RA myocardial tissue and peripheral blood serum
samples were obtained as part of the routine surgical procedure
for patients undergoing heart surgery with extracorporeal
circulation (predominantly coronary artery bypass graft or aortic
valve replacement surgeries; see data specified below). Relevant
medical and drug history was obtained from the patients’ files.

Analysis of Echocardiography Recordings
Transthoracic echocardiography was performed within a week
before surgery by an experienced investigator, using an Epiq 7G
station (Philips, Andover, MA, USA) with a 2.5-MHz probe, and
loops were recorded using standardized protocols. Echo data sets
on (preoperative) ventricular and atrial function were reviewed
and reanalyzed as applicable regarding the relevant readouts by
an independent examiner (U.P.). According to the local standard
operating procedure, left atrial (LA) and RA speckle-tracking
analysis was performed using TomTec software (TOMTEC
Imaging Systems GmbH, Unterschleilheim, Germany).

Functional Human Myocardial Experiments
Human myocardium for functional measurements was collected
as excess tissue from the RA appendage (RAA) as part of the
standard surgical procedure for patients undergoing open-heart
surgery with extracorporeal circulation (aortic valve replacement
surgeries and coronary artery bypass grafts). RAA biopsies from
42 patients with cumulative 101 muscle strips were included in
our study collected between December 2018 and April 2020.
Trabeculae were excised using microsurgical scissors and forceps.
Human atrial muscle strips (>3 mm length >0.65mm, and
preferred <1 mm diameter) were isolated, as the risk of central
ischemia increases with muscle diameter. Directly after the end
of the functional measurements, all muscle strips were snap-
frozen in liquid nitrogen and stored for further molecular
biology analysis. Functional atrial myocardium measurements
were performed with a force transducer that recorded every
muscle contraction (developed force) and relaxation. Muscle
strips were stimulated at 1Hz and 5ms rectangular field
stimulation and then prestretched up to the point of maximal
force development (Lp,x), as also described previously (16).
The acquisition was performed using the software MyoDat
(MyoTronic UG, Heidelberg, Germany). Analysis of systolic
and diastolic functional parameters was performed using the
program MyoViewer (MyoTronic UG, Heidelberg, Germany).
Furthermore, the incidence of arrhythmias (=spontaneous
aftercontractions) was determined (see Supplementary Material
for detailed information).

Frontiers in Cardiovascular Medicine | www.frontiersin.org

July 2022 | Volume 9 | Article 859014


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Primessnig et al.

Atrial Effects of Sac/Val

Experimental Protocols and

Pharmacological Interventions

We investigated the effects of BNP, Sac (the active metabolite
of sacubitril), and the combination of Sac with Val (Sac/Val) on
atrial functional reserve and arrhythmogenesis in the presence
of physiological stressors and varying stimulation frequency
(1, 2, 3, and 0.5Hz) in 42 patients (n = 101 muscle strips).
Atrial trabecula were all treated with the physiological stressor
isoproterenol (ISO), which is an unspecific beta-adrenoreceptor
(B-AR) agonist. A concentration of 20nM was used, as this
marks a half-maximal saturation of the protein kinase A (PKA)-
mediated phosphorylation (17). To investigate the effect of BNP
on atrial trabeculae, the intervention consisted of treatment with
100 nM BNP, which was found to be the dose of maximal BNP
effect in a study conducted by Guo et al. (18). Furthermore, the
effect of either 8.5 g/ml Sac or the combination of Sac with
4.0 ug/ml Val was investigated on atrial functional reserve or
arrhythmogenesis. Those concentrations were found to be the
peak plasma concentrations of Sac/Val following oral treatment
with an ARNI (19, 20). Finally, after the addition of BNP, Sac, or
Sac/Val, different stimulation frequencies were tested beginning
at 1 Hz and increasing to 2 and 3 Hz, followed by 0.5Hz in the
end.

Western Blot VASP-Ser239/-Ser157

Phosphorylation

Vasodilator-stimulated phosphoprotein (VASP)-Ser239 and -
Ser157 phosphorylation was investigated in human atrial
muscle strips (control strips and strips treated with Sac/Val)
using Western blot analysis (see Supplementary Material for
detailed information).

Neprilysin Enzyme-Linked Immunosorbent
Assay

NEP levels were determined in LV and RA biopsies from patients
(n = 10) with end-stage HF. Tissue was analyzed by the enzyme-
linked immunosorbent assay (ELISA) kit (EHMME, Thermo
Scientific, USA) according to the manufacturer’s instruction.
The total protein concentration in supernatants was determined
via Pierce BCA assay (Thermo Scientific). Samples were then
diluted in the ratio of 1:5 and assessed in duplicate. The
concentration (ng/ml) was normalized to total protein content
(ng/mg of total protein). See Supplementary Material for
detailed information.

Statistical Analysis

Statistical analysis and figure design were performed using
GraphPad Prism version 8.0.1. Data points in the graphs
represent single muscle strip experiments, and error bars are
presented as the standard error of means (S.E.M) if not stated
otherwise. Multiple comparisons of functional parameters
(developed systolic force and diastolic tension) were analyzed
with a two-way analysis of variance (ANOVA) with repeated
measures (RMs) and Sidak post-hoc test (Figures 1C,G, 2C,EG;
Supplementary Figures 1A, 2). Comparison of two groups was
done by unpaired two-sided t-test (Figures 1B,D,F, 2B,E,H,

4A; Supplementary Figures 1B, 3A,B), and arrhythmias were
quantified by the two-sided chi-square test and additional
calculation of odds ratio by the Baptista-Pike method
(Figures 3A-H). Correlations were analyzed by either Pearson r
(Figures 1H, 4B,C; Supplementary Figure 4) or Spearman r test
(Figure 4D). For all analyses, a two-sided p-value of p < 0.05 was
considered to be significant.

RESULTS

Patient Characteristics and Muscle Strip

Experiments

Overall, 42 patients were included in our study between
December 2018 and April 2020 for functional measurements in
atrial muscle strips (n = 101). Most patients suffered from at least
one cardiovascular risk factor (Table 1A). Treatment included
angiotensin-converting-enzyme (ACE) inhibitors/AT1 blockers
blockers and beta-blockers in most patients. The biomarker
analysis showed normal blood count and electrolytes, elevated
NTproBNP levels, and, on median, a slightly reduced glomerular
filtration rate (GFR) (Table1A). The echocardiographic
evaluation demonstrated a slightly reduced LVEF with a median
of 53% overall. LV hypertrophy and mild diastolic dysfunction
were observed in most patients (Table 1B).

Acute Effect of BNP on Atrial Inotropy and

Lusitropy

We tested the time-depended effect of BNP (100 nM) during
adrenergic stimulation with 20 nM ISO over 70 min on diastolic
tension and developed systolic force (n = 20 strips from N =9
patients, Figure 1A). BNP did not significantly increase systolic
developed force in response to prolonged ISO treatment (70 min,
1 Hz stimulation, Figure 1B). BNP significantly lowered diastolic
tension in ISO-treated atrial muscle strips (overall p = 0.005, two-
way ANOVA with RM, Figure 1C), as also reflected by a higher
negative slope in end-diastolic tension over time (Figure 1D).

Furthermore, we investigated the effects of BNP on frequency-
dependent modulation of the functional response to ISO
(Figure 1E, n = 40 muscle strips from 17 patients). Developed
systolic force in the presence of ISO decreased with higher
frequency stimulation (2 and 3Hz) and recovered with
0.5Hz (Figures 1E-G). Treatment with BNP did not alter the
frequency-dependent atrial systolic force response or contraction
kinetics at any frequency (Figures 1F,G). At 3 and 0.5Hz,
BNP furthermore significantly reduced end-diastolic tension
(ISO+BNP vs. ISO: 3Hz <0.05; 0.5 Hz: p < 0.01, overall p =
0.01, two-way ANOVA with RM) (Supplementary Figure 1A).
The slope of end-diastolic tension during the frequency
stair was positive in ISO but slightly negative in ISO+BNP
(Supplementary Figure 1B, p = 0.09).

We found that the mean inotropic reserve of atrial muscle
strips in response to isoproterenol in vitro correlated well
with preoperative plasma NTproBNP values of the same
patient (available from n = 19 patients without preincubation,
Figure 1H).
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Effect of Sac/Val on Atrial Inotropy and

Lusitropy

We evaluated the effects of the NEP inhibitor Sac on the atrial
functional reserve. Preincubation (1 h) and the presence of Sac
alone did not affect the developed force or diastolic tension
after ISO at different stimulation frequencies (Figures 2A-C,
n = 8 and 7 muscle strips, respectively, from 5 patients).
Preincubation (1h) and the presence of Sac in combination
with Val in concentrations matching the peak plasma levels
found in patients treated orally with an ARNI showed a slight
trend toward an increased inotropy with ISO compared to
control (Figures 2D-F) at 1 Hz, but otherwise had no significant
effects on developed force or kinetics (time to peak, half time
of relaxation, or relaxation constant tau; data not shown).
Interestingly, despite the effects seen with BNP earlier, diastolic
tension was unchanged with Sac/Val (Figures 2G,H; n = 24
muscle strips from 9 patients, overall p = 0.3, two-way ANOVA
with RM).

Effect of BNP and Sac/Val on Atrial
Arrhythmias During Cardiac Stress

During ISO treatment, some of the atrial muscle strips developed
arrhythmias (aftercontractions, Figure 3A). In the protocol with
prolonged ISO-treatment at 1 Hz, the addition of BNP tended
to lower the incidence of arrhythmias (Figure 3B, n = 20
trabeculae from 9 patients). The antiarrhythmic effect of BNP
was more pronounced in atrial muscle strips exposed to ISO

and frequency stair (n = 40 trabeculae from 17 patients), with
a pronounced reduction of arrhythmias in the recovery phase
(0.5Hz) following 3Hz stimulation (Figures3C,D). Overall
the incidence of arrhythmias was reduced by 48% with BNP
compared to the control group in this protocol [p = 0.008,
two-sided chi-square test; odds ratio (OR) = 0.37; Figure 3E].

Sac/Val preincubation and presence tended to decrease overall
arrhythmia burden during ISO and frequency stair (p = 0.12,
two-sided chi-square test; OR = 0.48; Figures 3F-H) with
a significant reduction of arrhythmias at higher stimulation
frequencies (Figure 3G; p = 0.04, two-sided chi-square test; OR
= 0.24, n = 24 trabeculae from 9 patients).

Sac treatment without Val had no impact on the prevalence
of arrhythmias during adrenergic and frequency-dependent atrial
stress (in n = 15 trabeculae from 5 patients, data not shown).

Effects of Sac/Val on VASP

Phosphorylation

We probed signaling downstream of cGMP by measuring
phosphorylation of VASP as a surrogate of PKG activity
(21). pVASP-Ser239 is a known indicator for (A)NP-dependent
increase in phosphorylation (22). In a subset of muscle
strips (n 15 from 5 patients) treated with either Sac/Val
or vehicle (dimethyl sulfoxide, DMSO) and undergoing the
frequency protocol, VASP phosphorylation at Ser239 and Ser157
was studied. We did not observe any difference in VASP
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FIGURE 2 | Effect of Sac/Val on atrial inotropy and lusitropy after adrenergic stimulation. Example traces of a “frequency-variation protocol” in Sac-treated muscle
strips (n = 15 strips) are shown in (A), with its effects on developed force during different frequencies shown in (B,C). Examples traces of a frequency-variation
protocol in Sac/Val treated muscle strips (n = 24 strips) are shown in (D), with the corresponding effects on developed force in (E,F). The effects of Sac/Val on
end-diastolic tension are shown as per stimulation frequency (G) and as the diastolic tension slope derived from linear regression (H). Data are shown as mean +
SEM,; each data point represents one muscle strip. ISO, isoproterenol, Sac: Sacubitrilat; Val: valsartan; Veh: vehicle (DMSO).

phosphorylation between Sac/Val-treated atrial muscle strips and
control group (Supplementary Figure 3).

Neprilysin Expression in Human End-Stage
HF

NEP protein expression was measured in RA biopsies from
patients with end-stage HF (n = 10, median LVEF 20%) that
either underwent heart transplantation (70%) or left ventricular
assistant device implantation (30%). We also measured NEP
in the LV of these patients. The detailed patient characteristics
can be found in Supplementary Table 1. Plasma NTproBNP was
elevated to >6,500 pg/ml on average as a marker of severe
end-stage HF. NEP was equally expressed in RA and LV tissue
(Figure 4A), with a significant positive correlation of RA and

LV NEP expression within the same patient (Figure 4B), and
RA NEP expression and RA EF (Supplementary Figure 4).
Interestingly, also a strong negative correlation was found
between LA volume and LV NEP (Figure 4C), and between
patients NYHA class and RA NEP (r = —0.81; p < 0.01,
Spearman r test; Figure 4D).

DISCUSSION

This study investigated the effects of BNP and Sac/Val on the
functional reserve of human atrial myocardium. To the best
of our knowledge, this is the first study to show that (i) BNP
ameliorates increased diastolic tension during adrenergic stress
and alleviates stress-induced atrial arrhythmogeneity in vitro;
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(if) NEP is equally present in human atrial and ventricular
myocardium, but its expression is reduced with a progression
of cardiac dysfunction; and (iii) the combination of Sac and
Val does not influence the adrenergic functional reserve in
isolated atrial muscle but reduces arrhythmias in response to
adrenergic stimulation.

NEP Expression and Regulation

Even though ARNIs have been the subject of intense research
during the past decade, only little attention has been paid to the
expression of NEP in the failing human heart. Fielitz et al. (10)
were the first to show that NEP expression and activity were

altered in LV myocardium in HF. They reported an increase
in NEP expression and activity in LV samples from patients
with HE, which they suggested to contribute to increased local
degradation of bradykinin and NPs (10). In contrast to that, Pavo
et al. found a reduction in LV NEP expression, concentration,
and activity in a porcine model of ischemic cardiomyopathy.
They suggested that NEP downregulation might represent a
counterregulatory mechanism to HF (11). In this study, we
show NEP expression in human atrial myocardium in similar
quantities as in human failing LV. The inverse correlation
of atrial dilatation with LV NEP protein expression suggests
that chronically increased cardiac pressures as reflected by atrial
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FIGURE 4 | NEP expression (in ng/mg of total protein) in human atrial and ventricular samples from patients with end-stage heart failure. NEP expression was
analyzed in RA and LV biopsies from n = 10 patients with end-stage heart failure. NEP is equally expressed in the failing atrial and ventricular myocardium (A) and
expression of atrial and ventricular NEP correlates in the patient cohort (B). LV NEP expression correlates inversely with LA volume (C) and RA NEP negatively
correlates with patient NYHA (D). Each point represents data from one patient. NEP, Neprilysin; LV, left ventricle; LA, left atrium; RA, right atrium.

dilatation may be a trigger for NEP downregulation in the human
heart. Indeed, NEP inhibition with candoxatril has been shown
to reduce ventricular filling pressures (cardiac preload) (23, 24).
Thus, downregulation of NEP may contribute to a compensatory
reduction of preload in situations of increased wall strain in HF.
However, candoxatril, in contrast, also increased systolic blood
pressure, which is presumably due to increased angiotensin II
and endothelin levels (23, 25). These effects diminish the positive

effects of isolated NEP downregulation or inhibition (26, 27).
The elevated levels of endothelin 1 or angiotensin II (both of
which are synthesized within the myocardium, among others)
also could explain why isolated NEP inhibition by Sac alone did
not have any effects on functional parameters or arrhythmia
in our in vitro study. The previously described mechanism of
NEP downregulation in HE therefore, may be, just like other
compensatory mechanisms in HF [e.g., myocardial hypertrophy
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TABLE 1 | Patient characteristics.

(A)

Patient characteristics
Age

Sex (male)

BMI

Arterial hypertension
Dyslipidemia

Adipositas

Diabetes mellitus
Coronary artery disease
Atrial Fibrillation

COPD

Heart failure

Chronic kidney disease
Smoker

Alcoholism

Laboratory markers
Hb (g/dI)

Na+ (mmol/l)

K+ (mmol/l)
NT-proBNP (ng/l)

GFR (ml/min)

Creatinin (mg/dl)

CRP (mg/l)

HbA1c (mmol/mol)

(B)

Echo data

LVEF (%)

LVEDD (mm)

IVSd (mm)

PWd (mm)

LA volume biplan (ml)
LAVI (ml/m2)

LA diameter (mm)

LA emptying fraction (norm >37%)
LA strain (>23% norm)
RA area (cm2)

RA diameter (mm)

RA emptying fraction (norm >37%)
RA strain reservoir+conduit (ee)
E/E

TAPSE (mm)

RVEDD (mm)

sPAP (mmHg)

71 (66-77)
86 % 36/42
27 (24-30)
76 % 32/42
45% 19/42
26 % 11/42
33 % 14/42
88 % 37/42
26 % 11/42
14 % 6/42
29 % 12/42
17 % 7/42
33 % 14/42
7 % 3/42

14 (13-15)

140 (138-143)
4.2 (4.0-4.5)
769 (396-1984)
76 (61-90)

0.95 (0.79-1.17)
2.75 (0.9-11.23)
41 (38-46)

53 (45-57)
46 (44-52)
3 (12-14)
2 (11-12)
61 (51-81)
31 (27-39)
38 (35-40)
50 (35-55)
9 (14-29)
6 (14-20)
35 (28-38)
52 (33-59)
42 (31-49)
1 (10-13)
9 (17-23)
35 (31-39)
25 (24-31)

Medication

ACE Inhibitors/ AT1-RB
Beta—-Blocker

Diuretics

MRI

ARNI

Statine

Oral antidiabetic

Insulin

Type of surgery

Coronary Artery Bypass Graft

Aortic Valve Replacement or reconstruction
Mitral Valve Replacement or reconstruction
Aortic-Root-Replacement

N =42
N =42
N =42
N =23
N =42
N =42
N =42
N=19
N =42
N =41
N =41
N =41
N =36
N=235
N =39
N =35
N =20
N =36
N =238
N =32
N =14
N=17
N =39
N=37
N =21

76 % 32/42
64 % 27/42
36 % 15/42
14 % 6/42
2 % 1/42
64 % 27/42
26 % 11/42
5 % 2/42

83 % 35/42
24 % 10/42
5 % 2/42
12 % 5/42

Clinical characteristics of patient cohort included for in vitro experiments (A) and echo characterization of patient cohort (B). Data are presented as “median (IQR)” or “percent (n
patients/all patients).” MRI, mineralocorticoid receptor inhibitor; ARNI, angiotensin receptor-neprilysin inhibitor; LV, left ventricle; LA, left atrium; RA, right atrium; AT1-RB, Angiotensin Il

receptor blocker.

(28) and renin-angiotensin-aldosterone
activation (29)], considered to be at least partly maladaptive.
Not until NEP inhibition is combined with angiotensin II
receptor blockage, the full potential of this mechanism can be

therapeutically exploited.

system

BNP and Sac/Val Effect on Developed

Systolic Force and Diastolic Tension

The ARNI treatment is accompanied by a significant increase in
circulating BNP, as its degradation is partly inhibited (30). Gu
et al. (19) could show that ANP levels are already increased as
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short as 15 min after oral administration of an ARNI in a rat
model. In combination with other studies showing that ARNI
treatment increased the EF in patients with HFrEF (31), this
raised the question if there are also short-term effects of NPs and
NEP inhibition on the systolic or diastolic functional reserve in
human atrial myocardium.

Perera et al. demonstrated that ANP increases contractility
in mice ventricular cardiomyocytes in a phase of early cardiac
hypertrophy already seconds after wash-in, but only if the
cells were pretreated with ISO. This positive inotropic effect
was explained by an augmentation of cAMP signaling in the
hypertrophied myocardium exerted by a spatial redistribution
of ¢cGMP sensitive PDE2 and PDE3 (8). In this study, we
did not observe an immediate positive inotropic effect of
BNP in human atrial myocardium. The first reason for the
lack of immediate positive inotropic effects may be that our
patient cohort was rather suffering from chronic than acute
conditions (CAD in 91%, aHT in 81%, NTproBNP 769 ng/L);
LV hypertrophy was found to be in some extent (IVSd median
diameter 13 mm), but RA diameter (median 34 mm) did not
indicate atrial enlargement. These findings are also in line with
other publications studying coronary artery bypass graft (CABG)
patient characteristics and echocardiography (32, 33). As chronic
HF is associated with a reduction in NP-A receptor sensitivity,
immediate natriuretic signaling may have been attenuated in
the patient group presented in this study (34, 35). Furthermore,
the positive-inotropic spatial redistribution of PDE2 and PDE3
between B-ARs was only described in the early stages of
hypertrophy by Perera et al. (8). A loss of this early compensatory
mechanism during progression/duration of cardiac hypertrophy
due to NP and B-AR desensitization and/or phosphodiesterases
(PDE) reorganization is very likely and can also explain the
observed loss of positive inotropic effects of NPs in chronic stages
of cardiac disease (as seen in our patient cohort) (8). Finally,
differences between atrial and ventricular adaptive mechanisms
may also contribute to the observations made: it is unclear to
the extent in which the mechanism of PDE reorganization can
also be found in atrial tissue, but our results suggest that, at
least in chronic LV hypertrophy, atrial tissue does not exhibit
cellular adaptive processes associated with increased inotropy
after NP incubation. Thus, patient and sample characteristics
could explain why these effects were not seen in the present
cohort. It is imaginable that BNP does not show these effects at an
equivalent dose to ANP. However, as both NPs were administered
in a concentration of 100 nM, also in accordance with previous
experimental findings (18), and as ANP and BNP bind to the
same receptors (NPR-As), this was not further explored in
this study.

Interestingly, with the addition of BNP, we did observe a time-
and frequency-dependent reduction of diastolic tension during
adrenergic stress (ISO), thus establishing BNP’s effectiveness
in improving lusitropy in isolated atrial myocardium after
ISO treatment.

Sac/Val inhibits the degradation of NPs in the myocardium
and, therefore, increases the tissue concentration of ANP
and BNP. In isolated atrial tissue as used in our study,
however, Sac/Val did not reproduce the effect of supramaximal

BNP treatment. We, therefore, conclude that the BNP levels
intrinsically recruitable (by stretch and adrenergic stimulation)
are not sufficient to see an acute effect of Sac/Val treatment on
diastolic atrial tension.

Interestingly, we observed a strong correlation between
plasma NTproBNP levels and the adrenergic atrial functional
reserve in vitro, which suggests that long-term effects of (B)NP
on adrenergic signaling may play a role in modulating the
atrial myocardial functional reserve. Especially, the interplay
of cAMP- and cGMP regulated by PDEs, such as PDE3, may
serve as an explanation for this effect, as PDE3 degrades up to
50% of cellular cAMP, but can be inhibited by cGMP (cGMP
inhibited cAMP PDE) (36). Constantly elevated tissue BNP
and cGMP levels would, therefore, inhibit the degradation of
cAMP and strengthen the intracellular pathway mediated by
ISO, ultimately leading to a rise in relative force increase as a
long-term effect.

BNP and LBQ/Val Effect on Atrial

Arrhythmias

The PARADIGM-HF study did not only show a reduced risk
of HF-related hospitalization and death in ARNI treatment
but also a significant reduction in mortality by sudden cardiac
death (SCD) (12, 37). For that reason, only recently the
focus of ANRI research also shifted to study the effects of
ARNIs on cardiac (ventricular) arrhythmias. de Diego et al.
(31) published one of the first clinical studies assessing the
influence of ARNI treatment on arrhythmia. While episodes
of premature ventricular contractions (PVCs), non-sustained
ventricular tachycardia (NSVT), and sustained ventricular
tachycardia were significantly reduced in ARNI treatment,
there was only a statistical trend in the reduction of atrial
fibrillation episodes reported (p = 0.07; ns) (31). These
findings were verified in another study with a 12-month
follow-up (15).

Despite that, observational clinical data also suggested that
ARNI treatment may lower the risk for the development of
(recurring) atrial fibrillation and lower the disease burden and
frequency of arrhythmic events in patients with non-permanent
atrial fibrillation (38-41).

Interestingly, in our study, we could demonstrate that while
Sac/Val did not have a significant influence on diastolic tension
and, therefore, wall strain, it still reduced the probability of
arrhythmias significantly in ISO-treated muscle strips. This
suggests that the reduction of atrial arrhythmias is not only
related to a reduction in strain (diastolic tension). In ventricular
tissue, it has been shown that ANP (10nM) significantly
suppresses 1SO-induced Ca?T spark frequency (CaSF) and
reactive oxygen species (ROS) production on a cellular level (42).
Eiringhaus et al. demonstrated that in ventricular myocardium,
Sac/Val decreases diastolic SR Ca®" leak and CaSF. These
effects were not visible under basal conditions but only after
ISO treatment (43). Interestingly, in atrial myocardium, we
could reproduce the antiarrhythmic effect at a nearly 50%
lower Sac/Val dosage than Eiringhaus et al. (40 pwmol). The
dosage we used matched the peak plasma concentration
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achieved in humans in Sac/Val treatment (/22.17 wmol Sac)
(19, 20). That indicates that the antiarrhythmic properties
of Sac/Val are exerted at a dose attained in standard HF
treatment. As Sac and Sac/Val did not affect developed force
in atrial muscle but external BNP reproduced the reduction
in atrial arrhythmia incidence, we propose that the increased
(juxtacellular) concentration of NPs by NEP-inhibitor Sac/Val
contributes to the antiarrhythmic effects in human atrial
muscle strips. The exact downstream mechanisms of NP and
Sac/Val’s antiarrhythmic properties are yet to be studied. All
in all, an antiarrhythmic effect of Sac/Val based on effects of
cellular Ca?* handling seems to be likely. We have probed
VASP phosphorylation in trabeculae treated with Sac/Val,
as an indicator of increased PKG activity. However, VASP
phosphorylation is highly time-dependent and rapidly decreases
over time, no longer being significant only 1h after treatment
with ANP (22).

In light of the potential antiarrhythmic properties of Sac/Val
on atrial tissue, ARNI treatment should be evaluated in high-
risk patients with simultaneous HF and atrial fibrillation or
atrial remodeling in future studies. Especially, in this patient
group with high morbidity and mortality, it is likely that
early ARNI treatment could exert major beneficial effects
beyond the classically known ARNI effects by suppressing the
induction of atrial arrhythmias and, therefore, maintaining
atrial function.

CONCLUSION

In this study, we could demonstrate that both BNP and
Sac/Val exert beneficial effects on human atrial myocardium
and that NEP expression in progressing HF with reduced EF
is downregulated as part of an adaptive mechanism, and our
data suggest that the favorable effects of Sac/Val are partly
due to the increased concentration of NPs in the myocardium
and that these effects are already achieved in therapeutic
clinical doses.

Limitations

For this study, we were working with human myocardial samples
obtained from routine heart surgeries. As these human samples
are not available on a large scale, we had to work with rather
small sample sizes. Furthermore, all patients come with a
unique combination of comorbidities and genetic variations.
Therefore, we had to deal with a heterogeneous group in
terms of underlying conditions, which, on the positive side,
realistically reflects the clinical variation of patients. For the
experiments with Sac and Val, we had to use DMSO as a
solvent. More recently, DMSO was identified to influence human
cellular processes and to exert toxicity already on low doses
(44, 45). To account for these factors, we added DMSO to our
control groups.
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The treatment of complex cerebrovascular diseases (CCVDs) at the skull base,
such as complex intracranial aneurysms, carotid-cavernous sinus fistulas, and
intracranial artery traumatic injuries, is a difficult clinical problem despite
advances in endovascular and surgical therapies. Covered stents or stent graft
insertion is a new concept for endovascular treatment that focuses on arterial
wall defect reconstruction, differing from endovascular lesion embolization or
flow diverter therapies. In recent years, covered stents specifically designed for
cerebrovascular treatment have been applied in the clinical setting, allowing
thousands of patients with CCVDs to undergo intraluminal reconstruction
treatment and achieving positive results, even in the era of flow diverters. Since
there is no unified reference standard for the application of covered stents for
treating CCVDs, it is necessary to further standardize and guide the clinical
application of this technique. Thus, we organized authoritative experts in the
field of neurointervention in China to write an expert consensus, which aims
to summarize the results of covered stent insertion in the treatment of CCVDs
and propose suitable standards for its application in the clinical setting. Based
on the contents of this consensus, clinicians can use individualized intraluminal
reconstruction treatment techniques for patients with CCVDs.

KEYWORDS

cerebrovascular disease, covered stent, intraluminal reconstruction treatment, expert
consensus, endovascular treatment

Introduction

Endovascular therapy has been widely used in the treatment
of various hemorrhagic cerebrovascular diseases. However, one
class of complex cerebral artery lesions, represented by complex
cerebral aneurysms, traumatic carotid cavernous sinus fistulas
(CCFs), arterial injuries, dissections, and blister-like aneurysms,
indicates a challenge both to endovascular treatment and
surgery, and satisfactory treatment goals are not always met. As
most complex cerebrovascular diseases (CCVDs) are a kind of
parent artery wall defect disease, reconstruction treatment using
stent graft repair and flow diversion treatment has overcome the
deficiencies of traditional coil embolization to achieve positive
outcomes in recent years (1-4).

Covered stents have been approved and widely applied in
China to treat CCVDs at the cervical region or skull base
(1, 2, 5-7) (Figure 1). Currently, there are no unified criteria for
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the application of covered stents for the treatment of CCVDs.
Furthermore, unlike more conventional devices, they have
some features rendering their use more challenging: difficult
delivery, vessel wall injury can occur when deployed in curved
vessels, poor membrane adhesion, and high thrombogenicity.
The selection of cases and devices, the procedure itself, and
the management of complications require standardization to
be fully applicable to CCVDs. Consequently, we required
authoritative experts with years of experience to review the
literature, repeatedly discuss their findings, and form an expert
consensus to summarize the current application of covered
stents in the treatment of CCVDs and establish a suitable
clinical reference standard for their application in clinical
settings. Clinical doctors might use the information presented
here to tailor individualized endovascular reconstruction
therapy regimens for patients with CCVDs according to their
specific situation.
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Diagrams of covered stent insertion in the treatment of a cerebral aneurysm (A) and a carotid cavernous fistula (B).
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Considerations for intraluminal
reconstruction therapy

Lesion selection

1) Cerebral aneurysms include complex saccular aneurysms,

recurrent  aneurysms, pseudoaneurysms,  dissecting
aneurysms, blood blister-like aneurysms, multiple aneurysms
at the same site, and so on (8-14).

2) Direct carotid-cavernous fistulas (15-17).

3) Internal carotid artery injuries, including traumatic injuries,
iatrogenic injuries, tumor erosions, and so on (18, 19)

(Table 1).

No important branches or perforators must be present in
the covered artery segment, including the fetal-type posterior
communicating artery, anterior choroidal artery, posterior
inferior cerebellar artery, anterior spinal artery, and primitive
trigeminal artery. For the ophthalmic segment of the internal
carotid artery, a balloon occlusion test can be performed to
assess the risk of blindness before considering the use of
covered stents.

Parent artery selection

Evaluation of the parent artery before receiving covered
stent insertion is more important than that of the disease itself.

Frontiers in Cardiovascular Medicine

167

Generally, the parent artery must be relatively straight, including
the petrous (C2), lacerum (C3), cavernous (C4), and ophthalmic
(C6) segments of the internal carotid artery (ICA), and the
V1-4 segments of the vertebral artery (VA), which are selected
as the first choice. This requirement can also be selectively
applied to other segments according to the specific condition of
the patient.

Key points for the intraluminal
reconstruction technique

Basic considerations for the lesion and its
parent artery

Imaging evaluation of the diseased segment artery is
important, including the diameter of the proximal and distal
parts of the treated segment artery, the length of the lesion
in the vessel wall, the tortuosity of the diseased artery,
especially the treated segment artery, as well as calcification
and plaque in the arterial wall. Arterial wall lesions should
generally be <10 mm in length for treatment with a covered
stent; if the length of the lesion exceeds 10 mm, overlapping
multiple covered stents can be considered if technically feasible
and the treatment segment of the parent artery is relatively
straight (multiple stents are not recommended for tortuous
vessels). If a potentially important perforator is suspected
in the diseased segment of the vessel, a high-dose contrast
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TABLE 1 Comparison of different techniques for endovascular treatment of cerebrovascular diseases.

Covered stent insertion

Indication 1) Complex cerebral aneurysms

2) Direct carotid-cavernous fistulas
3) Internal carotid artery injuries
Treatment conception  Diseased parent artery repair
Target lesion Parent artery

Device navigation Difficult Easy

Coil embolization

1) Most of cerebral aneurysm

2) Some kinds of AVMs or fistulas

Aneurysm sac occlusion

Aneurysm sac

Flow diverter deployment

1) Unruptured side-wall giant or large cerebral
aneurysms

2) Fusiform or wide-necked aneurysms

Blood flow diverting
Impaired flow

Moderate

Technical challenging Easy for stent deployment Higher skill required for coiling Higher skill required for device deployment
Anatomic location Distal ICA and VA Most segments as long as the microcatheter Distal ICA and VA

can be in place
Outcomes evaluation Endoleak type Reymond classification OKM scale

Complication Parent artery injury, in-stent
thrombosis, stenosis or occlusion

Follow up images DSA, CTA

DSA, MRA

Aneurysm rupture, parent artery occlusion

Aneurysm rupture, parent artery thrombosis,
stenosis or occlusion

DSA, CTA

AVM, arteriovenous malformation; ICA, internal carotid artery; VA, vertebral artery; DSA, digital substraction angiography; CTA, computerized tomography angiography; MRA, magnetic

resonance angiography; OKM scale, O’Kelly-Marotta scale.

agent is recommended for use in angiography to further
confirm its presence. Coverage of any perforating vessels
should be avoided to prevent serious adverse consequences
(Figure 2).

A relatively straight arterial segment is the ideal condition
for the implantation of covered stents. If the artery requiring
treatment is not straight, the curvature of tortuosity should
not be sharp (generally >130° is recommended) and the lesion
is located on the larger side of the curvature of the artery, a
covered stent can be considered for treatment. For patients with
excessive vascular tortuosity in the segment requiring stenting,
stent release by balloon dilation is likely to cause arterial wall
damage or intracranial hemorrhage. Similarly, if the lesion is
located on the smaller side of the curvature of the tortuous
vessel, the implantation of a covered stent may result in endoleak
due to its poor membrane adherence to the arterial wall and is
thus generally not recommended. The discrepancy between the
distal and proximal ends of the treated segment of the artery
should not be too large; in principle, if the difference is >0.5 mm,
it should be regarded as a contraindication for the application of
a covered stent.

Recommendations for stent size and
length selection

It is generally recommended to measure the diameter of
the aneurysm sac and parent artery on 2D angiography.
Additionally,
recommended for evaluating the angulation of the parent

accurate 3D multiangle measurement is

artery to prevent improper stent selection due to an incorrect
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measurement or evaluation of the parent artery. The diameter
of the covered stent should be essentially the same as or slightly
larger (no >0.5mm) than the vessel diameter of the segment
requiring treatment. When patients were in the stage of acute
hemorrhage and vasospasm of the target artery was confirmed,
the diameter selection of the covered stent should be referred
to arterial diameter in its natural status or slightly larger than
its currently measured diameter. If the treated artery is located
epidurally or interdurally, the choice of diameter for the covered
stent can be appropriately enlarged. When the diameters of
the distal and proximal ends of the treated segment artery are
different, the diameter of the covered stent should be selected
according to the diameter of the wide end of the artery segment
requiring treatment.

The length of the covered stent should be greater than that
of the arterial lesion; generally, the stent should fully cover
the diseased arterial wall, including the aneurysm neck, CCF
fistula, and wall damage from other causes. A few points are
worth noting. First, in the treatment of saccular aneurysms, the
length should be 4-6 mm greater than that of the aneurysm neck
visible on the best imaging projection. Second, the length of the
stent should be chosen as short as possible while guaranteeing
the coverage of the lesion in the tortuous vessel, which may
prevent vessel wall damage caused by balloon dilation or
endoleak caused by poor adherence of the stent membrane to
the tortuous artery. Third, the length of the covered stent can
be slightly increased if deployed epidurally or interdurally and
the segmented artery to be treated is straight. When important
branch vessels need to be preserved, if the end of the coated
scaffold does not completely cover the branch opening, the
undisturbed blood flow of the branch can be preserved in
most cases.
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FIGURE 2

A patient with cerebral aneurysm received covered stent insertion. 2D (A) and 3D (B) cerebral angiograms reveled a unruptured tiny cerebral
aneurysm (yellow arrow) and adjacent ophthalmic artery (green arrow) at the C6 segment of ICA. A covered stent (3.5 x 10 mm) was delivered
(C. red arrows) released at the diseased parent artery (D, red arrows) and the plain film clearly showed well opened covered stent after
deployment (E, red arrows). Immediate 2D (F), 3D (G) and 4-months follow up (H) cerebral angiogram confirmed complete disappearance of
aneurysm and excellent patency of the ophthalmic artery (green arrow) and parent artery.

Key technical notes for stent delivery

The stent system consists of a covered stent and a balloon
catheter, which makes the whole system stiff runs the risk
of failing to arrive at the target lesion, and may cause
membrane damage during stent delivery. Therefore, for patients
with tortuous pathways, proximal long-sheath support and
distal placement of intermediate catheters can be combined to
improve the success rate of stent system delivery. For patients
with extreme vascular tortuosity, an intermediate catheter with a
smaller profile (5 French) and better flexibility is recommended.
In rare cases, multiple guidewire support, balloon catheter
support, and distal stent deployment support can also be used
to assist the intermediate catheter in crossing over the lesion
to the distal part of the vessel. By establishing passage with an
intermediate catheter, the stent system can be delivered and
released smoothly.

Key technical notes for stent deployment

Negative pressure emptying of the balloon is not
recommended until the covered stent is in the correct

location. The balloon should be expanded slowly during the
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deployment of the covered stent to reduce damage to the vessel
wall, improve the adhesion between the stent and the vessel
wall, and minimize membrane damage. Additionally, attention
should be given to controlling the tension of the whole delivery
system to reduce the risk of stent migration during balloon
expansion. Depending on the degree of vascular curvature, the
time from the beginning of balloon dilation to the establishment
of nominal pressure should be limited to 1-3min. When
balloon dilatation is sufficient to ensure full opening of the
covered stent, it is not necessary to reach the named pressure in
the tortuous vessel segment, by which the risk of vessel damage
can be minimized. Additionally, slow balloon pressure relief is
recommended to avoid poor stent adhesion or stent migration.

Covered stents and assistant
technologies

Covered stents and coils

For high-flow CCFs, large/giant aneurysms, or aneurysms
located at the curved segment of the vessel, intraluminal covered
stent reconstruction treatment has a high risk of leakage due to
poor stent adhesion or retrograde filling of the side branches;
thus, it is necessary to consider the placement of some coils in
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the aneurysm sac or within the cavernous sinus before covered
stent insertion. For wide-necked aneurysms or high-flow CCFs,
the placement of coils in the aneurysm sac or on the distal
side of the fistula can support and stabilize the covered stent.
Moreover, coiling may be of great help in reducing the flow
of the CCEF, allowing a clear display of the fistula and ensuring
accurate coverage. It is generally recommended to perform
coil embolization before deployment of the covered stent. If
coil insertion is performed after the deployment of the stent,
the risk of internal leakage will increase during coil packing
or microcatheter withdrawal. If coil embolization should be
performed after stent deployment, the balloon should be placed
in situ, and rescue dilation should be performed after the
microcatheter is removed if necessary.

Bare stent-assisted covered stent deployment
This technique is not generally recommended, especially in
the era of flow diverters. For some wide-necked large aneurysms
involving the parent artery fusiform or dissecting aneurysms,
when multiple covered stents are planned to be inserted, the
first placed covered stent risks collapsing into the aneurysm
sac; thus, a long-bared stent (closed cell stent is preferred) can
be placed to provide enough support. These procedures should
only be considered for straight vessels, but nevertheless, they are
associated with an increased risk of thrombosis or stenosis.

Flow diverter-assisted covered stent
deployment

The implantation of a covered stent into a flow-diverting
device is not recommended as a routine procedure. In a few
special cases, if obvious inject flow is observed after immediate
flow diverter insertion or the repair of the defect in the wall is
not satisfactory after implantation of the flow diverting device
after long-term follow-up and other techniques are ineffective, a
covered stent can be implanted into the flow diverting device
as a rescue method. Similarly, in cases where a non-healing,
high-flow endoleak develops after covered stent implantation
and rescue coiling or telescoping covered stent insertion is not
feasible, a flow diverting device can also be considered as an
option for treating the endoleak.

Management of complications

Endoleaks

Endoleak classification

Endoleaks that develop after implantation of covered stent
insertion can be classified into four types. Type I: those arising
due to poor stent apposition to the vessel wall or stent size
mismatch; Type II: retrograde flow filling of the aneurysm sac
via the collateral vessels; Type III: those arising due to defects
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of the stent itself; and Type IV: leakage due to membrane pores
(Figure 3) (20).

General principles for endoleak management

i) Selecting the right size for the covered stent (or slightly
larger stents released at low balloon pressure) is key to avoiding
endoleaks or to determining whether the endoleak can be
properly handled. A proximal endoleak in a straight parent
artery should be actively managed, while a small amount of distal
endoleakage can be observed and followed up (7). For ruptured
aneurysms, endoleaks should be actively managed regardless of
whether they are proximal or distal (Figure 4).

ii) The balloon should be dilated slowly and the pressure
should be increased step by step. For stents that are significantly
smaller in diameter than the parent artery, post-balloon
dilatation is often ineffective.

iii) For aneurysms located in tortuous artery segments or
large or wide-necked aneurysms, some coils should be placed
into the aneurysm prior to stenting. Preset microcatheterization
may be considered if necessary, or if the leakage is severe, coils
or Onyx glue may be used to further occlude the aneurysm.

General techniques for treating endoleaks

After covered stent deployment, the balloon should be
retained in situ. The classification and location of any internal
leakage (e.g., distal or proximal end of the stent) should
be carefully determined on angiography. If the amount of
endoleakage is too large to be distinguished, the balloon can be
dilated in situ with the same or higher pressure to reduce it. If the
endoleak persists, post-dilation should be performed, targeted
at the endoleak site by partially moving the balloon forward
or backward so that the main body (not the tip or end of the
balloon) is located at the endoleak site to increase the adherence
of the stent membrane to the vessel wall. If the endoleak is
not obvious, multiangle angiography should be performed and
then repeated after a 10-min wait before a decision to follow-
up observation. It is recommended that the balloon not be
expanded more than three times and that the dilation pressure
not be too high. When additional covered stent insertion is
considered, the size of the stent should generally be the same as
or slightly larger than that of the previously inserted stent.

If the above methods are adopted, but the endoleak persists,
and there is a high risk of bleeding, occlusion of the parent
artery on the affected side or surgical clipping can be considered
following sufficient evaluation of the contralateral artery or
compensation of the adjacent circulation.

Vasospasm

After delivery and release of the balloon-dilated covered
stent, the target vessels and adjacent branches may spasm,
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A Type I: endoleak caused due to stent- B Type II: endoleak caused due to
vessel mismatch retrograde collateral flow
¢ Type III: endoleak caused due to stent D Type IV: endoleak caused due to
defect Membrane porosity

Classification of the covered stent-associated endoleaks (20).

FIGURE 4
A patient with traumatic carotid cavernous sinus fistula received covered stent insertion. Anteroposterior (A) and lateral (B) cerebral angiograms

revealed high volume of fistula (black arrow) at the C4 segment of the left ICA. Continuous angiogram from an intermediate catheter located
the fistula at the horizontal segment at C4 (C, blue arrows). A covered stent (4.0 x 13 mm) was released at the diseased parent artery (D, red
arrows) and immediate angiogram confirmed high volume of type | endoleak at the distal end of stent (E, yellow arrow). Post dilation within the
stent was performed (F, red arrows) and final cerebral angiograms (G,H) confirmed complete disappearance of fistula and excellent patency of
the parent artery.
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resulting in the illusion of a complete occlusion image. However,
after the vasospasm resolves, there is a possibility of endoleak
recurrence. Therefore, angiography should be performed again
after a period of time (or after the use of antivasospasm drugs).

Thrombotic events

In addition to a metal scaffold, the covered stent includes an
outside membrane. After the covered stent is implanted into the
curved segment of the vessel, the membrane can crumple and
pile up, especially on the smaller side of the curvature, resulting
in thrombosis. Similarly, incomplete opening or poor adherence
of the covered stent after implantation at the curved segment can
also demonstrate high thrombogenic properties (21).

Adequate pre- and post-operative double antiplatelet
therapy, thromboelastography or genetic testing to determine
whether
heparinization and postoperative anticoagulation are key

there is resistance to drugs, intraoperative
to preventing thrombotic events after stent implantation. If
acute in-stent thrombotic events occur during or after stent
implantation, antegrade flow can be restored through the
application of platelet GPIIb/IIIa receptor antagonists, balloon
dilation, or other mechanical thrombectomy techniques. For
some high-risk patients, a target vessel balloon occlusion (BOT)

test is recommended before implantation of a covered stent.

Vessel rupture

Vascular rupture and bleeding caused by the release of
covered stents are the most serious complications of their
implantation. Improper stent size selection, tortuosity of the
treated segment, and sclerosis of the arterial wall are risk factors
for rupture of the parent artery. It should be noted that since the
covered stent is a balloon-expandable stent, the balloon is longer
than the stent, and the flexibility during balloon expansion is
poor, arterial wall damage can easily develop in torturous vessels,
leading to vessel rupture. Therefore, when choosing the length
of the covered stent, it is necessary to consider the potential risk
of a longer balloon length during dilation. Remedial measures
after hemorrhage mainly include fast balloon re-expansion for
hemostasis and occlusion of the parent artery.

Delayed aneurysm rupture

The main cause of delayed aneurysm rupture is the
persistence of various types of endoleaks. Therefore, the main
measure to avoid delayed aneurysmal bleeding is to resolve
the leakage.
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In-stent stenosis

The incidence of stenosis after covered stent implantation is
affected by many factors, such as clinical factors, lumen diameter,
vessel curvature, and hemodynamics. The late restenosis rate
after covered stent insertion is low. The rates of lumen loss at the
site of stent implantation at 2 and 6 years are only 18.0 £ 13.3
and 29.0 £ 18.5%, respectively, compared to those immediately
after implantation (1). Stenosis at the site of covered stent
implantation is closely related to delayed endothelialization.
Studies have shown that covered stent endothelialization can
be significantly delayed with respect to that of bare stents and
can occur later in curved segments than in straight segments.
Complete endothelialization of the covered stent usually takes 6—
12 months, so a dual antiplatelet aggregation therapy of at least
half a year is recommended (18). Smoking and stent angulation
have been identified as risk factors for predicting late in-stent
stenosis (1).

Covered membrane bulging

After the covered stent is implanted, local lumen dilation
or bulging can be observed during noninvasive angiography
or angiographic follow-up, which usually occurs in the neck
of sidewall aneurysms or in the body of fusiform/dissected
aneurysms, and it is necessary to identify whether an endoleak
has developed. This angiographic finding may be related to
the bulging of the local membrane of the covered stent, which
is more likely to occur in the body of the covered stent and
the parts lacking vessel wall support. A possible mechanism
is a loose connection between the coated membrane and the
scaffold by suturing; this design is intended to provide a
redistribution of the membrane as the stent at the smaller
side of the curved segment shrinks. This may be the primary
cause of membrane bulging under continuous hemodynamics,
a phenomenon that should be harmless and thus recommended
for regular clinical follow-up.

Perioperative medication

Preoperative antiplatelet aggregation
therapy

A combination of dual antiplatelet aggregation agents,
clopidogrel (75 mg/day), and aspirin (100 mg/day) is
recommended. Oral administration should begin 3-5 days
before surgery. Routine preoperative thromboelastography is
recommended. If clopidogrel resistance is confirmed, the more
potent P2Y12 receptor inhibitor ticagrelor may be substituted;
otherwise, the load dose, 300 mg clopidogrel and 300 mg aspirin,
should be taken orally or by other means 4 h before surgery.
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Intraoperative heparinization

should be
intravenous injection with an initial dose of 4,000-5,000U or

Intraoperative heparin administered  via
60-80 U/kg for a bolus injection, followed by a half-dose mass
injection in the second hour, and so on, with at least 1,000 U
added every hour to maintain the patient’s systemic heparinized
state (activated clotting time (ACT) maintained at more than

two times the basal level).

Postoperative anticoagulation and
antiplatelet aggregation therapy

Short-term anticoagulant therapy can be considered after
covered stenting. A subcutaneous injection of low-molecular-
weight heparin  4,000-5,000U every 12h for 3 days is
recommended. Oral clopidogrel (75 mg/day) and aspirin (100
mg/day) should be taken for at least 6-12 months; long-term
oral administration of a single antiplatelet aggregation agent is
then recommended (22).

If an endoleak is obvious in a ruptured aneurysm or there
is a high risk of hemorrhage after covered stenting for other
lesions, the use of low-molecular-weight heparin can be reduced
as appropriate.

For emergency stent implantation, the intraoperative use
of platelet GPIIb/IIIa receptor antagonists (e.g., tirofiban) is
recommended if unconditionally taken for 3-5 days as a dual
antiplatelet aggregation agent before surgery. If postoperative
CT confirms no increased hemorrhage, then an overlapping
antiplatelet aggregation agent (aspirin 300mg, clopidogrel
300mg) can be given. The platelet GPIIb/IIIa receptor
antagonist should be discontinued 4-6 h later.

If necessary, hormonal therapy can be used to reduce
inflammatory reactions after treatment of a giant aneurysm
with a covered stent. The main reason for such inflammatory
reactions is an increase in the volume of the aneurysm sac
after thrombus formation, resulting in the stimulation of the
meninges and nerves and compression of the adjacent brain
tissue, leading to the aggravation of patient symptoms. However,
their clinical effects need to be further evaluated.

Follow-up protocol

Image follow-up protocol

Similar to the treatment of complex cerebrovascular diseases
with other technologies, imaging follow-up after covered stent
insertion is needed for a short period of 3-6 months, a medium
period of 1-2 years, and a long period of more than 5 years.
Catheterized angiography is preferred for imaging follow-up.
However, the metal struts of the covered stent are thicker
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than those of intracranial stents and have better radiopacity.
Therefore, for cases with covered stent implantation alone, both
VR and MIP reconstruction of CTA can clearly show the stent,
while multiplane reconstruction and curved reconstruction of
thin-layer MIP-CTA, referring to thin-layer coronal images
of CTA, can clearly show the patency of the covered stent
and isolation of the aneurysm sac. Therefore, CTA can be
used as an effective supplementary follow-up method. Magnetic
resonance angiography (MRA), including TOF or contrast-
enhanced MRA, shows almost complete loss of vascular signal
in the stented segment and is therefore not recommended
as an imaging follow-up method. In the case of combined
coil embolization, catheterized angiography is preferred due
to radiative artifacts caused by coils. For cases with sustained
endoleak, close imaging follow-up is needed, and whether
further intervention is required depends on the location and
volume of the endoleak.

Clinical follow-up protocol

After
and subsequent annual clinical follow-ups are routinely

stent implantation, short-term (1-3 months)
recommended. For cases with endoleak, it is necessary to adjust
the use strategy of antiplatelet drugs in time according to the

patient’s symptoms and follow-up imaging results.

Economic analysis

By extracting and analyzing direct medical cost data,
including the costs of drugs, medical devices, daily hospital beds,
nursing, and examinations, a decision tree model was established
to evaluate the health costs and efficacy of the treatment of
intracranial aneurysms (diameter >7 mm) with covered stents
and coil embolization. The results showed that the direct medical
costs of covered stent insertion and coil embolization were
21,860.4 and 27,391.7 dollars, respectively, and the aneurysm
recurrence rates were 0 and 28.9%, respectively. Therefore,
the therapeutic effect of covered stents is better than that
of coil embolization, with an incremental cost-effectiveness
ratio (ICER) of —9,735,732.7 dollars/death averted. Thus,
coated stents can improve the clinical efficacy and reduce the
total medical cost for patients with intracranial aneurysms of
diameter >7 mm (23).

Conclusion

Covered stents could become an effective treatment
option for complex cerebrovascular diseases, such as complex
aneurysms, direct carotid-cavernous fistulas, and internal
carotid artery injuries. The requirement for the parent artery for

covered stent treatment is higher than that of the disease itself,
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which indicates that the parent artery must be relatively straight.
Endoleak types should be carefully evaluated, and the proximal
or high volume endoleaks should be managed properly.
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Purpose: The study aims to evaluate the effects of high-intensity and
moderate-intensity exercise training on cardiopulmonary function and
exercise endurance in patients with coronary artery diseases (CAD).

Methods: We performed a systematic search of the English and Chinese
databases from their inception to March 2022. Randomized controlled trials
(RCTs) were included to compare high-intensity and moderate-intensity
exercise training on cardiopulmonary function in patients with CAD. The
primary outcomes included peak oxygen uptake (peak VO») and anaerobic
threshold (AT). The secondary outcomes included left ventricular ejection
fraction (LVEF), exercises duration (ED), respiratory exchange ratio (RER),
resting heart rate (RHR), peak heart rate (PHR) and oxygen pulse (O, pulse).
The continuous variables were expressed as mean differences (MD) along with
their corresponding standard deviations (SD), and the I? test was applied in the
assessment of heterogeneity.

Results: After systematically literature search, 19 studies were finally selected
for our meta-analysis (n = 1,036), with 511 patients in the experimental
group (high-intensity exercise) and 525 patients in the control group
(moderate-intensity exercise). The results showed that high-intensity exercise
significantly increased patients’ Peak VO, [MD = 2.67, 95% CI (2.24, 3.09),
P < 0.00001], LVEF [MD = 3.60, 95% CI (2.17, 5.03), P < 0.00001], ED
[MD = 37.51, 95% CI (34.02, 41.00), P < 0.00001], PHR [MD = 6.86, 95% CI
(4.49, 9.24), P < 0.00001], and O, pulse [MD = 0.97, 95% CI (0.34, 1.60),
P = 0.003] compared with moderate-intensity exercise. However, there were
no significant differences in AT [MD = 0.49, 95% CI (—0.12, 1.10), P = 0.11],
RER [MD = 0.00, 95% CI (-0.01, 0.02), P = 0.56], and RHR [MD = 1.10, 95% Cl
(—0.43, 2.63), P =0.16].

Conclusion: Our results show that high-intensity exercise training has more
significant positive effects compared with moderate-intensity exercise training
in improving peak VO,, LVEF, ED, PHR and O, pulse in patients with CAD,
while no significant differences were observed in AT, RER and RHR. To sum up,
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high-intensity exercise training is better than moderate-intensity exercise
training in improving cardiopulmonary function and exercise endurance in
patients with CAD.

Systematic review registration:

PROSPERO (CRD42022328475), https://

www.crd.york.ac.uk/PROSPERO/.

coronary artery disease, exercise intensity, peak oxygen uptake, anaerobic threshold,

meta-analysis

Introduction

Cardiovascular diseases are the leading cause of death
among non-communicable diseases worldwide (1), in which
CAD is known having the highest occurrence (2). Thus,
CAD has been recognized as a major public health issue
worldwide, causing a heavy economic burden to the society (3).
Cardiac rehabilitation is internationally recognized as a Class
1A recommendation to improve the prognosis and quality of
life in patients with cardiovascular diseases, including patients
who have undergone percutaneous coronary implantation (PCI)
and coronary artery bypass grafting (CABG). Exercise training
is the principal component of cardiac rehabilitation (4). Studies
have shown that regular exercise can effectively control the
risk factors associated with cardiovascular diseases, such as
lowering blood pressure (5), controlling blood glucose (6),
controlling body fat, and weightloss (7). Furthermore, it can also
improve cardiopulmonary function in patients with CAD (8),
improve vascular endothelial function (9), improve ventricular
filling, and reverse ventricular remodeling (10). Thereby, it can
reduce the incidence of cardiovascular diseases, improve the
quality of life of patients, and reduce all-cause mortality (11).
Exercise training mainly includes endurance exercise, resistance
exercise and aerobic exercise (12). Aerobic exercise training
is further classified into three types of exercise intensities:
low, medium and high. Until now, there is no international
consensus on the choice of exercise intensity. The United States
and Canada prefer medium or high-intensity sports training,
while Australia and Japan support low or moderate-intensity
exercise training (13). The 2016 European Guidelines for the
Prevention of Cardiovascular Disease recommended moderate-
intensity continuous aerobic training with high safety as an
exercise method for patients with cardiovascular diseases (14).
Recently, an increasing number of studies have shown that
high-intensity aerobic training has the advantages of short
training time and high efficiency compared with long and
boring moderate-intensity aerobic training (15). However, high-
intensity exercise may trigger cardiac arrest in individuals
with cardiovascular disease, especially in sedentary patients
or those who have advanced cardiovascular diseases (16, 17).
Therefore, it is pertinent and urgent to systematically evaluate
the effects of the duration and intensity of exercise training
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and evaluate its effects on patients, and thus establish an
optimal exercise training intensity prescription that optimizes
the synergy between the rewards and safety (18).

The cardiopulmonary function is a powerful indicator
of body’s ability to exercise, diagnose diseases and efficiently
evaluate prognosis. It can reflect the ability of the circulatory,
respiratory and muscular systems to supply oxygen during
continuous physical activity (19). Research evidence suggests
that improvements in cardiorespiratory fitness are strongly
associated with a reduction in all-cause mortality and
cardiovascular mortality. And this is why the American
Heart Association (AHA) has identified cardiorespiratory
fitness as an important landmark indicator in the assessment
and intervention of cardiovascular risks and cardiovascular
mortality (20). Randomized controlled trials and meta-analyses
have demonstrated that both high and moderate exercise
intensity can improve cardiopulmonary function in patients
with cardiovascular diseases, enhance exercise tolerance, and
improve their quality of life compared with drug therapy
alone. However, there are numerous controversies regarding the
efficacy and safety of different exercise intensities. Therefore, this
study is aimed toward the evaluation of the effects of different
exercise intensities (moderate and high) on cardiopulmonary
function in patients with CAD, to optimize the exercise mode,
and provide actionable recommendations for the improvement
of cardiopulmonary function and prognosis.

Methods

Registration

The protocol was registered on the International Prospective
Register of Systematic Reviews (PROSPERO  registration
number: CRD42022328475). And our Meta-analysis was
performed based on the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.

Search strategy

The following electronic databases were searched
systematically: PubMed, EMBASE, the Cochrane Library,
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TABLE 1 American college of sports medicine exercise intensity ratings for healthy adults.

Strength Relative exercise intensity Absolute exercise intensity
Oxygen  Maximum Heart rate Maximum Degree of Young?  Middle Aging® Senior Static
uptake oxygen reserve heart rate subjective (< MET) ageb (MET) citizensd  resistance
reserve uptake (%) (%) force (MET) (MET) training
(%) (%) (points) maximum
load (%)
Very light <20 <25 <20 <35 <10 <24 <2.0 <1.6 <1.0 <30
Light 20-39 25-44 20-39 35-54 10-11 2.4-47 2.0-3.9 1.6-3.1 1.1-1.9 30-49
Moderate ~ 40-59 45-59 40-59 55-69 12-13 4.8-7.1 4.0-5.9 3.2-47 2.0-2.9 50-69
Heavy 60-84 60-84 60-84 70-89 14-16 7.2-10.1 6.0-8.4 4.8-6.7 3.0-4.24 70-84
Veryheavy ~ >85 >85 >85 >90 17-19 >10.2 >8.5 >6.8 >4.25 >85
Maximum 100 100 100 100 20 12.0 10.0 8.0 5.00 100

Oxygen uptake reserve: maximal oxygen uptake - oxygen uptake when quiet; Maximal oxygen uptake: the absorption and utilization of oxygen when each system of human body develops
maximum function in the process of movement can be obtained by the cardiopulmonary endurance test of body fitness detection; Heart rate reserve = maximum heart rate - heart rate at

rest; Maximum heart rate = 220 - age; Subjective force: Borg rating scale was used; MET, metabolic equivalent, expressed as oxygen metabolism per minute, 1 MET = 3.5 m-kg~!-min .

420-39 years old.
b40-64 years old.
€65-79 years old.
480 years of age or older.

China National Knowledge Infrastructure (CNKI), Sino-
Med, Chongqing VIP, and the Wanfang database, from their
inception to March 2022. Taking PubMed as an example, the
search strategy was (((((coronary heart disease) OR (coronary
artery bypass grafting)) OR (PCI)) OR (ischemic heart disease))
OR (coronary artery stenosis)) AND (exercise intensity)
AND (randomized controlled trial). All retrieved articles are
imported into EndNote (English publication) and NoteExpress
(Chinese publication).

Inclusion criteria

Clinical trials that satisfy the criteria

were included in our study: (1) Population: the target

following

population was patients with CAD (including patients who
have undergone PCI and CABG), consistent with 2014
ACC/AHA/AATS/PCNA/SCAI/STS the
for patients with stable ischemic heart disease (21), and there

diagnostic criteria

are no restrictions on gender, age or duration of disease; (2)
Intervention and comparisons: studies that compared exercise
training at high (intervention measures) and moderate (control
measures) intensities (the classification of exercise intensity was
based on the American College of Sports Medicine Exercise
Intensity Classification for Healthy Adults, as shown in Table 1),
the intervention time for each exercise intervention time is more
than 30 mins (22), and the intervention period is more than 4
weeks (23); (3) Outcomes: Outcome indicators must include at
least one of peak oxygen uptake and anaerobic threshold; (4)
Study Design: Randomized controlled trials (RCTs).
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1

Exclusion criteria

(1) Studies
comorbidities;

with other serious

(2) Repeated studies (when there is an

involving  patients
overlapping of patient populations overlapped in multiple

studies, only the studies with the largest sample sizes
were included).

Data extraction

The
independently performed by two investigators (Zheng LY

literature screening and data extraction were
and Gu YM) independently. The basic information extracted
includes: (1) first author, publication time and country; (2) study
characteristics: including the patients’ ages, sample size, type of
exercise, exercise duration and frequency; (3) intervention and
control measures; (4) outcome indicators; (5) the Jadad scale
quality scoring.

If there are any discrepancies, a third author is consulted to
resolve these differences.

Risk of bias assessment

The quality of the included studies was independently
assessed by two researchers independently and scored using
the Jadad scale for quality assessment of randomized controlled
trials. The total score on the Jadad scale is 5. And a score
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|

CNKI(n=174), Wan fang(n=174),
VIP(n=12), CBM(n=74), PubMed
(n=353), Cochrane(n=316),

Embase (n=123),

Identification

Obtain
supplemented

resources (n=4)

relevant literatures

by other

Initial search of 1122 articles for checking

‘

Screening

Read 996 titles and abstracts

\ 4

809 articles were excluded

Full-text evaluation of 187 articles

Eliminate 168 articles:
(1) Intervention mismatch;

(2) combined with other conditions;

v

(3) outcome mismatch;
(4) original text not available;

(5) presented the results as medians

luded

inc

—

19 papers that met the screening

criteria were finally included

FIGURE 1
Flow diagram of literature search and selection process.

of 1-2 indicates low literature quality, while a score of 3-
5 indicates high literature quality. The risk of bias for each
study was assessed using the risk of bias assessment tool
recommended in the Cochrane Systematic Evaluator’s Manual
5.3. The evaluation indexes include seven aspects such as: the
randomization method, assignment hiding, subject blindness,
outcome evaluation blindness, data integrity, selective reporting
and other bias. Each item was deemed to either be low risk,
unknown risk and/or high risk.
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Data synthesis

Data Review

Software (Version 5.3; Nordic Cochrane Center, Cochrane

were  synthesized using Manager
Collaboration). Due to the continuous nature of the extracted
data, the analysis comprises mean difference (MD) and standard
deviation (SD). X2 test and I? statistical test were used to
analyze heterogeneity. The value for high heterogeneity was

set as I2 > 50% and P < 0.10, and a random effects model
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was used to evaluate the combined effect size of included data
(24); however, if 12 < 50% and P > 0.10, heterogeneity was
considered small and the fixed effects model was used. In case of
large heterogeneity, the sources of heterogeneity were examined
through sensitivity and subgroup analyses. Publication bias was
assessed using funnel plots.

Results

Study selection

Our literature search is started from the inception of
the aforementioned databases to March 2022. The literature
screening flow chart of literature screening is shown in Figure 1.
A total of 1,225 literatures were retrieved, which comprises 434
Chinese literature and 791 English literature, and four literatures
was supplemented by manual retrieval from other sources.
We imported the literature into EndNote X9 and NoteExpress
(both are literature management software) and eliminated 233
duplicate literature. Furthermore, 809 articles were excluded
by reading the titles and abstracts, subsequently, we perused
through the remaining 187 articles, and finally selected 19
articles that met the inclusion criteria (25-43).

Study characteristics

Nineteen trials were included (Table 2) involving a total of
1,036 patients which include 511 in the high-intensity exercise
training group and 525 in the moderate-intensity exercise
training group. 7 literatures (31, 32, 36, 38, 39, 42, 43) had
an intervention period of <12 weeks, and 12 literatures (25-
30, 33-35, 37, 40, 41) had an intervention period of 12 weeks

or more.

Risk of bias

The quality assessment method of the 19 selected literatures
is shown in Figure 2. 16 literatures (25-27, 29, 30, 32-42)
described specific randomization methods, and 3 literatures (28,
31, 43) adopted a semi-randomization method combined with
patients’ wishes, and 5 literatures (30, 31, 37-39) implemented
the allocation concealment; Considering the risk associated with
exercise, patients are required to give and informed consent, so
only one literature (31) implemented blind method for patients,
five literatures (31, 37-39, 42) adopted the blinded outcome
assessors; 13 (31-43) literatures recorded the circumstances
and reasons for subjects who were lost to follow-up and
dropped out of the trial. There were no selective reporting of
outcome indicators, and no significant bias was identified in
risk assessment.
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Results of meta-analysis

Peak oxygen uptake (peak VO,)

Peak VO3 is reported in all the 19 included literatures
(25-43) high-intensity exercise training on Peak VO, showed
significantly better effects than that of moderate-intensity
exercise training [MD = 2.67, 95% CI (2.24, 3.09), P < 0.00001,
12 = 19%] (Figure 3).

Anaerobic threshold

Five literatures (25-27, 29, 30) reported anaerobic threshold
(AT), and the results showed that there are no statistically
significant difference in the improvement effect of two types of
exercise intensity on AT [MD = 0.49, 95%CI (—0.12, 1.10), P =
0.11, 12 = 18%] (Figure 4).

Left ventricular ejection fraction

Six articles were reported on left ventricular ejection fraction
(LVEF) (25-27, 29, 30, 32), and the result shows that high-
intensity exercise training has a significantly better effect on
LVEF than moderate-intensity exercise training [MD = 3.60,
95% CI (2.17, 5.03), P < 0.00001, I> = 0%] (Figure 5).

Exercise duration

Seven literatures (25-28, 36, 38, 39) reported exercise
duration (ED). The result shows that high-intensity exercise
has significant effects on ED compared to moderate-intensity
exercise training [MD = 37.51, 95%CI (34.02, 41.00), P <
0.00001, 12 = 10%)] (Figure 6).

Respiratory exchange ratio

Ten studies (31, 32, 34, 36-42) reported respiratory exchange
ratio (RER) with little heterogeneity. The result shows that there
is no significant difference in the improvement effect of the two
exercise intensities on RER [MD = 0.00, 95%CI (—0.01, 0.02), P
=0.56, 12 = 33%)] (Figure 7).

Resting heart rate

Nine literatures (30-32, 34-37, 39, 42) reported resting heart
rate (RHR), and the results shows that there is no significant
difference in the improvement effect of RHR between the two
exercise intensities [MD = 1.10, 95% CI (—0.43, 2.63), P = 0.16,
12 = 0%] (Figure 8).

Peak heart rate
Twelve studies (28, 30, 31, 34-42) reported peak heart rate
(PHR). The result showed that high-intensity exercise training
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TABLE 2 Characteristics of included studies.

References Publish Country  Samplesize  Gender Age Type of Exercise Exercise prescription Closing Quality
time movement time indicators score
Test Control (Male/ Test group Control Test group Control group
group group Female) group
Luan et al. (25) 2018 China 41 41 T:34/7 59.73+ 7.9 59.67 +7.93 Power bikes 12 weeks, 3 (1) The initial exercise The exercise load was 1,2,3,4 0
C:32/9 times/week load was 60% of the 60% of the peak power
peak power in in cardiopulmonary
cardiopulmonary exercise test, 40
exercise test, and the ~ min/time, 3 times per
adaptive training lasted week
for 1 week, 3 times per
week; (2) 80% of the
peak power was used
for treadmill exercise,
which was carried out
in interval training
mode (3-min training,
1-min rest), 10 sets per
time, a total of 40 mins;
3 times per week
Juetal. (26) 2018 China 25 25 - 56.64 + 9.86 56.64 + 9.86 Power bikes 12 weeks, 3 80% of the peak power 60% of PP for exercise 1,2,3,4 2
times/week was used for treadmill  load power treadmill
exercise, which was exercise, intermittent
carried out in interval  training mode (3-min
training mode training, 1-min rest), 10
(3-minute training, groups/time, a total of
1-minute rest), 10 sets 40 mins; 3 times per
per time, a total of 40 ~ week
mins; 3 times per week
Gao etal. (27) 2015 China 22 21 T:16/5 594+79 61.2+ 8.0 Power bikes 12 weeks, 3 80% of PP for exercise 60% of PP for exercise 1,2,3,4 2
C:18/4 times/week load power treadmill  load power treadmill

exercise, intermittent

training mode (3-min

exercise, intermittent

training mode (3-min

training, 1-min rest), 10 training, 1-min rest), 10

groups/time, a total of
40 mins; 3 times per

week

groups/time, a total of
40 mins; 3 times per

week
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TABLE 2 (Continued)

References Publish Country Gender Age Type of Exercise Exercise prescription Closing Quality
time movement time indicators score
Test (Male/ Test group Control Test group Control group
group Female) group
Wang et al. (28) 2010 China 22 T:15/7 65.5+6.9 68.7+7.0 Tai ji /Jogging 24 weeks Jogging, exercise Tai ji practice 40 min 1,4,7,8 0
C:18/9 intensity > 70% per day, 5 d per week,
VOsmay, available for 4 exercise time about
weeks to gradually 200 min per week
reach that exercise
intensity
Zhang et al. 2022 China 22 T:16/6 581+13.61  62.10£10.24 Power bikes 12 weeks, 3 80% of the peak power 60% of PP for exercise 1,23 2
(29) C:13/8 times a week  was used for treadmill load power treadmill
exercise, which was exercise, intermittent
carried out in interval  training mode a total of
training mode 40 mins; 3 times per
(3-minute training, week
2-min rest), 40 mins in
total; 3 times per week
Guetal. (30) 2020 China 23 T:15/8 64.1£9.2 66.5+7.8 Power bikes 12 weeks, 5 (1) 70% of the peak (1) 50% of the peak 1,2,3,6,7 2
C:17/9 times a week  power (PP) was used as power is used as the
exercise load for power exercise load for power
treadmill training, treadmill training,
starting with 0 W resting for 5 min,
power, warming up for starting at 0 W,
3 min without power, ~ warming up for 3 min
and then increasing without power, and
with a certain load then with a certain
range, so that patients amount (specific power
could reach the target  varies from person to
power within 8-10 min. person, ensuring
During the whole 8-10 min to reach the
process, the patient target power), patients
maintained a rotational performed treadmill
speed of 55-65 r/min  exercise at a rotational
for treadmill exercise  speed of 55-65 r/min
until reaching 70% of ~ until 50% of the
the maximum power  maximum power
assessed by the patient; assessed by the patient
(Continued)
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TABLE 2 (Continued)

References Publish

Country  Samplesize  Gender

Age

Type of Exercise

Exercise prescription

Closing Quality

time movement time indicators score
Test Control (Male/ Test group Control Test group Control group
group group Female) group
(2) 70% of the power as the treadmill
maximum power is of constant power until
used as a constant the 25th minute, the last
power treadmill until 5 mins to resume, a
the 25th minute, and  total of 30 mins, 5 times
the last 5 mins of a week training was
recovery time. A total of achieved; (2) Take 50%
30 mins, 5 times a week of the maximum
Rognmo etal. 2004 Norway 8 9 T:6/2 629 +11.2 61.2+73 Treadmill 10 weeks, 3 A total of 33 min: (1) 41 mins continuous 1,56,7 5
(31) C:8/1 times a week  5-min warm-up period exercise at an intensity
at an intensity 0f 50-60% of VOspeak»
corresponding to representing the same
50-60% of VO, peak total training load as the
(65-75% of HRpeak);  high intensity aerobic
(2) walking four exercise group
intervals of 4 min at
80-90% of VO, peak
(85-95% of
HRpeak),the intervals
3 min of walking at
50-60% of VO, peak
Moholdt etal. 2009 Norway 28 31 T:24/4 60.2 £ 6.9 62.0£7.6 Treadmill 4 weeks, 5 Total time 38 mins: (1) Walked continuouslyat  1,3,5,6 4
(32) C:24/7 times/week 8 mins warm-up; (2) 4 70% of maximum HR
times of 4-min intervals for 46 mins to ensure
with HR at 90% of isoenergetic training
maximum HR, with protocols
active pauses of 3 mins
of walking at the
exercise session was
terminated by 5 mins
cool-down
(Continued)
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TABLE 2 (Continued)

References Publish Country  Samplesize  Gender Age Type of Exercise Exercise prescription Closing Quality
time movement time indicators score
Test Control (Male/ Test group Control Test group Control group
group group Female) group
Benetti et al. 2010 Brazil 29 29 - 57.7 £6.1 57.7 £6.1 Treadmill 12 weeks, 5 Total time 45 mins: (1) Total time 45 mins: 1 2
(33) times a week  patients exercised at ~ patients exercised at a
around 85% of their ~75% of their HRmax.
maximum heart rate
(HR) achieved in the
stress test.
Conraads etal. 2015 Belgium 100 100 T:91/9 57.0 4 8.8 59.94+9.2 Treadmill and 12 weeks, 3 Total time 38 min: (1) Total time: 5 min 1,56,7,8 2
(34) C:89/11 bicycle times per week 60-70% peak HR for ~ warm-up at 60-70%
10 min warm-up, Peak HR, followed by
followed by 4 x 4min 37 min continuous
training at 85-95% peak training at 70-75% Peak
HR; (2) 50-70% peak ~ HR and 5 min
active interval training relaxation at 60-70%
was performed atan  peakHR
interval of 4 x 3 min
performed at an interval
of 4 x 3 min
Katharine et al. 2014 United Stated 5 13 - 60+ 7 58+9 Treadmill 24 weeks (1) 5-min period of A 5-min period of active 1,6,7 2

(35)

active warm-up; (2)
3-min period of

training at 60-70% of

warm-up, 30 mins of
cardiorespiratory

training, and 5 mins of

heart rate reserve, (3)4 active cool-down. The
higher-intensity work A exercise intensity was
3-min recovery period prescribed at 60-80% of
set at an intensity of heart rate reserve
60-70% of heart rate  throughout
reserve followed each of

the 4 higher-intensity

work intervals of 4 mins

each, set at an intensity
corresponding to

80-90% of heart rate
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TABLE 2 (Continued)

References Publish Country  Samplesize  Gender Age Type of Exercise Exercise prescription Closing Quality
time movement time indicators score
Test Control (Male/ Test group Control Test group Control group
group group Female) group

reserve. A 3-minute
recovery period set at
an intensity of 60-70%
of heart rate reserve
followed each of the

four higher-intensity

intervals.
Koldobika et al. 2016 Spain 36 36 - 58 +11 58 +11 Power bikes 8 weeks Total time: 40 min: (1) Total time of use: 40 1,4,5,6,7 4
(36) 5-12 min warm up min: (1) 5-12 min heat

(25% PeakWR); (2) body; (2) 15-30 min
(15-30 groups) x 20s continuous training
interval (120-125% (VT1~VT1410%);Relax
PeakWR); (3) (15-30  for 5-13 mins

groups) x 40 s rest

(25% PeakWR); (4)

5-13 min relaxation

(25% PeakWR)
Leeetal. (37) 2019 Canada 17 14 Female 69.3£9.9 69.6 £5.9 Walking/ 24 weeks, 5 (1) A warm-up period Jog for about 30-40 1,56,7 5
Jogging times a week  of 5-10 min of walking mins at 60-80% of peak

performed at 60-70% of oxygen uptake, with a
Peak HR, and/or RPE of warm up and rest
10-12 on the 6-20 Borg period

Scale; (2) four 4-min

intervals of

walking/jogging

performed at an

intensity targeting

90-95% of Peak HR,

and/or RPE >17 on the

Borg Scale, interspersed

with 3 min of active

recovery performed at

an intensity of 50-70%

(Continued)
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TABLE 2 (Continued)

References Publish Country  Samplesize  Gender Age Type of Exercise Exercise prescription Closing Quality
time movement time indicators score
Test Control (Male/ Test group Control Test group Control group
group group Female) group
of Peak HR; (3) a
cool-down period of
5min of walking
performed at an
intensity of 50-70% of
Peak HR, and/or RPE
~10-12 on the Borg
Scale.
Koldobika et al. 2019 Spain 57 53 T:50/7 57.6+9.8 58.3+9.5 Power Bikes 8 weeks, 3 times Total time: 40 min: (1) Total time of use: 40 1,4,5,7 4
(38) C:42/11 a week 5-12 min warm up min: (1) 5-12 min heat
(25% PeakWR); (2) body; (2) 15-30 min
(15-30 groups) x 20s  continuous training
interval (120-125% (VT1~VT1+10%); (3)
PeakWR); (3) (15-30  relax for 5-13 mins
groups) X 40s rest
(25% PeakWR); (4)
5-13 min relaxation
(25% PeakWR)
Keteyian etal. 2014 United Stated 5 13 T:11/4 60.0 + 7.0 58.0 +9.0 Treadmill 4 weeks, 5 times (1) 5-min period of 5-min period of active  1,4,5,6,7,8 5
(39) C:12/1 a week active warm-up, (2) warm-up, 30 min of

3-min period of training cardiorespiratory

at 60-70% of heart rate
reserve and then 4
higher-intensity work a
3-min recovery period
set at an intensity of

60-70% of heart rate

reserve followed each of

the 4 higher-intensity

work intervals of 4 mins

each, set at an intensity

corresponding to

training, exercise
intensity was prescribed
at 60-80% of heart rate
reserve throughout, and
5 mins of active

cool-down
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References Publish Country  Samplesize  Gender Age Type of Exercise Exercise prescription Closing Quality
time movement time indicators score
Test Control (Male/ Test group Control Test group Control group
group group Female) group
80-90% of heart rate
reserve. (3) 3-min
recovery period set at
an intensity of 60-70%
of heart rate reserve
followed each of the 4
higher intensity
intervals.
Currie et al. 2013 Canada 11 10 - 62+11 68 £38 Power bikes 12 weeks, 3 Total time of use: 30 Total use time: 30-50 1,57 3
(40) times/week min: (1) 5 min heat mins: (1) 5min heat
body; (2) 10 x 1 min  body; (2) continued
interval (89-102-110% training for 30-50 min
PeakWR); (3) 10x 1 min (58%PeakWR); (3) relax
rest (10% peakWR); (4) for 5 mins
relax in 5 mins
Cardozo etal. 2015 Brazil 23 24 - 56 + 12 62+ 12 Treadmill 16 weeks, 3 Total time: 40 min: (1) Total duration: 40 min 1,57,8 3
(41) times/week 5min warm-up; (2) 8 x (1) 5 mins heat body;
2 min interval (90% (2) 30 mins continued
HRmax); (3) 7x2min training (70-75.0%
rest (60% HRmax); (4) HRmax); (3) relax for 5
relax in 5 mins mins
Kim etal. (42) 2015 Korea 14 14 T:12/2 60.0 £13.7 57.0£11.9 Treadmill 6 weeks, 3 per A total of 45 mins: (1) A total of 45 mins: (1) 1,567 2
C:10/4 week times 10-min warm-up at 10-min warm-up, (2)

50-70% of HRR, (2) 25-min walk on a

four times of 4-min treadmill continuously
intervals of walking on at 70-85 % of HRR and
a treadmill at 85-95% of a 10-min cooldown
HRR with three active

pauses of 3-min walking

at 50-70% of HRR, and

a 10-min cooldown at

50-70% of HRR

(Continued)
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measured; (2) a

HR; (2) patients

performed one set of 18 continuous workout at

70% of the maximal HR

mins composed of

measured on the graded

repeated phases of 3

consecutive 6-min; (3) maximal exercise test

for 18 mins, followed by

patients had a 3-min

3 mins of active

cool down period

recovery

(1) Peak oxygen uptake (Peak VO,); (2) anaerobic threshold (AT); (3) left ventricular ejection fraction (LVEF); (4) exercises duration (ED); (5) respiratory exchange ratio (RER); (6) resting heart rate (RHR); (7) peak heart rate (PHR); (8) oxygen pulse

(O3 pulse).
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has a significantly effect on PHR compared with moderate-
intensity exercise training [MD = 6.86, 95% CI (4.49, 9.24), P
< 0.00001, 12 = 0%)] (Figure 9A).

Oxygen pulse

O, pulse is reported in 4 literatures (28, 34, 39, 41).
The result shows that high-intensity exercise training has a
significant improvement on Oy pulse compared to moderate-
intensity exercise training [MD = 0.97, 95%CI (0.34, 1.60), P =
0.003, 1> = 17%] (Figure 9B).

Subgroup analysis

Subgroup analysis was performed based on the duration of
the intervention. We set 12 weeks as the boundary (one group
was <12 weeks, the other group was >12 weeks). The results
of subgroup analysis showed no significant difference in the
influence of intervention time on Peak VO, RER and PHR,
and the results of subgroup analysis were consistent with the
results of overall analysis (Figure 10). Interestingly, the subgroup
analysis of ED showed no statistically significant difference when
intervention duration was <12 weeks [MD = 5.56, 95%CI
(—30.23, 41.36), P = 0.76]. However, when intervention time
was >12 weeks, the difference was statistically significant [MD
= 37.82, 95%CI (34.31, 41.33), P < 0.00001] (Figure 11A).
Subgroup analysis of RHR showed that the difference was
statistically significant when intervention time was <12 weeks,
and high-intensity was better than moderate-intensity [MD =
3.26, 95%CI (0.73, 5.78), P = 0.01]. However, there was no
significant difference when intervention time was >12 weeks
[MD = —0.14, 95%CI (—2.06, 1.78), P = 0.89] (Figure 11B).

Publication bias

The funnel plot (Figure 12) was generated to reflect the
publication bias. It can be seen from the figure that the
distribution of all included studies is relatively concentrated and
basically all data are located in the funnel plot. Therefore the
possibility of publication bias of this study is small.

Sensitivity analysis

We performed sensitivity analysis to evaluate the influence
of any individual study on the overall effect. For AT, the
difference was statistically significant when Zhang et al.
(29) was removed, and high-intensity was better than
moderate-intensity [MD = 1.12, 95%CI (0.19, 2.06), P =
0.02, 12 = 0%]. For RHR, the difference was statistically
significant when Conraads et al. (34) was removed, and
high-intensity group showed slightly better than moderate-
intensity group [MD = 2.10, 95%CI (0.13, 4.07), P = 0.04,
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FIGURE 2
(A) Overall analysis diagram. (B) Single literature analysis diagram. “+" is low risk. “?" is unclear, and “-" is high risk.
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Test for overall effect: Z= 4.94 (P < 0.00001)

FIGURE 5

Favours [experimental] Favours [control]

Forest plot of the effects of high-intensity and moderate-intensity exercise on LVEF in CAD patients.

Experimental Control Mean Difference Mean Difference
—Studyor Subgroup _ Mean _ SD Total Mean SD Total Weight IV, Fixed, 95% Cl 1V, Fixed, 95% CI.
Benetti2010 416 39 29 371 39 29 45% 4.50(2.49,6.51) I
Cardozo2015 244 8 23 24 119 6 01% 040[17.24,18.04] —
Conraads2014 286 69 85 268 67 89 45% 1.80[-0.22382 8
Currie2013 245 45 11 223 64 11 09% 220([-2.28,6.68) T
Gremeaux2014 2278 1.97 9 2001 202 10 57% 2.77(0.97,4.57) -
Jaureguizar2019 2278 575 57 2247 571 53  4.0% 0.31 [[1.83,2.45) i i
Katharine D2014 264 52 9 232 74 10 06% 320[-251,891) ™
Keteyian2014 26 59 15 235 46 13 1.2%  250[-1.39,6.39) T
Kim2015 3561 7.7 14 2569 865 14 05% 9.92(3.85 1599 Bl
Koldobika 2016 24 48 36 228 65 36 26% 1.20[-1.44,384) T
Lee2019 215 45 17 195 55 14 14%  2.00[-1.59 559 T
leigu2020 202 54 23 173 54 26 21%  2.90[-0.05,65.85) -
luanchunhong2018 20.76 418 41 1765 405 41 5.7% 311[1.33,4.89] ~
Moholdt2009 322 7 28 295 67 31 15% 270[-081,6.21] =
Rognmo2004 378 124 8 348 57 9 02% 3.00[-6.36,12.36) T
xiaohuaju2018 216 42 25 185 41 25 34% 3.10[0.80,5.40) =
xiaosongzhang2022 2169 095 22 187 11 21 481% 2.99[2.37,3.61) o
yanwang2010 249 25 22 238 23 27 99% 1.10[-0.26,2.46) r
zhenzhengao2015 207 44 22 176 4 21 31% 3.10[0.68,5.52) =
Total (95% ClI) 496 486 100.0% 2.67 [2.24,3.09] |
Heterogeneity: Chi*= 22.22, df= 18 (P = 0.22), F= 19% ! + + i
Test for overall effect: Z= 12.24 (P < 0.00001) m(:-'avours [segperimentall uFavours [co:?roll 100
FIGURE 3
Forest plot comparing the improvement of peak VO, between two exercise intensity.
Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
chunhongluan2018 1317 324 41 1221 316 41 19.4% 0.96(-0.43,2.35)
leigu2020 138 32 23 421 3 26 11.9% 1.70[-0.07,3.47]
xiaohuaju2018 14 33 25 132 32 25 115% 0.80[-1.00,2.60]
¥iaosongzhang2022 1329 1.31 22 1327 1.39 21 571% 0.02[-0.79,083]
zhenzhengao2015 134 232 22 2.2 34 0 Not estimable
Total (95% ClI) 133 113 100.0% 0.49[-0.12,1.10]
Heterogeneity: Chi*= 3.65, df = 3 (P = 0.30); F=18% =_1 ps - 550 5 550 100=
Testfor overall effect: Z=1.58 (P = 0.11) Favours [experimental] Favours [control]
FIGURE 4
Forest plot comparing the improvement of AT between two exercise modes.
Experimental Control Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight V. Fixed.95%Cl IV, Fixed. 95% CI
chunhongluan2018 6038 746 41 5623 753 41 194% 415(091,7.39 =
Lei Gu2003 605 75 23 563 76 26 11.4% 4.20[003,843) =
Moholdt2009 48 g 28 46 9 31 97% 200}260,6.60 T
xiaohuaju2018 662 75 25 613 76 25 11.7% 4.90[0.71,9.09 =B
xiaosongzhang2022 6465 413 22 6164 368 21 375% 3.01[0.67,539) o
zhenzhengao2015 603 74 22 562 75 21 103% 4.10[0.36,8.56] ™
Total (95% Cl) 161 165 100.0% 3.60 [2.17,5.03] |
Heterogeneity: Chi*= 1.32, df= 5 (P = 0.93), F= 0% Hoo 5 3 5 00
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Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed. 95% CI
chunhongluan2018 44858 972 41 41093 639 41 96.2% 37.65(34.09, 41.21] .
Jaureguizar2018 6138 1404 57 5802 126 53 05% 33.60[-16.19,83.39]
Keteyian2014 906 102 15 918 114 13 0.2% -12.00[-92.65, 68.65]
Koldobika V2016 573 1356 36 606 1536 36 0.3% -33.00[-99.93,33.93]
¥iaohuaju2018 4494 62 25 4128 594 25 11% 36.60 [2.94, 70.26]
yanwang2010 828 54 22 774 66 27 1.1% 54.00(20.40, 87.60]
zhenzhengao2015 4485 729 22 #4109 693 21 07% 37.60[-4.90,80.10] =
Total (95% ClI) 218 216 100.0% 37.51[34.02,41.00] ¢
Heterogeneity: Chi*= 6.67, df= 6 (P = 0.35); F= 10% F y y {
-100 -50 0 50 100
Test for overall effect: Z= 21.05 (P < 0.00001) Favours [experimental] Favours [control]

FIGURE 8

Test for overall effect Z=1.41 (P=0.16)

Favours [experimental] Favours [control]

Forest plot of the effects of high-intensity and moderate-intensity exercise on RHR in CAD patients.

FIGURE 6
Forest plot comparing the effects of two exercise modes on ED improvement.
Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean _ SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
Cardozo2015 1.07 041 23 101 041 24 63% 0.06[0.00012)
Conraads2014 1.28 0.1 85 127 009 89 231% 0.01[-0.02 004 "
Currie2013 123 009 11 125 008 11 41% -0.02[-0.089, 0.05)
Jaureguizar2019 116 007 57 119 008 53 26.1% -0.03[-0.06,-0.00] 1
Keteyian2014 123 041 15 122 01 13 38% 0.01[-0.06,0.08]
Kim2015 113 013 14 115 016 14 1.8% -0.02[0.13,009
Koldohika ¥2016 119 012 36 115 041 36 80% 0.04[0.01,6009
Lee2019 116 005 14 113 007 14 102% 003[0.02 008
Moholdt2009 115 008 28 115 009 31 11.0% 0.00[-0.04,004]
Rognmo2004 112 0.08 8 111 0.04 9 55% 0.01[0.05 0.07]
Total (95% CI) 291 294 100.0% 0.00 [-0.01,0.02]
Heterogeneity: Chi*= 13.34, df= 8 (P = 0.15); F= 33% k 100 = 5=0 2 530 100=
Ll Favours [experimental] Favours [control]
FIGURE 7
Forest plot comparing the effects of two exercise modes on RER improvement.
Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean _SD Total Mean SD Total Weight IV, Fixed. 95% Cl IV, Fixed, 95% Cl
Conraads2014 554 74 85 554 81 89 440% 000[-2.30,230]
Katharine D2014 57 4 9 55 7 10 91% 2.00[-3.06,7.06)
Keteyian2014 66 13 15 64 10 13 32% 200[-6.53,1053
Kim2015 678 11 14 646 66 14 52% 3.20(-3.52,9.92)
Koldobika V2016 64 10 36 59 8 36 133% 5.00(0.82,9.18]
Lee2019 684 114 17 705 113 14  36% -210[-10.13,593)
leigu2020 78.7 102 23 816 108 26 6.7% -290[8.78,298)
Moholdt2009 664 87 28 639 88 31 11.7% 250[1.97,697)
Rognmo2004 63 7 8 63 11 9 31% 000[867, 867
Total (95% CI) 235 242 100.0% 1.10[-0.43,2.63)
Heterogeneity: Chi*= 7.58, df = 8 (P = 0.48); F= 0% Hoo a0 5 P 100

2 = 0%]. However, there is no significant difference in the

improvement effect of the two exercise intensities on O;
pulse when Wang et al. (28) was removed [MD = 0.49,

95%CI (—0.38, 1.36), P = 0.27, 12 = 0%].
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GRADE assessment

Table 3 shows the GRADE assessment of the certainty on
the effect of exercise intensity in patients with CAD. Peak
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A
Experimental Control Mean Difference Mean Difference
—Studvor Subqroup __Mean _ SD Total Mean SD Total Weight IV, Fixed, 95% C1 IV. Fixed, 95% C|
Cardozo2015 133 24 23 128 19 24 37% 500[-7.41,17.41) -1
Conraads2014 145 182 85 138 215 89 16.1% 7.00([1.09,12.81)] =
Cumie2013 139 15 1" 123 16 1 34% 16.00[3.04, 28.95) - TTH
Jaureguizar2019 126.47 16.24 57 12358 1784 53 138% 2.89-3.50,9.28] b | i
Katharine D2014 146 16 9 128 29 10 13% 18.00(-279,38.79) 7
Keteyian2014 161 17 15 135 26 13 21% 16.00 [-0.55, 32 55) LD
Kim2015 1542 157 14 1449 226 14 27% 930[511,2371) T -
Koldobika V2016 126 14 36 119 2 36 83% 7.00(-1.24,1524) il
Lee2019 1318 232 17 1188 188 14 26% 13.00([-1.79,2779) 2 i
Ieigu2020 1484 283 23 1454 274 26 23% 3.00[1264,18564] o
Rognmo2004 151 19 8 155 13 9 23% -4.00[1967,11.67] .
yanwang2010 1466 53 22 1396 78 27 41.5% 7.00(3.32,10.68] -
Total (95% C1) 320 326 100.0% 6.86 [4.49,9.24) L
Heterogeneity: Chi*= 8.61, df= 11 (P = 0.66), F= 0% Hoo o o 0 100
Testfor overall effect Z=5.67 (P < 0.00001) Favours [experimental] Favours [controf]
B
Experimental Control Mean Difference Mean Difference
Study or Subgroup _Mean _ SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Cardozo2015 142 4 23 127 4 24 76% 150[-0.79,3.79)
Conraads2014 166 35 85 16.2 3.2 89 401% 0.40[-0.60,1.40]
Keteyian2014 158 35 15 16.2 42 13 48% -0.40[3.29,2.49]
yanwang2010 114 1.9 22 99 1.2 27 475% 1.50[058,242)
Total (95% CI) 145 153 100.0% 0.97 [0.34, 1.60]
Heterogeneity: Chi*= 3.60, df= 3 (P = 0.31); = 17% B0 = 3 = 100
Testfor overall effect Z= 3.00 (P = 0.003) Favours [experimental] Favours [control]
FIGURE 9
(A) Forest plot of the effects of high-intensity and moderate-intensity exercise on PHR in CAD patients. (B) Forest plot comparing the
improvement effect of two exercise modes on O, pulse.

VO,, AT, LVEE, and RER were rated as moderate, while ED,
RHR, PHR, and Oy pulse were rated as low-quality evidence.
Reasons for downgrading: (1) For the risk of bias, only three
literatures (28, 31, 43) refer to patients’ wishes using a semi-
randomized method; most studies do not specify whether
allocation concealment is implemented; Considering the risk
associated with exercise, patients are required to give and
informed consent, so only one literature (31) implemented blind
method for patients. (2) In terms of inconsistency: the results of
two studies (36, 39) were inconsistent for the effect of exercise
intensity on ED. For RHR, two studies (30, 37) had inconsistent
results. For PHR, there was one study (31) with different results.
For O; pulse, one study (39) showed different results from
others. And these may be due to differences in study population,
gender, and duration of intervention.

Discussion

Summary of the evidence
In this study, we selected 19 RCTs with a total of 1,036

patients. Our results show that compared with moderate-
intensity exercise training, high-intensity exercise training has

Frontiers in Cardiovascular Medicine

better improvement effects on Peak VO,, LVEE, ED, PHR
and O pulse in patients with CAD. However, there are no
significant differences in the effects of AT, RER and RHR.
Furthermore, our subgroup analysis showed that there is no
statistical difference in the influence of intervention time on
peak VO,, RER and PHR. The effect of exercise intensity
on ED and RHR was influenced by the intervention time.
For the ED outcome, high-intensity exercise was superior
to moderate-intensity exercise only when the intervention
time was >12 weeks. For the outcome of RHR, when the
intervention time was <12 weeks, high-intensity exercise has
better improvement effects than moderate-intensity exercise.
But when the intervention time was >12 weeks, the difference
was not statistically significant.

Results in relation to other studies

There were some relevant meta-analysis articles published
lately, such as the recently published one by Gomes-
Neto (44). However, the retrieval deadline of the study
mentioned above was in November 2016. Only 12 literatures
were selected in that study and the efficacy indicators of
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Experimental Controt Mean Difference
1.2.1 intervention time < 12 weeks
Cremeaux2014 2278 1.97 9 2001 202 10 5 6% 2.77 (0.97. 4.57] 5
Jaureguizar2019 2278 575 57 2247 571 53 39% 0.31 (183 245) ;7
Keteyian2014 26 s9 15 235 a6 13 1.2%  2.50 [-1.39.6.39) 1T
KImM2015 3561 7.71 14 2569 865 1a 0.5% 9.92(3.85.1599] -
Koldobika 2016 24 a8 38 228 65 36 26% 1.20F1 44 384] 1
Moholat2009 322 7 28 295 6.7 = 1.5% 270 (0.81.621]) =
Rognmo2004 378 124 8 3a8 57 ©0.29% 3.00 [-6.36. 12 36]) “<Ex
Subtotal (95% CH 7 166 15.a% 2.08 [1.00. 3.163 .
Heterogeneity Chi"= 10.23, df=6 (P = 0.12). "= 41%
Test for overall effect Z= 3.78 (P = 0.0002)
1.2.2 intervention time > 12 weeoks
Beneti2010 s 39 29 37.1 3.9 29 4 2% 4.50 [2.49.6.51] =
Cardozo2015 244 s 23 219 s 2= 1.8% 2.50 F0.65.565] =
Conraads2014 286 69 8s 268 6.7 s9 4.4% 1.80(0.22.382) =
Currie201 245 a5 11 223 ©.1 11 0.9%  2.20228.6683] " 2
Katharine D2014 26.4 52 8 232 7.4 10 06% 3.20F251.891] 1 ey
Lee2019 215 a5 17 185 S5 14 1.4% 200159559 S =
leigu2020 202 sSa 29 ATD 68X 26 219%  2.90 -0.05.585) =
luanchunhong2018 2076 a1e 41 1765 405 a1 56% 3.11 (1.33. 489 e
xiachuaju2018 216 42 25 185 a1 2s 3 4% 3.10 [0.80. 5 40} o
ximosongzhang2022 2169 095 22 18.7 1.1 21 47 3% 2.99 [2.37. 3.61] -
yanwang2010 249 25 22 238 23 27 9.79% 1.10 [-0.26. 2.486]) r
zZhenzhengao2015 207 4 22 176 a 21 3 1% 3.10 [0.68. 552] =
Subtotal (95% CH 329 338 sBa.6% 277 (2-31. 323 d
Heterogeneity: Chi"= 10.62. df= 11 (P = 0. 48). "= 0%
Testfor overall effect Z= 11.80 (P < 0.00001)
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FIGURE 10
(A) Subgroup analysis of peak VO,. (B) Subgroup analysis of RER. (C) Subgroup analysis of PHR.

cardiopulmonary function were very limited (only peak VO5). Potential mechanism
On the contrary, our study screened all qualified literature

from the establishment of the relevant databases to April The underlying mechanism of high-intensity exercise
2022, and 19 RCTs were selected. We also analyzed more improving peak VO, in patients with CAD may be related
indicators related to cardiopulmonary function (peak VO, to the fact that high-intensity exercise can stimulate muscle
AT, LVEE, ED, RER, RHR, PHR, and O, pulse). Hence, our vascularization, improve blood circulation, and enhance blood
study provided more robust and comprehensive evidence for oxygen-carrying capacity (45); In addition, studies (46) have
evaluating the effect of moderate and high exercise intensity on shown that higher intensity exercise can stimulate the pumping
cardiopulmonary function. capacity of the heart to a greater extent, increase blood flow,
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(A) Subgroup analysis of ED. (B) Subgroup analysis of RHR.
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increase endothelial shear stress, activate endothelial nitric
oxide synthase, and increase antioxidant status. Thus, nitric
oxide synthesis is improved and its bioavailability is increased,
which consequently improves the vascular endothelial function
(47-49). High-intensity exercise can also increase oxisome
proliferator-activated receptor y coactivator la (a regulator of
mitochondrial biogenesis) to improve mitochondrial function
and enhance rapid adaptation and metabolic capacity in skeletal
muscles (50). Therefore, high-intensity exercise is more effective
in increasing Peak VO; than moderate-intensity exercise
training. LVEF is a major indicator of the pumping capacity of
the heart. An elevated LVEF level indicates improved cardiac
function. The mechanism of which exercise intensity improves
LVEF is not clear, but it may be related to the ability of higher
intensity exercise reduces left ventricular end-diastolic volume

Frontiers in Cardiovascular Medicine

(EDV) and left ventricular end-systolic volume (ESV), improves
ventricular remodeling and myocardial contractility. The PHR
improvement in the high-intensity exercise group is better than
that in the moderate-intensity exercise group, which can be
attribute to the fact that higher exercise intensity can increase
stroke volume, enhance myocardial contractility, increase the
ejection fraction during extreme exercise, and improve exercise
tolerance (51). ED is the duration of exercise from the
beginning to the end of the evaluation in the Cardiopulmonary
Exercise Test (CPET). The overall analysis showed that high-
intensity exercise prolongs ED better than moderate-intensity
exercise. However, our subgroup analysis results shows that
when >12 weeks, the duration of high-intensity continuous
exercise is longer than that of moderate-intensity. This implies
that high-intensity exercise results in a better improvement
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Funnel chart of publication bias.

in the exercise endurance of patients over time. Since PHR
is affected by multiple factors such as age, gender, body size,
muscle volume, daily activity level and exercise type (52), their
specific mechanisms need to be further explored through more
detailed and high-quality clinical trials. High-intensity exercise
training is beneficial to anaerobic glycolysis and increases the
lactic acid content in the blood. Lactate is converted back to
glucose in the liver, thus AT is related to the gluconeogenic
capacity of the liver. An experimental study in animal has shown
that high-intensity exercise training can enhance the hepatic
gluconeogenesis of lactate and increase the lactate threshold
(53). However, this study shows that there is no significant
difference in the effect of exercise intensity on AT, which may be
due to the difference in lactic acid metabolism of human bodies.
In addition, the concept of AT is still controversial, and the
calculation methods, equipment used and detection personnel
under various concepts will also have a significant impact on
the results (54). RER expresses the relationship between carbon
dioxide produced (CO3) and oxygen consumed (O2) which can
be used to determine the rate of lipid oxidation (55). Studies
showed that a reduction in the levels of RER levels after high-
intensity exercise compared to moderate-intensity exercise (56,
57). However, our study did not find differences in the effect
of exercise intensity on RER, which may be due to the lack of
consideration for the effect of related gene expression on RER.

Frontiers in Cardiovascular Medicine

Furthermore, some studies found that differences in exercise
performance and muscle metabolic activity are associated with
ACTN3 gene polymorphisms (58-60). RER decreases in subjects
with only X allele after high-intensity exercise training, while
there is no significant change in RER in RR homozygous subjects
(61). High-intensity exercise has an advantage over moderate-
intensity exercise in reducing RHR (62). And our study found
that when the intervention time is <12 weeks, the RHR of high-
intensity is slower than that of moderate-intensity, but there is
no difference in intensity between the two exercises when it is
>12 weeks. This may be attribute to the fact that high-intensity
exercise is better at slowing PHR for a short period of time, but
when patients keep exercising for longer time, the advantage of

high-intensity exercise disappears.

Limitations

Due to time and funding constraints, most of the current
studies only observed the impact of exercise training on
cardiopulmonary function indicators in patients. But there are
few reports regarding long-term follow-up and clinical endpoint
events as the salient endpoint indicators, which offers us a
direction worthy of in-depth research in the future; The 19

studies adopted different exercise programs, and there are
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TABLE 3 Grading of Recommendations Assessment, Development, and Evaluation (GRADE) assessment.

Quality assessment No of patients Effect Quality Importance
No.of  Design Risk of Inconsistency Indirectness Imprecision Other High- Control  Relative  Absolute
studies bias considerations intensity (95% CI)
VS.
moderate-
intensity
Peak oxygen uptake (better indicated by lower values)
19 Randomized  Serious® No serious No serious No serious None® 496 486 - MD 2.67 o0 Critical
trials inconsistency indirectness imprecision higher
(2.24-3.09
higher)
Moderate
Anaerobic threshold (better indicated by lower values)
5 Randomized  Serious® No serious No serious No serious None 133 113 - MD 0.49 CISICI@) Critical
trials inconsistency indirectness imprecision higher (0.12
lower to 1.1
higher)
Moderate
Left ventricular ejection fraction (better indicated by lower values)
7 Randomized  Serious® No serious No serious No serious None 169 174 - MD 3.7 ® o0 Important
trials inconsistency indirectness imprecision higher (2.28
to 5.11
higher)
Moderate
Exercises duration (better indicated by lower values)
7 Randomized  Serious® Serious® No serious No serious None 218 216 - MD 37.51 DD Important
trials indirectness imprecision higher (34.02
to 41 higher)
Low
(Continued)
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TABLE 3 (Continued)

Quality assessment No of patients Effect Quality Importance
No.of  Design Risk of Inconsistency Indirectness Imprecision Other High- Control  Relative  Absolute
studies bias considerations intensity (95% CI)
VS.
moderate-
intensity
RER (better indicated by lower values)
10 Randomized  Serious® No serious No serious No serious None 291 294 - MD 0 higher @& ® @O Important
trials inconsistency indirectness imprecision (0.01 lower to
0.02 higher)
Moderate
Resting heart rate (better indicated by lower values)
10 Randomized  Serious® Serious? No serious No serious None 243 251 - MD 1.21 DD Important
trials indirectness imprecision higher (0.28
lower to 2.71
higher)
Low
Peak heart rate (better indicated by lower values)
12 Randomized  Serious® Serious® No serious No serious None 320 326 - MD 6.86 X 100) Important
trials indirectness imprecision higher (4.49
t09.24
higher)
Low
Oxygen pulse (better indicated by lower values)
4 Randomized  Serious® Serious’ No serious No serious None 145 153 - MD 0.97 DD Important
trials indirectness imprecision higher (0.34
to 1.6 higher)
Low

“The included studies were biased in terms of allocation concealment and blinding.

bThe results of the included studies were highly consistent.
“The results of the two studies were inconsistent.
The results of the two studies were inconsistent.
¢The results of the one studies were inconsistent.
/The results of the one studies were inconsistent.

The @ symbol indicates the level of evidence quality. © @ @@ indicates the high level of evidence quality. @ @ @ indicates the moderate level of evidence quality. ®@ indicates the low level of evidence quality. @ indicates the very low level of evidence

quality.
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differences in race, gender and age among the subjects. In
addition, exercise time (morning/ afternoon/ evening) and the
total calorie consumption during exercise was not uniform,
which may be responsible for the bias in our study. And there
were large differences in the quality of the literature and the
sample size of each study.

Future directions

Due to the limitation of the sample size of the included
studies, for patients with severe disease or patients with multi-
vessel coronary artery disease, whether it is possible to continue
to recommend high-intensity exercise programs is an interesting
direction for future research. With the extension of exercise
time, there are special changes in cardiopulmonary function
indicators, which also provides an interesting direction for
the design of future research duration. Given the limitations
mentioned above, further high-quality studies are still needed to
provide more reliable and higher-level evidence-based evidence
on this subject matter in the future.

Conclusion

Compared with moderate-intensity exercise training, high-
intensity exercise training is more effective in improving peak
VO,, LVEE, ED, PHR and, O, pulse in patients with CAD.
Nonetheless, there is no statistical difference in the effects of
the two exercise intensities on AT, RER, and RHR. Among
them, high-intensity exercise did not show an advantage in
prolonging ED until intervention time reached 12 weeks. Also,
high-intensity exercise is better at slowing RHR within 12 weeks,
but this advantage disappeared with increased exercise duration.
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Background: The prevalence of Cognitive impairment (Cl) is high in patients
with heart failure (HF). It leads to poor prognosis, such as self-care, hospital
readmission and increased mortality. However, such information among
Chinese population is unclear.

Objective: The purpose of this study was to examine the prevalence of Cl
in Chinese patients with HF, and explore its correlation with biomarkers and
clinical factors to better manage HF patients with ClI.

Methods: This study is a cross-sectional study of 200 hospitalized HF patients
in China. The cognitive function of HF patients was assessed by the Montreal
Cognitive Assessment (MoCA) and the Mini-Mental State Examination (MMSE).

Results: The majority are male (62.5%, n = 125), have primary school and
below level of education (57.5%, n = 115), NYHA Il and above (62%, n = 124).
They have an average MoCA score of 15.10 £+ 8.18, MMSE score of 19.55 + 8.23.
Age, NYHA class, and atrial fibrillation were independently associated with CI
(p < 0.05). There was a significant association between Cl and the 4th quartile
of TNT (p = 0.013), and the 3rd and 4th quartile of NT-proBNP (p = 0.015,
p = 0.038).

Conclusions: The prevalence of undiagnosed Cl in Chinese HF patients is
high (81%). HF patients with high levels of TNT or NT-proBNP or both values
may be at risk of developing Cl. Therefore, we suggest that HF patients with
older age, atrial fibrillation, NYHA class Il and Ill, as well as elevated TNT or
NT-proBNP or both values to be followed up with a formal evaluation for
Cl. Nurses need to provide targeted health education program for cognitively
impaired HF population to improve their self-care ability and nursing outcome.

heart failure, cognitive impairment, Chinese, nursing, prevalence

Introduction

Chronic heart failure (HF) is a syndrome resulting from multiple, long-standing
cardiovascular abnormalities, such as coronary artery disease or hypertension (1). HF
is increasing in prevalence and is a public health problem in the world. Currently, the
overall prevalence of HF is 1.3-6.7% in Asian population (2). The China Hypertension
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Survey (CHS) of 22,158 participants from 2012 to 2015 reported
the prevalence of HF was 1.3% (3). There is increasing evidence
reported that HF is associated with cognitive impairment (CI)
independently (4). CI is highly prevalent in Asian HF patients
(44%) (5), but such information in Chinese population is
scant. Additionally, CI is closely associated with poor prognosis,
such as self-care, hospital readmission and increased mortality
(6, 7). The 2016 European Society of Cardiology guidelines
focused on self-management of HF patients with CI (8). To
better understand self-management of cognitively impaired HF
patients, this study examined the prevalence of CI in Chinese
HF population and explored its correlation with biomarkers and
clinical factors.

Materials and methods

Study design and participants

We performed a cross-sectional study of hospitalized HF
patients at Linyi People Hospital, Shandong Province, China.
We recruited 200 inpatients aged 18 years old. Patients were
deemed ineligible if they had significant language or physical
impairment impeding their abilities in cognitive tests (e.g.,
aphasia, hearing and vision impairment, severe hemiplegia,
etc.). Patients who had clinically significant psychiatric disorders
(e.g., anxiety, depression) hyperthyroidism, hypothyroidism,
substance abuse (e.g., alcoholism, drug abuse) were also
excluded. This study was approved by the Shandong First
Medical University (Shandong Academy of Medical Sciences)
Human Research Ethic Review Committee. All participants
provided written informed consents.

Demographic and clinical factors

As part of a research, demographic and clinical factors
collected by the researchers, including age, sex, race, New
York Heart Association (NYHA) class, troponin T (TNT),
N-terminal pro-B-type natriuretic peptide (NT-proBNP),
(LVEE determined by
echocardiogram performed within the past 6 months), Heart
Failure with Reduced Ejection Fraction (HFrEF), Heart Failure
with Preserved Ejection Fraction (HFpEF), medical history of

left ventricular ejection fraction

vascular diseases [hypertension, coronary artery disease (CAD),
diabetes mellitus (DM), stroke, atrial fibrillation (AF), Chronic
kidney diseases (CKD)], other risk factors such as smoking and
alcohol consumption.

Cognitive function

Cognitive function was assessed with the Montreal Cognitive
Assessment (MoCA) and the Mini-Mental State Examination
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(MMSE). To correct for education effects, 1 point was added
for participants with 12 years of education or less on their total
MoCA score (9). Scores on both cognitive tools range from 0
to 30 points, with a lower score reflecting greater CI. A recent
study in the Asian HF population suggests a cut-off of <25 on
the MoCA or <28 on the MMSE for CI (4). Hence, in this
study, CI was defined by either MoCA <25 or MMSE<28, or
both MoCA <25 and MMSE<28. The MMSE and MoCA were
administered by a trained research personnel.

Statistical analysis

SPSS22.0 software was used for statistical analysis. To
examine the population characteristics of the study, we
calculated proportions for categorical variables, means and
standard deviations for continuous variables. We compared
the characteristics of patients with and without CI, using the
independent ¢-tests for continuous variables and the chi-square
tests for categorical variables. After adjusted for age, gender,
NYHA class, AF, prior stroke, and DM, binary logistic regression
was used to analyzed the correlation between CI and other
variables. Pearson correlation analysis was used to examine the
correlation between MoCA, MMSE and other variables. For
NT-proBNP and TNT, quartile measures were used to form
4 groups. The lowest quartile was used as a reference group.
Logistic regression analysis was used to analyze the association
between CI and NT-proBNP, TNT, other variables.

Results

Demographic description

Participants had an average age of 76.11 & 13.38 years.
The majority were male (62.5%, n = 125), primary school and
below (57.5%, n 115), NYHA III and above (62%, n
124). Cardiovascular risk factors included largely CAD (55%,
n = 100), followed by smoking (40.5%, n = 81), hypertension
(38.5%, n=77), AF (33.5%, n = 67), alcohol consumption (31%,
n = 62), DM (29.5%, n = 59), prior stroke (15%, n = 30), and
CKD (12.5%, n = 25). These participants had an average of
2.55 %+ 1.21 total cardiovascular risk factors. Our HF population
had an average LVEF of 42.36 & 11.09, TNT of 0.09 + 0.20, NT-
proBNP of 4083.57 + 5663.43. Patients had an average MoCA
score of 15.10 & 8.18, MMSE score of 19.55 4 8.23. As shown
in Table 1, compared with patients without CI, those with CI
were older (71.14 £ 10.12 vs. 49.95 & 11.95 years, p < 0.001),
had higher proportion of female (42.7 vs. 10.5%, p < 0.001), less
educated (<12 years of education: 29.6 vs. 97.4%, p < 0.001).
They also had approximately twice higher rates of AF (37.7 vs.
15.8%, p < 0.05) and levels of NT-proBNP (4518.93 £ 6107.31
vs. 2227.54 £ 2416.37, p < 0.001).
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TABLE 1 Study sample characteristics.
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Variables Whole sample No CI CI p-value
(N =200) (N=38) (N=162)
Age (years) 76.11 £ 13.38 49.95 £11.95 71.14 +10.12 =<0.001
Sex
Male 125(62.5%) 34(89.5%) 114(70.4%) <0.001
Female 75(37.5%) 4(10.5%) 48(29.6%)
Education
Primary school and below 115(57.5%) 1(2.6%) 39(24.1%) <0.001
Secondary school and above 85(42.5%) 37(97.4%) 26(16.0%)
NYHA class
NYHA I 12(6%) 3(7.9%) 9(5.6%)
NYHA II 64(32%) 13(34.2%) 51(31.5%) 0.719
NYHA III 64(32%) 15(39.5%) 49(30.2%) 0.907
NYHA IV 60(30%) 7(18.4%) 53(32.7%) 0.254
Cardiovascular risk factors
Hypertension 77(38.5%) 14(36.8%) 63(38.9%) 0.745
CAD 110(55%) 17(44.7%) 93(57.4%) 0.505
DM 59(29.5%) 10(26.3%) 49(30.2%) 0.802
Prior stroke 30(15%) 6(15.8%) 24(14.8%) 0.757
CKD 25(12.5%) 4(10.5%) 21(13.0%) 0.404
AF 67(33.5%) 6(15.8%) 61(37.7%) <0.05
Smoking 81(40.5%) 21(55.3%) 60(37.0%) 0.200
Alcohol consumption 62(31%) 17(44.7%) 45(27.8%) 0.126
Total cardiovascular risk factors 2.55+1.21 2.50 +1.18 2.56 +1.22 0.778
LVEF(%) 42.36 £11.09 42.26 £+ 9.69 4241 £11.39 0.298
HFrEF (EF<40%) 104 (52%) 19 (9.5%) 85 (42.5%) 0.787
HFpEF (EF>50%) 59 (29.5%) 9 (4.5%) 50 (25%) 0.373
TNT 0.09 £ 0.20 0.19 £ 0.39 0.07 £0.11 0.479
NT-proBNP 4083.57 £ 5663.43 2227.54 £ 2416.37 4518.93 £+ 6107.31 =<0.001
MMSE 19.55 £8.23 28.50 £ 0.65 17.45+7.77 =<0.001
MoCA 15.10 £8.18 26.63 £ 1.05 12.39 £+ 6.60 <0.001

Values are expressed as mean =+ standard deviation, or n (%).

CI, cognitive impairment; NYHA, New York Heart Association; CAD, coronary artery disease; DM, diabetes mellitus; CKD, chronic kidney disease; AF, atrial fibrillation; LVEF, left
ventricular ejection fraction; TnT, troponin T; NT-proBNP, N-terminal pro-brain natriuretic peptide; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment.

The bold values indicate p < 0.05.

Prevalence of cognitive impairment

The prevalence of CI was 81% based on MoCA <25, or
MMSE <28, or a combination of both in our HF patients. 80%
of patients had MoCA scores<25, 74.5% had MMSE scores<28,
6.5% of patients had normal MMSE score (i.e., >28) but failed
MOoCA test (i.e., <25), 1% of patients who had normal MoCA
score (i.e., >25) but failed MMSE test (i.e., <28).

Factors association with cognition

Multiple regressions showed that age, educational level,
NYHA class II and III, history of stroke, CKD, AF and LVEF
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were independently associated with MMSE and MoCA scores
(p < 0.05). Logistic regression showed that age, education level,
NYHA class, AF and alcohol consumption were independently
associated with CI (p < 0.05), as shown in Table 2. Regarding
cardiac biomarkers, the association between CI and TNT was
not significant, while the association between CI and 3rd and 4th
quartile of NT-proBNP was significant (p = 0.027, p = 0.017),
as shown in Table 3. Controlling covariates, i.e., age, gender,
NYHA class II and III, AFE, prior stroke and DM, there was
significant association between the 4th quartile of TNT and CI
(OR = 0.06, p = 0.013), and TNT was negatively correlated
with CL Similarly, there was a statistically significant association
between CI and the 3rd and 4th quartile of NT-proBNP after
adjustment (p = 0.015, p = 0.038).
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TABLE 2 Association between MMSE, MoCA and Cl.

10.3389/fcvm.2022.978432

Variables Correlation with MMSE Correlation with MoCA CI

B p-value B p-value OR(95%CI) p-value
Age(years) —0.194 <0.001 —0.193 <0.001 1.151(1.054-1.258) <0.05
Sex
Male
Female —0.511 <0.001 —0.147 <0.001 2.065(0.134-31.79)3) 0.603
Education
Primary school and below
Secondary school and above 0.675 <0.001 0.758 <0.001 0.011(0.002-0.085) <0.001
NYHA class
NYHAI
NYHAII 4.225 <0.05 4.035 <0.05 0.026(0.001-0.940) <0.05
NYHA III 4.090 <0.05 4.928 <0.05 0.012(0.000-0.974) <0.05
NYHA IV 5.436 <0.05 5.622 <0.001 0.170(0.002-11.589) 0.411
Risk factors
Hypertension 0.096 0.907 —0.168 0.808 1.257(0.229-6.908) 0.792
CAD 1.222 0.177 1.086 0.157 0.478(0.057-4.037) 0.498
DM 0.577 0.535 0.160 0.839 0.538(0.071-4.078) 0.548
Prior stroke —3.170 <0.05 —2.447 <0.05 0.325(0.033-3.203) 0.335
CKD 3.415 <0.05 2.986 <0.05 0.095(0.003-2.824) 0.174
AF —2.703 <0.001 —1.435 <0.05 13.582(1.249-147.663) <0.05
Smoking —0.260 0.827 —0.813 0.419 3.526(0.393-31.670) 0.261
Alcohol consumption —0.147 0.900 0.786 0.427 0.070(0.008-0.604) <0.05
Total cardiovascular risk factors —0.217 0.797 —0.217 0.521 1.043(0.778-1.399) 0.777
LVEF(%) 0.113 <0.05 0.083 <0.05 1.006(0.910-1.111) 0.909
HFrEF (EF<40%) —0.123 0.082 —0.102 0.152 2.810(0.838-9.422) 0.094
HFpEF (EF>50%) 0.027 0.705 0.003 0.967 3.428(0.890-13.200) 0.073

CI, cognitive impairment; NYHA, New York Heart Association; CAD, coronary artery disease; DM, diabetes mellitus; CKD, chronic kidney disease; AF, atrial fibrillation; LVEE, left
ventricular ejection fraction; TnT, troponin T; NT-proBNP, N-terminal pro-brain natriuretic peptide; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment.

The bold values indicate p < 0.05.

Cognitive subtests performance

As shown in Table 4. Compared with patients without CI, a
higher proportion of patients with CI did not achieve full scores
in 4 domain subtests, i.e., naming (80.0 vs. 2.5%), attention
(81.9 vs. 0%), abstraction (81.3 vs. 5.0%) and orientation
(74.4 vs. 2.5%) on the MoCA. By comparison, they did not
achieve full scores in 2 domain subtests, i.e., orientation (84.6
vs. 2.5%), attention and calculation (74.4 vs. 2.5%) on the
MMSE. There were more patients passed MMSE vyet failed
MoCA than those failed MMSE yet passes MoCA (13 vs. 2,
shown in Table 5). We further compared average scores of the
domain subtests in these 2 groups. MMSE had no domian
subtests that could differentiate these 2 groups, while MoCA
had 2 domain subtests (Visuospatital and executive function,
Abstraction) differentiated these 2 groups. Overall, MoCA had
more domain subtests than the MMSE in differentiating those
with and without CI. Additionally, there were more patients
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passed MMSE yet failed MoCA than those passed MoCA yet
failed MMSE.

Discussion

In this pilot study, the prevalence of undiagnosed CI based
on cognitive screening tests in Chinese HF patients was high
(81%), which may be due to the following reasons. First,
optimal cut-points of MMSE <28 and MoCA <25 in our
study were based on recently published HF population specific
cut-off points (5, 10), rather than previous studies that used
cut-off points validated for psychiatric inpatients (MMSE<24)
(11) or those with mild CI (MoCA<26) (9). Second, age was
significantly related to CI, our HF patients were much older than
previous studies (e.g., ~20 years older than the sample in Dong
et al. (58.7 & 10.5 years old) (5) and Vellone et al. (66.9 & 11.7
years old) (12).
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TABLE 3 Association between cardiac markers (quartiles) and CI.

CI(N=38) No CI(N = 162) p-value
NT-proBNP
1st quartile 590.949 + 255.610 506.760 £ 217.010 0.243
2nd quartile 1674.400 + 441.432 1464.091 + 393.457 0.229
3rd quartile 3508.558 £ 770.628 2962.000 £ 303.457 0.01
4th quartile 11216.818 + 8475.586 7194.667 £ 1501.370 0.007
TNT
Ist quartile 0.017 + 0.006 0.016 4 0.006 0.724
2nd quartile 0.031 £ 0.005 0.032 + 0.004 0.655
3rd quartile 0.049 £ 0.007 0.045 + 0.005 0.051
4th quartile 0.191 £ 0.160 0.620 + 0.571 0.042

10.3389/fcvm.2022.978432

CI (before adjustment) CI (after adjustment*)

OR (95%CI) p-value OR (95%CI) p-value

1 0.057 1 0.062
1.672(0.650-4.299) 0.286 2.387(0.454-12.563) 0.304
3.559(1.154-10.978) 0.027 24.211(1.846-317.480) 0.015
4.159(1.284-13.467) 0.017 13.175(1.158-149.887) 0.038

1 0.293 1 0.105
0.643(0.206-2.006) 0.447 0.343(0.050-2.336) 0.274
0.451(0.159-1.277) 0.134 0.438(0.071-2.713) 0.375
0.356(0.110-1.148) 0.084 0.060(0.006-0.557) 0.013

CI, cognitive impairment; TnT, troponin T; NT-proBNP, N-terminal pro-brain natriuretic peptide.

For NT-proBNP and TNT, quartile measures were used to form 4 groups.

*Adjusted for age, gender, NYHA class, AF, prior stroke, and DM. The bold values indicate p < 0.05.

TNT and NT-proBNP were early biomarker of cardiac
dysfunction (13). Our study has shown that TNT and
NT-proBNP were significantly associated with CI, consistent
with previous studies by Dong et al. (5), Hilal et al. (14), and
Gunstad et al. (15). Pokharel et al. (16) indicated that elevated
TNT values were more common in older than in younger
patients. Our findings on TNT is consistent with a previous
study by Hilal et al. (14). The age of our patients with CI
were older and comparable to the sample in the study by Hilal
et al. (14) (71.14 £ 10.12 vs. 70.20 %+ 9.60 years old). Our
sample consisted of HF patients only, different from the study
sample from Hilal et al. (14) which consisted of community and
memory clinic older adults with few HF patients. Furthermore,
our finding shows that TNT value is significantly associated with
CI at its fourth quartile (Table 3), although it has a statistically
non-significant and lower value in those with CI (Table 1). By
comparison, NT-proBNP value is significantly associated with
CI at its third and fourth quartile, showing lower threshold.
This suggests that NT-proBNP might be a more sensitive cardiac
biomarker than TNT in HF population.

The possible mechanisms of NT-proBNP associating with
CI are as follows. First, the left ventricular dysfunction and
ischemic heart disease not only release these biomarkers
(NT-proBNP) but also activates several other inflammatory
markers leading to ischemic damage in regions selective to
cognitive function (17). Second, high levels of NT-proBNP
are associated with endothelial dysfunction, possibly linked
to cognitive function (18). Third, the association between
NT-proBNP and cognitive dysfunction could be due to
subclinical cardiovascular disease (i.e., early atherosclerosis)
(19). Fourth, higher level of NT-proBNP is also linked to
AF (20) which in turn is associated with reduced cognitive
function (17).
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Our results indicated that AF was associated independently
with CI, which was consistent with the conclusion of Kalantarian
et al. (21). Beyond clinically recognized shared risk factors
(aging and cardiac function), one of the leading potential
mechanisms was the occurrence of silent cerebral infarcts (22).
AF was associated with a more than two-fold increase in
the risk of developing silent cerebral infarcts (23). Although
silent infarcts were not associated with clinically apparent acute
neurologic deficits, there was a significant association between
silent infarcts and the development of cognitive decline and
dementia (24). The other possible mechanism was that AF and
CI share a common link with regards to protein misfolding and
amyloidgenesis (25). Misfolded atrial natriuretic peptide may
lead to the formation and deposition of atrial amyloid fibers
in elderly patients with AF. 8-Amyloid protein and tau protein
forming cerebral plaques which exert cytotoxic effects leading
to cerebral atrophy, consequently cognitive decline (26, 27).
Studies suggested that the occurrence of Alzheimer’s disease was
related to hypoperfusion, inflammation, oxidative stress, and
endothelial dysfunction, and those factors resulting in an atrial
cardiomyopathy which in turn, leads to AF (27).

The cognitive deficits of HF patients were shown in several
subtests, especially in domains of orientation, short-term
memory, attention, concentration and working memory,
language (e.g., (e.g.
abstraction). The domain subtests in the MoCA seems to be
better than the MMSE in differentiating HF patients with
and without CI. Cognitive deficits interfere with patients’

naming), and executive functions

self-care abilities, such as recognizing worsening symptoms,
adhering to complex medication regimens, dietary restrictions
and numerous lifestyle modifications. CI may contribute to
suboptimal self-care in several ways. Several studies have
suggested that deficits in memory, attention, and executive
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TABLE 4 Comparisons of Proportions of MoCA and MMSE domain
subtest below full scores.

CI(%) NoCI(%) p

MMSE domain subtests 2

Orientation (10) * 84.60 3.00 <0.001
Registration (3) 30.60 0.00 <0.001
Attention and calculation (5) * 74.40 3.00 <0.001
Recall (3) 99.00 73.00 <0.001
Language and praxis (9) 98.70 60.00 <0.001
MoCA domain subtests °

Visuospatial and executive function (5) 84.60 60.00 <0.001
Naming (3) * 80.00 2.50 <0.001
Attention (6) * 81.90 0.00 <0.001
Language (3) 98.80 85.00 <0.001
Abstraction (2) * 81.30 5.00 <0.001
Delayed recall (5) 96.90 95.00 <0.001
Orientation (6) * 74.40 2.50 <0.001

*MMSE domain subtest full score/details: Orientation (10)—Orientation to place and
time; Registration (3)—Repeat 3 words; Attention and Calculation (5)—Serial 7s;
Recall (3)—Recall a list of 3 words; Language and praxis (9)—Sentence repetition,
comprehension, reading, writing, copy intersecting pentagons.

YMoCA domain subtest full score/details: Visuospatial and executive function (5)—Trail
B test, Cube copy, Clock drawing; Naming (3)—Confrontation naming (lion, rhinoceros,
camel). Attention (6)—Digit span, Vigilance (tapping at the number 1 in a list of
numbers), Serials 7s; Language (3)—Sentence repetition, verbal fluency; Abstraction
(2)—Similarities between 2 items; Delayed recall (5)—Recall a list of 5 words; Orientation
(6)—Date, month, year, day, place, city.

*The proportion of subtests below full scores of CI differs from the proportion of subtests
below full scores of no CI by more than 50%.

functioning were associated with difficulties adhering to
recommendations, because of forgetfulness and poor learning
ability (28, 29). Executive functioning affected the ability of
HF patients to adapt to treatment and lifestyle regimens, by
affecting learning and recall efficiency (30). Decline in language
function led to poor understanding of medical instructions
and contributes to worse adherence, while poor memory and
attention have an adverse impact on daily tasks such as attending
appointments, adhering to medication and weighing. Therefore,
we should identify HF patients with CI early through routine
cognitive screening, so as to develop individualized health
education according to their cognitive problems. For example,
based on the characteristic deficits on MoCA and MMSE, health
education for our HF patients should be simpler and easy to
understand, kept at a shorter duration, delivered with frequent
repetition to strengthen the recall, etc. If necessary, upon
discharge from hospital, closer follow-up and ongoing nursing
management should be carried out for HF patients with CI, in
order to improve their self-care and prognosis. In the future, we
can also carry out health education for HF population with CI
through home- or community-based care services and remote
monitoring by medical professionals (Wechat, apps and so on),
so as to prevent the increase of mortality and readmission rate.
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TABLE 5 Comparisons of the average MoCA and MMSE domain
subtest scores.

¢ MMSE>28 MMSE<28 P

&MoCA <25 &MoCA>25

(n=13) (n=2)

MMSE domain subtest 2
Orientation (10) 9.92 £0.28 9.50 £ 0.71 0.116
Registration (3) 3.00 + 0.00 3.00 + 0.00 e
Attention and 492 +0.28 4.50 £0.71 0.116
calculation (5)
Recall (3) 2.15+0.69 1.50 £0.71 0.234
Language and praxis (9) 8.154+0.38 8.50+0.71 0.287
MoCA domain subtest
Visuospatial and 1.77 £1.59 4.50£0.71 <0.05
executive function (5) *
Naming (3) 1.92 4+ 0.95 3.00 £ 0.00 0.146
Attention (6) 5.61 +0.77 6.00 £ 0.00 0.505
Language (3) 1.77 £ 0.73 2.00 £ 0.00 0.670
Abstraction (2) * 1.61 +0.51 2.00 £ 0.00 <0.05
Delayed recall (5) 1.38 £ 0.96 2.50 +£0.71 0.144
Orientation (6) 592+ 0.28 5.50 £0.71 0.116

2MMSE domain subtest full score/details: Orientation (10)—Orientation to place and
time; Registration (3)—Repeat 3 words; Attention and Calculation (5)—Serial 7s;
Recall (3)—Recall a list of 3 words; Language and praxis (9)—Sentence repetition,
comprehension, reading, writing, copy intersecting pentagons.

>MoCA domain subtest full score/details: Visuospatial and executive function (5)—Trail
B test, Cube copy, Clock drawing; Naming (3)—Confrontation naming (lion, rhinoceros,
camel). Attention (6)—Digit span, Vigilance (tapping at the number 1 in a list of
numbers), Serials 7s; Language (3)—Sentence repetition, verbal fluency; Abstraction
(2)—Similarities between 2 items; Delayed recall (5)—Recall a list of 5 words; Orientation
(6)—Date, month, year, day, place, city.

*Not calculate.

**p < 0.05. The bold values indicate p < 0.05.

Several limitations require acknowledgment. Firstly, small
sample size and single study site limit the generalizability of our
findings. Larger and multicenter studies are needed to establish
the prevalence of CI in Chinese HF patients. Secondly, this study
did not conduct a formal neuropsychological assessment to
determine CI due to time constraint. Finally, our study showed
that alcohol consumption decreased the incidence of CI in
patients with HF, which may be related to cardiovascular benefits
of light alcohol consumption (31). However, the amount and
types of alcohol consumption were not investigated in our study.
Future study should examine the impact of alcohol consumption
on Cl in patients with HF.

In conclusion, the prevalence of undiagnosed CI in Chinese
HF patients is high. HF patients with elevated TNT or NT-
proBNP or both values may be at risk of developing CI.
Therefore, we suggest that HF patients with older age, AF, NYHA
class IT and III, as well as elevated TNT or NT-proBNP or both
values to be followed up with a formal evaluation for CI. Future
study should develop customized health education programs for
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HEF patients with CI, so as to improve their self-care ability and
nursing outcome.
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Significant cardiorespiratory coordination is required to maintain physiological
function in health and disease. Sensory neuronal “cross-talk” between the
heart and the lungs is required for synchronous regulation of normal
cardiopulmonary function and is most likely mediated by the convergence
of sensory neural pathways present in the autonomic ganglia. Using
neurotracer approaches with appropriate negative control experiments in a
mouse model, presence of cardiorespiratory neurons in the vagal (nodose)
ganglia are demonstrated. Furthermore, we found that convergent neurons
represent nearly 50% of all cardiac neurons and approximately 35% of all
respiratory neurons. The current findings demonstrate a pre-existing neuronal
substrate linking cardiorespiratory neurotransmission in the vagal ganglia,
and a potentially important link for cardiopulmonary cross-sensitization,
which may play an important role in the observed manifestations of
cardiopulmonary diseases.

autonomic nervous, vagal, neurocardiology, cardiac neurons, respiratory neurons,
cardiorespiratory neurons, convergent neurons

Introduction

The autonomic nervous system innervates all visceral organs, regulating every aspect
of their function and allowing them to operate in a coordinated fashion (1). A significant
highway for afferent and efferent communication between the brain and the visceral
organs is the vagus nerve, which carries cardiovascular and respiratory signals to
the brainstem via sensory neurons in the vagal ganglia (nodojugular-complex, NJG).
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Mechanical interactions between the heart and lungs are
well-established. Pathological processes, such as myocardial
injury that affect the heart cause autonomic remodeling
in the peripheral and central nervous system, leading to
sympathetic activation as well as parasympathetic dysfunction
(1). This autonomic remodeling results in progression of
heart failure and arrhythmias (1-3). On the other hand,
injury to the central nervous system, such as subarachnoid
hemorrhage, can affect vagal neuronal density, leading
to cardiac electrophysiological abnormalities However,
while axonal branching is known to be ubiquitous in
the brain (4), and specific cardiopulmonary preganglionic
parasympathetic neurons that coordinate cardiopulmonary
function have been identified in the nucleus ambiguous of
the brainstem (5), little attention has been given to potential
cardiac and respiratory interactions that may exist via a
shared peripheral autonomic network. Using retrograde
fluorescent labeling techniques, Tomney and colleagues
reported evidence of branching post-ganglionic sympathetic
efferent cardiopulmonary neurons in the canine sympathetic
ganglia (6). Given the tight physiological coordination
of the cardiorespiratory system and sensory innervation
of both organs via the vagal nerve, we hypothesized
that a

neurons in the vagal ganglia may also be convergent,

significant portion of cardiac and respiratory
allowing for the processing of afferent inputs from both
organs, and tested this hypothesis using several retrograde

labeling techniques.

Materials and methods

All animal experimental procedures were approved by the
University of California at Los Angeles. C57BL/6] (000664)
mice were purchased from the Jackson Laboratory. Benzyl
ether, dichloromethane, and dispase II were purchased from
Millipore Sigma. CTB-Alexa Fluor-555 was purchased from
Thermofisher Scientific (Waltham, MA, USA). Collagenase I
was obtained from Life Technology Corporation (Carlsbad,
CA, USA). RetroAAV2-Td-tomato was procured from Boston
Children’s Hospital Core (Boston, MA, USA). Retro-AAV9-
GFP was from Addgene, (Watertown, MA, USA). Fast
blue (FB) was obtained from Polyscience, (Warrington, PA,
USA).

Administration of neurotracers in the
lungs and heart

Three months old mice were anesthetized with ketamine
(100 mg/kg) and xylazine (10 mg/kg IP). Anesthetized mice
were positioned on the surgical platform. A laryngoscope
was used for direct visualization of the glottis. The trachea
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was intubated with a 20-gauge blunt catheter. For non-viral
neuro-tracer approaches, mice (n = 6) received 30 pnL of
2% FB intratracheally, following confirmation of intratracheal
catheter placement via visualization of condensation on a
hand-held mirror. After 11 days, cardiac injections of cholera
toxin B Alexa Fluor-555 (CTB, n = 6) were performed in
FB administrated mice, as previously described (7). Briefly,

1. s.c.) and buprenorphine

mice received carprofen (5 mg kg™
(0.05 mg/kg, s.c.) 1 hour before surgery. Animals were
anesthetized with isoflurane (induction at 5%, maintenance
at 1-3%, inhalation), intubated, and mechanically ventilated.
Core body temperature was maintained at 37°C. The surgical
incision site was cleaned using 10% povidone-iodine and 70%
ethanol. A left lateral thoracotomy was performed at the fourth
intercostal space and the heart was exposed, cardiac injections
of the left and right ventricles were performed with 10 pL
of 0.1% CTB. The surgical wounds were closed with 6-0
sutures. Buprenorphine (0.05 mg/kg, s.c.) was administered
daily for 2 days after surgery. Animals were sacrificed 3 days
later and bilateral NJG were dissected and collected for
imaging and fluorescence-activated cell sorting. For viral
neurotracer studies, retro-AAV2-td-tomato (1 x 10"12 vg/mL,
1 in 5 dilutions) (n = 5) was administered intratracheally
followed by cardiac retro-AAV9-GFP (1 x 10°13 vg/mL1 in
5). Three weeks
later, bilateral NJGs were isolated. In two other groups

10 dilutions) injections after 2 days (n =
of mice (n = 3 per group), only cardiac injections of
neurotracers (CTB in one group and retro-AAV2-td-tomato
in the other group) were performed. In the mice receiving
CTB, NJG, lungs, and lumbar dorsal root ganglia (DRG)
were isolated after 3 days, while in the group receiving
retro-AAV2-td-tomato only, those organs were isolated after
21 days for imaging.

Tissue clearing

Tissue clearing was performed using the iDISCO protocol
(7). Briefly, fixed lungs lobes were dehydrated with graded
methanol [20, 40, 60, and 80% methanol in H,O (vol/vol)
sequentially, each for 1 h at room temperature], washed
twice with 100% methanol for 1 hour at room temperature,
and chilled at 4°C. Lungs were then incubated in 66%
dichloromethane/33% methanol overnight, washed twice in
100% methanol for 1 h at room temperature, and chilled to
4°C. Following these steps, tissue was bleached with 5% H,0,
in methanol (vol/vol) overnight at 4°C. After bleaching, the
lungs were again rehydrated with graded methanol, in series,
followed by washes with 0.01 M PBS, and then dehydrated
again with graded methanol, in series and, incubated in 66%
dichloromethane/33% methanol for 3 h at room temperature.
Then, the lung tissue was washed using 100% dichloromethane
and stored in benzyl ether for imaging.
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NJG NJG NJG
Respiratory neurons Cardiac neurons Cardiorespiratory neurons
A (Fast blue) (CTB) (Fast blue + CTB)
Respiratory neurons Cardiac neurons Cardiorespiratory neurons
B (Retro-AAV2-td-tomato) (Retro-AAV9-GFP) (GFP + td tomato)
c
Respiratory Ca-rdlo- Cardiac
neurons respiratory | ,eurons
(n=375) LA (n=198)
(n=229)

FIGURE 1

Presence of cardiorespiratory neurons in the NJG. (A) NJGs were isolated from FB (n = 6) and CTB administered mice (n = 6), cryosectioned

(7 um slices), and imaged using confocal microscopy. Presence of respiratory, cardiac, and cardiorespiratory neurons (dual labeling of CTB and
FB) was observed in all ganglia (Bars = 20 um). Thick arrows point to cardiorespiratory neurons, arrowheads to respiratory only, and thin arrows
to cardiac only neurons. (B) NJGs were isolated from retro-AAV2-td-tomato (n = 5) and retro-AAV9-GFP (n = 5) mice. Individual slices were
imaged by confocal microscopy. Retro-AAV2-td-tomato and retro-AAV9-GFP also demonstrated evidence of neurons with dual labeling

(Bars = 20 wm). Thick arrows point to examples of convergent cardiorespiratory neurons, arrowheads to examples of respiratory only, and thin
arrows to examples of cardiac only neurons. (C) Flow cytometry data from NJG (2 separate groups of 3—4 mice) also confirmed evidence of

convergent neurons.

Confocal imaging

Whole NJG or cryo-sectioned NJG (7 pm slices) and
lumbar DRGs were fixed in 4% PFA. NJGs, lumbar DRGs,
and, cleared lung tissue were imaged using a confocal laser
scanning microscope (Zeiss, LSM 880). Individual slices were
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analyzed from non-viral tracer (CTB and FB) and viral tracer
(retro-AAV2-td-tomato and retro-AAV9-GFP) administrated
mice using Z-stack imaging with confocal microscopy. For CTB
imaging, excitation wavelength of 633 nm (filter wavelength
range of 562-642 nm) and for FB imaging, excitation wavelength
of 561 nm (laser DPSS 561-10, GFP filter wavelength range
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of 410-513 nm) was used. For GFP imaging, laser wavelength
of 549 nm (filter 491-606 nm) and for td-tomato imaging,
excitation wavelength of 561 (laser HENE633, filter range of
566-697 nm) was used. Images were processed with Zen 2
(Zeiss) software. Labeled neurons were manually quantified for
3 animals that received retrograde viral tracers and 5 animals
that received non-viral (CTB/FB) tracers.

Fluorescence-activated cell sorting
using flow cytometry in CTB/FB
labeled ganglia

NJG isolated from CTB/FB mice were digested with
collagenase I, and Dispase II at 37°C for 45 min, washed with
L-15 medium, gently triturated with glass aspiration pipettes
of decreasing diameter, and filtered with a 40 pm cell strainer.
The cell suspensions were sorted on a 5 Laser SORP Aria II
(488, 562,633, 405, and 350 nm) 4-way 4°C chilled sorter. The
670/14 635LP filter on the 562 nm laser was used to detect CTB-
555 and the 405 nm laser with the 450/50 filter set was used
for FB detection.

Statistical analysis

All values are expressed as mean =+ standard mean error
(SEM). One-way ANOVA with Tukey multiple comparison test
was used for multiple group comparisons. PRISM (GraphPad)
was used for all statistical analyses.

Results and discussion

Cardiac and respiratory neuronal labeling was observed
with both CTB/FB and retro-AAV tracers using confocal
imaging (Figures 1A,B and Supplementary Figure 1). Notably,
colocalization of CTB and FB and colocalization of retro-
AAV9-GFP and retro-AAV2-td-tomato tracers were observed
in multiple NJG neurons in all animals undergoing both
cardiac and respiratory tracer administration, demonstrating
the existence of convergent neurons. Image quantification
of neurons showed that that mice that received a non-viral
neuronal tracer (CTB/FB) exhibited two to threefold higher
neuronal labeling as compared to mice that received a retro-
AAV tracers (Table 1). This is likely due to the different
mechanisms of retrograde transport employed by these tracers.
Non-viral neurotracers, such as CTB and FB, directly bind
with host biomolecules. CTB binds with GM1 gangliosides
that are present on the surface of the plasma membranes,
whereas FB binds to nucleic acids. In the case of retrograde viral
neurotracers (retro-AAVs), at least three physiological barriers
must be crossed by the AAV to transduce host cells: (1) AAV
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TABLE 1 Quantification of cardiac, respiratory, and dual labeled
cardiorespiratory neurons on confocal imaging in the
mouse NJG complex.

Non-viral neurotracers

Respiratory Cardiac Cardiorespiratory

neurons/Ganglion neurons/Ganglion neurons/Ganglion

112£19 553 4 8* 30 & 7%%
Viral neurotracers

Respiratory Cardiac Cardiorespiratory

neurons/Ganglion neurons/Ganglion neurons/Ganglion

34+3 19 £ 30 14 £ 20

CTB/FB group: n = 5 animals; retro- AAV2-td-tomato and retro-AAV9-GFP group: n =5
animals; *P < 0.05 for comparison of cardiac to respiratory neurons using non-viral
techniques, ***P < 0.001 for comparison of cardiorespiratory neurons to respiratory
neurons. The number of cardiorespiratory compared to number of cardiac neurons was
not statistically different.

has to bind with the plasma membrane, (2) AAV internalization
has to occur via a dynamin-dependent mechanism (for AAV?2 it
has to be the endocytosed via clathrin-coated vehicles), and (3)
the virus has to enter into the nucleoplasm through the nuclear
pore and then integrate its genome into the nucleic acid (8).
Finally, the AAV virus that has successfully integrated expresses
the fluorescent protein allowing for detection (8). Therefore,
it is not surprising that retrograde viral tracers have lower
expression/labeling than non-viral tracers. Regardless of the type
of neurotracer administered, the number of labeled respiratory
neurons was approximately twofold higher than the number
of cardiac or cardiorespiratory neurons. This is likely due to
the wider distribution of FB throughout the lungs following
intratracheal administration. With both viral and non-viral
neurotracer techniques, cardiorespiratory neurons represented
a significant portion of cardiac and respiratory neurons in the
NJG complex. The presence of convergent-dual-labeled CTB/FB
neurons was also confirmed by flow cytometry. Flow cytometry
detected 185 £ 17 labeled respiratory neurons, 99 £ 11 labeled
cardiac neurons and 114 £ 59 dual-labeled cardiorespiratory
neurons present in per nodose ganglion. Similar to results
obtained from imaging techniques, the number of respiratory
neurons was 1.8 times greater than cardiac neurons on flow
cytometry analysis (Figure 1C, raw data in Supplementary
Figure 1).

To ensure that the labeling of convergent neurons was
not due to leakage of dye from the heart into the lungs
or systemic circulation, analysis of the NJGs, lumbar DRGs
(ganglia that are not associated with cardiac innervation)
and cleared lung tissue was performed in mice injected with
only cardiac CTB and retro-AAV. The results revealed that
in all mice, labeled NJG neurons were observed, while no
labeling (Figures 2A,B) of nerves or neurons was seen in
the cleared lung tissue or the lumbar DRGs, suggesting that
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NJG Lumbar DRG Lung Lobe
(CTB) (CTB) (CTB)
A . . .
Lumbar DRG Lung Lobe
(Retro-AAVZ-td-tomato) (Retro-AAV2-td-tomato) (Retro-AAV2-td-tomato)
B . . .
FIGURE 2

Absence of neuronal labeling in lumbar DRGs and the lungs following cardiac injections of neurotracers. (A,B) The lungs, lumbar DRGs, and
NJG were isolated from mice after CTB (n = 3) or cardiac retro-AAV2-td-tomato (n = 3) injections and maximum intensity projections were
imaged. While neuronal labeling in the NJGs was clearly observed, no labeling of neurons or nerves was seen in the lungs (confirming lack of
leakage of dye) or in the lumbar DRGs (confirming lack of significant leakage into the systemic circulation). NJG: Bars = 20 wum. Lumbar DRGs

Bars = 100 pm. Cleared lung tissue: Bars = 500 pm

localized or systemic spread of CTB/AAV was unlikely to explain
convergent neuronal labeling. Our results demonstrate that
convergent cardiorespiratory neurons represent a significant
portion of all cardiac and respiratory sensory neurons
in the peripheral vagal ganglia, a novel finding of this
study. A recent study suggested that neurovisceral organs
may have parallel processing within peripheral ganglia, with
neurotransmission convergence occurring primarily at the level
of the brainstem (9). Given the significant portion of convergent
cardiorespiratory neurons noted in this study, it’s possible that
an important degree of cardiorespiratory coordination may
occur at the vagal ganglia and other shared peripheral ganglia.
These neurons appear to be a specific subset of sensory neurons
that innervate both organs and may play an important role in
synchronizing cardiorespiratory function.
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It is established that pulmonary pathologies affect cardiac
function, and conversely, cardiac disease is known to negatively
impact respiratory processes. Until now, much focus has
relied on mechanical interactions between these organs. Yet,
many patients demonstrate evidence of multi-organ autonomic
dysfunction after single organ pathology, which could be
mediated via their shared autonomic sensory neuronal network.
For example, patients with chronic obstructive pulmonary
disease demonstrate abnormal heart rate recovery after exercise
(10). The prevalence of cardiac arrhythmias, especially atrial
fibrillation, where vagal neurotransmission plays an important
role, is increased in these patients (11). Conversely, Cheyne-
Stroke respiration and sleep apnea are associated with the
occurrence of atrial fibrillation and increased mortality in
the setting of heart failure (12). Most mechanistic studies,
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however, have focused on the effects of a single organ
pathology on the autonomic nervous system and vice-versa.
The specific effects of cardiac pathology on the autonomic
nervous system, for example, have been extensively studied.
Myocardial injury is known to cause remodeling of the cardiac
autonomic nervous system, leading sympathetic activation and
parasympathetic dysfunction (1). In a chronic porcine infarct
model, myocardial infarction was associated with significant
functional and structural remodeling of nodose ganglia
neurons that transmit cardiac nociceptive signals, reducing
cardiac nociceptive neurotransmission (13). Nodose ganglion
degeneration after subarachnoid hemorrhage is associated
with coronary vasospasm, and ischemic neurodegeneration
of the vagal ganglia can lead to ventricular arrhythmias
during subarachnoid hemorrhage (14, 15). While these studies
have clearly demonstrated a two-way relationship between
the heart and the nervous system via the peripheral vagal
ganglia, data regarding multi-organ interactions through the
peripheral autonomic nervous system are sparse. A possible
mechanism for dual labeling of neurons may be due to
branching axons, that has also been observed in the sympathetic
chain of canines and is known to exist in the brain
(6, 16).

Our study suggests that many of the cardiac and respiratory
sensory innervation share the same neurons at the level
of the peripheral vagal ganglia, and processes that affect
the heart or the lung may, in fact, affect other organs
through this peripheral neural link. The current study’s
findings open up a potentially new and important avenue of
investigation in the context of cardiopulmonary disease, linking
cardiorespiratory interactions via their shared sensory neurons
in the NJGs. Several studies are underway in our laboratory
to generate molecular maps of cardiorespiratory neurons in
health and disease. Identifying neural pathways and functions
of these neurons may shed important light on how these
organs are coordinated through the autonomic network in
health and disease.
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Background: Loeffler endocarditis is a rare and fatal disease, which is prone to
be misdiagnosed, owing to its various clinical manifestations. Consequently,
an early identification of Loeffler endocarditis and its effective treatment are
crucial steps to be undertaken for good prognosis.

Case presentation: This report describes two cases of Loeffler endocarditis
with different etiologies and clinical manifestations. Case 1 was caused
by idiopathic eosinophilia and presented with a thrombus involving the
tricuspid valve and right ventricular inflow tract (RVIT). The patient suffered
from recurrent syncope following activity. After the patient underwent
tricuspid valve replacement and thrombectomy, he took oral prednisone
and warfarin for 2 years, consequent to which he discontinued both
drugs. However, the disease recurred 6 months later, this time manifesting
as edema of both legs. Echocardiography showed that a thrombus had
reappeared in the RVIT. Thus, oral prednisone and warfarin therapy was
readministered. Three months later, the thrombus had dissolved. Low-
dose prednisone maintenance therapy was provided long term. Case 2
involved a patient who presented with recurrent fever, tightness in the
chest, and asthma, and whose condition could not be confirmed, despite
multiple local hospitalizations. In our hospital, echocardiography revealed
biventricular apical thrombi. After comprehensive examinations, the final
diagnosis was eosinophilic granulomatosis polyangiitis (EGPA) involving
multiple organs, including the heart (Loeffler endocarditis), lungs, and kidneys.
After administration of corticosteroid, anticoagulant, and immunosuppressive
agents along with drugs to improve cardiac function, the patient’'s symptoms
improved significantly.

Conclusion: In Loeffler endocarditis due to idiopathic eosinophilia,
long-term corticosteroid use may be required. Diverse and non-specific
symptoms cause Loeffler endocarditis to be easily misdiagnosed. So,
when a patient shows a persistent elevation of the eosinophil count with
non-specific myocardial damage, the possibility of this disease, should
always be considered. Furthermore, even when an invasive clinical
procedure such as endomyocardial biopsy (EMB) is not available or
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acceptable, corticosteroids should be administered promptly to bring the
eosinophil count back to the normal range, thereby halting the progression
of disease and reducing patient mortality.

Loeffler endocarditis, eosinophilia, thrombus, corticosteroid, anticoagulant

Introduction

Loeffler
endocarditis, is a severe complication of eosinophilia (1).

endocarditis, also known as eosinophilic
As this condition manifests as diverse clinical presentations,
it is easily misdiagnosed as a cardiac emergency such as acute
myocarditis or acute myocardial infarction. If left untreated,
the patients may develop potentially fatal complications such
as cardioembolism, arrhythmia, or acute heart failure (2).
Consequently, early identification and effective treatment are
crucial for improving the prognosis. However, no consensus
guidelines are available for managing Loeffler endocarditis
(3), because the management treatment of each patient is
individualized and relates to (1) an acute treatment, (2) a
symptomatic cardiac treatment based on diverse manifestations
(anti-arrhythmics, pressure support, ejection fraction support
(EF support), thrombus targeting, prophylaxis, etc.), and (3)
finally a thorough diagnostic workup to identify the cause of
eosinophilia (idiopathic, primary, or secondary). This report
presents in a detailed manner how we had used these three
components in the treatment of our two patients. We hope that
it provides valuable information for the early recognition and

appropriate treatment of this rare and fatal disease.

Case description
Casel

A 6l1-year-old man was admitted to our hospital on
May 20, 2016, due to syncope after activity. One month
before that incident, he had experienced tightness in his
chest and dizziness, with both symptoms showing reprieve
following a short rest (3-5min). A few days later, he felt his
condition was progressively worsening with each passing day.
He occasionally had sudden syncope during activity, but it then
revived on its own without any intervention. On admission
to our hospital, his blood pressure was 110/70 mmHg. An

Abbreviations: EGPA, Eosinophilic granulomatosis polyangiitis; LVEF, Left
ventricular ejection fraction; RVIT, Right ventricular inflow tract; LA, Left
atrial; RA, Right atrial; LV, Left ventricle; RV, Right ventricle; cTnl, Cardiac
troponin I; NT-proBNP, N-terminal pro-B-type natriuretic peptide; BNP,
B-type natriuretic peptide.
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electrocardiogram showed flat T waves in leads II, III, and
arteriovenous fistula (AVF). Routine blood work showed a
white blood cell (WBC) count of 11.4 x 10°/L (reference,
4-10 x 109/L), eosinophil count of 3.1 x 10°/L (reference,
0.02-0.52 x 10°/L) with a percentage of eosinophils at 38%
(reference, 0.4-8.0%), a hemoglobin level of 135 g/L (reference,
120-160 g/L), and a platelet count of 146 X 10°/L (reference,
100-300 x 10°/L). Moreover, the level of cardiac troponin
I (cTnl) was 0.05ng/mL (nanograms/milliliter) (reference,
<0.2ng/mL), and the level of B-type natriuretic peptide (BNP)
was 441 pg/mL (pictograms/milliliter) (reference, <100 pg/mL).
Cardiac computed tomography (CT) showed right atrial (RA)
enlargement, small right ventricle (RV), and small pericardial
effusion. Echocardiography showed a mass (Figure 1A) in the
right ventricle (RV) involving the right ventricular inflow tract
(RVIT), tricuspid annulus, chordae tendineae, and papillary
muscle, resulting in RVIT stenosis (Figure 1B) and restriction of
the motion of the tricuspid leaflet and chordae. Left ventricular
ejection fraction (LVEF) was 66%. Contrast echocardiography
showed a mass in the right ventricle and no blood perfusion
within it. The patient did not show any history of hypertension,
cerebrovascular disease, coronary heart disease, heart failure,
arrhythmia, food and drug allergies, infectious diseases, or
parasitic infection. Parasite and leukemic fusion gene [Fip1-like
1/platelet-derived growth factor receptor-alpha (FIP1/PDGFR)]
tests were all negative. Eosinophilia and Loeffler endocarditis
with thrombus in the RV was considered a probable diagnosis.

Case 2

A 58-year-old man presented with chest tightness, cough,
and asthma without fever in late October 2020. The patient
took aminophylline and inhaled budesonide, but without
obvious effect. His condition began to worsen gradually and
he was admitted to a local hospital on 4 November, 2020.
Electrocardiogram showed an elevated ST segment in leads
II, III, and arteriovenous fistula (AVF). Echocardiography
showed segmental wall motion abnormalities, and the LVEF
was decreased (36%). Laboratory examinations showed elevated
cardiac troponin I (cTnI) and N-terminal pro-B-type natriuretic
peptide (NT-proBNP) levels. Thus, the patient was transferred
to a cardiology care unit (CCU) for acute inferior myocardial
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FIGURE 1

(A) Blue arrow showed a mass in the right ventricle, which was later confirmed thrombus by surgery. (B) Four chamber view showed the mosaic
blood flowing through the stenotic right ventricular inflow tract. (C) Two and a half years after tricuspid valve replacement and thrombectomy, a
recurrence of thrombus (indicated by red arrow) was seen in the right ventricular inflow tract by transesophageal echocardiography.

infarction and heart failure. Coronary computed tomography
(CT) angiography results showed only mild stenosis in
the coronary arteries. The patients symptoms improved
insignificantly after the administration of medications that
improved cardiac function. During hospitalization, he had fever
with temperature of 39.5°C. Blood work showed a white blood
cell (WBC) count of 9.7 x 10%/L, hemoglobin level of 117 g/L,
platelet count of 186 x 10°/L, and high levels (2.2 x 10°/L)
and percentage (22.8%) of eosinophils. As the patient presented
with cough and asthma, he was administered anti-infective
and antipyretic treatment. Four days later, the patient’s body
temperature decreased to normal, and the fever symptoms were
relieved. He was discharged from the hospital on 19 November,
2020. Two weeks later, the symptoms including fever, cough,
and asthma recurred. Upon revisiting the local hospital, the
patient’s chest CT showed bronchiectasis with infection. He was
administered antibiotics for 7 days but with poor effect and had
fever with a temperature of 38°C.

With no significant relief from symptoms, he revisited
our hospital and was admitted to the respiratory department
with bronchiectasis. Physical examinations revealed a body
temperature of 37.6°C, pulse rate of 111 times/min, respiration
rate of 20 breaths/min, and blood pressure of 130/80 mmHg.
The laboratory examination showed the following test results:
eosinophil count 3.36 x 10°/L, percentage of eosinophils
32.10%, cTnl level of 1.032ng/mL, and BNP level of 1,073
pg/mL. The patient had 1-year history of bronchial asthma and
allergic rhinitis. He had a 30-year smoking history, smoking
approximately 7 cigarettes per day and quitting smoking for
1 year. The patient did not show any history of hypertension,
coronary heart disease, diabetes mellitus, food or drug allergies,
infectious diseases, or parasitic infections. Echocardiography
showed an enlarged heart and decreased LVEF (47%). It also
showed that there were masses in both ventricular apexes
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with a small amount of pericardial effusion (Figure 2A).
Contrast echocardiography showed no perfusion in either of the
ventricular apical masses (Figure 2B). Hence, we considered the
masses to be thrombi.

Diagnostic assessment and
therapeutic interventions

Case 1l

Eosinophilia and Loeffler endocarditis with thrombus in
the RV was considered a probable diagnosis. The patient
was administered low-molecular-weight heparin (subcutaneous
injection, 5,000 IU (international units), twice daily) and oral
prednisone (60mg, once daily). Nine days later, a routine
blood work showed that eosinophils had decreased to within
the normal range (0.37 x 10%/L); however, frequent syncope
persisted. The patient then underwent thrombectomy and
tricuspid valve replacement. Pathological results showed an RV
thrombus, endocardial fibroplasia, and eosinophilic infiltration.
The symptoms relieved significantly after the operation, and he
was discharged with oral prednisone (60 mg, once daily) and
warfarin (3.75 mg, once daily). Six months later, prednisone was
gradually tapered down to 10 mg daily. The patient continued to
feel well for 2 years following surgery when he stopped taking
prednisone and warfarin on his own. However, 6 months later,
the patient experienced edema in both legs and was readmitted.
Blood work showed elevated eosinophils once again (5.13 x
10%/L). Echocardiography revealed a hypoechoic mass attached
to the RVIT (Figure 1C), and contrast echocardiography showed
no perfusion in the mass. Thus, the patient was diagnosed to
have a recurrence of thrombus . He was once again prescribed
oral prednisone (60 mg, once daily) and warfarin (4.5 mg, once

frontiersin.org


https://doi.org/10.3389/fcvm.2022.970446
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Zhao et al.

10.3389/fcvm.2022.970446

FIGURE 2

(A) Four chamber view showed masses in both of the ventricular apex (red arrows). (B) Contrast echocardiography showed no perfusion in both
apical masses (green arrows), which suggested thrombi. (C) Follow-up at six months later, both ventricular apical thrombi were disappeared

daily). At the 3-month follow-up, no edema was noticed in
the patient’s legs. The eosinophils had restored to normal
conditions, and the RV thrombus had dissolved. Thus, the
medication was changed to long-term low-dose prednisone
(10 mg, once daily) maintenance therapy. The patient remained
in good health at later follow-up visits.

Case 2
A probable diagnosis of Loeffler endocarditis was
considered. The patient was advised to undergo an

endomyocardial biopsy but he refused invasive testing.
He also refused to undergo cardiac magnetic resonance
(CMR) due to noise intolerance. A bone marrow puncture
showed eosinophilia. Genetic FIP1L1/PDGFRA, platelet-
derived growth factor receptor-beta (PDGFRB), FGFR1/d8z2
(8pl1l), and parasite testing were negative. Other abnormal
examination results included immunoglobulin G (IgG)
249 g/Lt, immunoglobulin E (IgE) 1,890 IU /mL%, and
122.74 mg/Lt. Combined with
clinical symptoms and examinations, the final diagnosis

urinary microalbumin

was eosinophilic granulomatosis polyangiitis (EGPA) involving
multiple organs, including the heart (Loeffler endocarditis),
lungs, kidneys, and nasal sinuses. This diagnosis was made
according to the Classification Criteria of the American
College of Rheumatology for eosinophilic granulomatosis
(EGPA) (4). The
included prednisone and mycophenolate mofetil for anti-

polyangiitis therapeutic medications

immunotherapy, warfarin for anticoagulation, sacubitril
valsartan, metoprolol, spironolactone, and dapagliflozin for
heart failure. The patient’s temperature returned to normal,

and symptoms of tightness in chest, shortness of breath, and
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asthma alleviated substantially. During the regular outpatient
follow-up visits, eosinophil count, IgG, and IgE levels returned
to the normal range, electrocardiogram returned to a normal
pattern, LVEF was improved to above 50%, and mural thrombi
in both ventricles disappeared in echocardiography (Figure 2C).
The patients exercise tolerance improved significantly and
he reported the ability to play basketball for up to an hour.
Prednisone and mycophenolate mofetil were gradually tapered
down to a maintenance dose. Because the patient had no
uncomfortable symptoms and was in a good condition,
he requested discontinuation of the medications for heart
failure. A recent follow-up reported normal immunoglobulin
levels, normal cardiac function, and no mural thrombus in
the heart.

Discussion

Eosinophilia is defined as a persistent peripheral blood
eosinophil count > 1.5 X 10°/L with an extensive or local
eosinophilic infiltration (5), which involves multiple organs,
including the heart, lungs, kidneys, central nervous system, and
skin. Cardiac involvement is the most serious complication
of this condition. Its incidence is over 50% and is a major
cause of morbidity and mortality (6). Eosinophilia can be
classified as idiopathic, primary, and secondary according to the
etiology (7). The etiologies of primary eosinophilia include stem
cells, myeloid or eosinophilic neoplasm (PDGFRA, PDGFRB,
FGFR1), and T-cell lymphoma. The etiologies of secondary
eosinophilia include parasitic infections, allergic diseases
(bronchial asthma, drug allergies), certain infectious diseases
(tuberculosis, AIDS), and hematologic diseases (8). However,
there is no apparent etiology in idiopathic eosinophilia.
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Loeffler endocarditis refers to eosinophilia that involves
the endocardium, with the first case having been reported by
Loeffler in 1936 (9). According to its pathological characteristics,
Loeffler endocarditis can be divided into three phases: (1)
the necrotic phase: eosinophils infiltrate the myocardium, and
inflammation leads to myocardial damage and necrosis; (2)
the thrombotic phase: as myocardial inflammation subsides,
the heart cavity subsequently forms a mural thrombus; (3)
the fibrotic phase: eosinophils disappear, and the primary
characteristic is extensive endocardial fibrous proliferation. In
the third phase, the ventricular diastolic function is the main
pathophysiological change, often manifested as recalcitrant
chronic heart failure (10). Once it progresses to the fibrotic stage,
the survival rate is only 35%—50%, even after 2 years of active
treatment (11). As the disease progresses, serious outcomes, such
as heart failure, arrhythmia, and embolic events, manifest (12).
In the early stages, it is easy to misdiagnose this condition due to
diverse clinical manifestations (13).

Endomyocardial biopsy is the gold standard for diagnosing
Loeffler endocarditis (14); however, no clinical guidelines for
managing Loeffler endocarditis are currently in vogue, and
treatment expertise is mostly derived from a handful of
previous case reports. The management of Loeffler endocarditis
requires consideration of the etiology of eosinophilia, the
stage of progress, and the involvement of organs (3). The
treatment goals should include the following: (1) eosinophils
being reduced to the normal range to avoid cardiac damage
(eosinophils can release toxic substances), and (2) treatment
of the underlying etiology and complications (heart failure,
arrhythmia, thrombus). Primary eosinophilia, especially in
patients with FIP1L1-PDGFRA-positive, is highly sensitive to
imatinib (15, 16). Imatinib is the first choice for treatment. The
Loeffler endocarditis originates from idiopathic and secondary
eosinophilia, corticosteroids are usually the primary medication
(17). In addition, it is important to save samples for clonality
(genetic, flow cytometry) before corticosteroids’ initiation, if
possible, because corticosteroids often have a very rapid effect,
blurring the diagnostic clues.

In our report, Case 1, with idiopathic eosinophilia, had
only cardiac involvement. A thrombus caused stenosis of the
tricuspid valve and RVIT, leading to decreased cardiac output
and frequent syncope. After thrombectomy and tricuspid valve
replacement and administration of a corticosteroid and an
anticoagulant, the patient felt remarkably better. The current
literature does not contain exact guidelines for when to
cease corticosteroid administration in idiopathic eosinophilia;
however, from Case 1 in this study, we observed that when
the patient stopped taking medications after several months,
the eosinophil level increased and the thrombus reappeared.
This indicated that if the etiology of eosinophilia was unknown,
discontinuation of corticosteroids may lead to recurrence of the
disease. Thus, corticosteroids may need to be taken long term in
idiopathic eosinophilia.
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Case 2 was of secondary eosinophilia resulting from an
autoimmune disease involving multiple organs and leading to
diverse clinical manifestations. At the initial visit, the patient
from Case 2 was in the first stage of Loeffler endocarditis,
showing non-specific symptoms such as myocardial injury and
heart failure. In fact, eosinophils were already high at this stage.
However, because of the rarity of Loeffler endocarditis and the
lack of awareness of this disease by many physicians, it is prone
to be misdiagnosed. In our hospital, echocardiography showed
disease progression to the thrombotic phase, with contrast
echocardiography playing an important role in the differential
diagnosis of the thrombus.

Although the gold standard of diagnosis for Loeffler
endocarditis is an endomyocardial biopsy, it can sometimes
turn out to be a difficult diagnostic procedure. Because it is an
invasive and risky examination, it may also be rejected outright
by the patient, as it occurred in Case 2. Moreover, not all
hospitals possess the necessary infrastructure, conditions, or
technology to perform an endomyocardial biopsy. However, as
Loeffler endocarditis is fatal, and where endomyocardial biopsy
is not available, corticosteroids should be administered early to
patients who present with persistent elevation of eosinophils
and non-specific heart damage. Timely treatment alone can
reduce the damage of eosinophils to the heart, prevent disease
progression, and reduce patient mortality.

Prolonged use of corticosteroids gives rise to an
increased risk of osteoporosis and other long-term
complications. If the disease is effectively alleviated without
recurrence, the corticosteroids should then be tapered to a
minimum maintenance dose only. Calcium and vitamin D
supplementation can be administered, according to guidelines.
However, it is pertinent to conduct a careful diagnostic workup,
at diagnosis or at recurrence after terminating steroids, to decide
the glucocorticoid-sparing treatments for idiopathic, primary,
or secondary eosinophilia with alternative immunosuppressive
or cytoreductive agents (6, 7, 15, 16).

In addition, multidisciplinary collaboration is essential for
patient management especially because of the different etiologies
of Loeffler endocarditis, the diverse clinical presentations, and
the possibility of involving multiple organs. All these different
spheres of activity have to work in close unison toward effective
patient care. This is exactly what happened in Case 2. Through a
multidisciplinary collaboration including those of Departments
of Cardiology, Respiratory, Hematology, and Rheumatology, the
patient was correctly diagnosed as having EGPA and was given
an effective therapy with good clinical outcomes.

Despite the prognoses of the two patients being good, our
study still has certain limitations. First, patient of Case 2 was
in poor health condition when he first visited our hospital.
He refused to follow the doctors’ suggestions to undergo
endomyocardial biopsy and CMR. Therefore, it was unfortunate
that we could not obtain the endocardial pathology results of
his endocardium. CMR is yet another important non-invasive
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imaging tool, besides echocardiography, for evaluating tissue
properties and detecting thrombus in Loeffler endocarditis
(18). Hence, the use of comprehensive multimodality imaging,
inclusive of echocardiography, contrast echocardiography, and
CMR, should be considered in the future for the evaluation of
Loeffler endocarditis, if available. Overall, the two patients are
presently in good condition and are satisfied with our diagnosis
and treatment.

Conclusion

When the etiology of eosinophilia remains unknown,

eosinophils continue to reelevate if corticosteroids are
discontinued. This suggests that corticosteroids should be
used long term to prevent the recurrence of idiopathic
eosinophilia. In its initial stage, Loeffler endocarditis is prone to
be misdiagnosed due to its diverse and unspecific symptoms.
When the patients show persistent eosinophil elevation with
non-specific myocardial damage, the possibility of this disease,
must always be considered. Even if an endomyocardial biopsy
is unavailable, corticosteroids should be administered promptly
to reduce eosinophil levels to normal, thereby halting the

progression of disease and reducing patient mortality.
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