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Editorial on the Research Topic
Methods in general cardiovascular medicine

Cardiovascular diseases are the leading cause of death worldwide. The advancement of

scientific knowledge and clinical practice in general cardiovascular medicine relies on

innovative and groundbreaking approaches. The Research Topic Methods in General

Cardiovascular Medicine has collected 11 valid manuscripts that will help researchers and

clinicians to design, conduct, evaluate and apply the best evidence-based interventions to

prevent, diagnose and treat cardiovascular diseases.

This editorial highlights the important aspects discussed in the published manuscripts of

the Topic.

Pironti, in his review paper, carries out an in-depth analysis of the methods used to

perform an effective evaluation of the systolic and diastolic cardiac function in mice,

including pitfalls and alternative solutions.

The study by Li and Zheng reviewed the methods currently available for the evaluation

of the sympathetic heart tone in clinic and research, explaining the principles underlying

these methods. The authors conclude that all methods for assessing cardiac sympathetic

activity are based on the anatomy and physiology of the heart, and, particularly, on the

innervation and sympathetic regulation of the heart. For this reason, technological

advances, the overlapping of disciplines and an improved understanding of the

sympathetic innervation and regulation of the heart will certainly promote the

development of new, more accurate methods of assessing cardiac sympathetic activity.

In another study published in this Research Topic, Lin et al. used Korotkoff sounds to

measure blood pressure, with the application of Deep Learning (DL); they suggested that

the application of DL to Korotkoff tones might be used for the early diagnosis of heart

failure (HF). Considering the high mortality and morbidity of HF, and the importance of

an early diagnosis, this novel application of Korotkoff sounds could be very useful,

particularly in some rural areas, or in areas where advanced medical instruments are not

easily accessible.

The following three studies of this Research Topic are Original Research studies. The

study by You et al. retrospectively compares the results obtained with three catheter

ablation methods in patients with episodes of paroxysmal atrial fibrillation (PAF). Their

results showed no statistically significant differences in PAF recurrence among the three

methods used, (radiofrequency, cryoablation and a combination of the two), suggesting

that the type of ablative procedure is not a determinant in AF recurrence. They also
01 frontiersin.org5
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found that only left atrial appendage emptying velocity resulted to

be an independent predictor of PAF recurrence.

Zhang et al. in their study describe a method to establish the

threshold values of Arterial Velocity-pulse index (AVI) and

Arterial Pressure-Volume index (API), measured by a brachial

cuff, indicative of arterial stiffness. The study demonstrated that

AVI and API can be used to perform a preliminary screening of

increased arterial stiffness. Because of the direct correlation

between increased arterial stiffness and the risk of cardiovascular

events, this simple method allows the early identification of

subjects in the general population more at risk of cardiovascular

events, enabling a prompt preventive treatment.

The study by Wang et al. aimed to evaluate the reliability,

convergent and known-groups validity of protocols that used sit-

to-stand tests (STS) to estimate the level of risk for

cardiovascular events in patients with coronary artery disease

(CAD). The conclusions of the study were that all three STS tests

(Five times STS test, 30-s STS test, 1-min STS test) had good

test-retest reliability, convergent and known-groups validity, and

that these tests can distinguish low-risk CAD patients from high-

risk ones of cardiovascular events.

The other five manuscripts of this Research Topic describe the

protocols used in their respective studies to obtain reproducible

results.

In their manuscript, Yoon et al. describe a study protocol for a

randomized controlled trial aimed to verify if, applying

smartphone applications and mobile health platforms, was

possible to improve the adherence to treatment with

Rivaroxaban, a non-vitamin k antagonist oral anticoagulant

(NOACs).

Bruch et al. in their manuscript, describe the protocol of a

study to determine which factors (including comorbidities and

social-economic status) influence the implementation of digital

prevention of arterial hypertension, particularly in the most

remote and sparsely populated areas, and thus improve

cardiovascular outcomes.

In Early vascular healing after neXt-generation drug-eluting

stent implantation in Patients with non-ST Elevation acute

Coronary syndrome based on optical coherence Tomography

guidance and evaluation (EXPECT): study protocol for a

randomized controlled trial by Zhu et al. the authors assess early

vascular healing after next-generation drug-eluting stents (DES)

implantation in patients with non-ST elevation acute coronary

syndrome (NST-ACS) guided and evaluated by optical coherence

tomography (OCT). The study includes 60 patients randomized

at 1:1:1 ratio to OCT guide percutaneous coronary intervention

(PCI). The primary endpoint of the study is to verify the rate of

vascular healing at the stent level in the three study groups. The

data from the study are expected to provide new insights into

vessel wall healing in an NST-ACS population following next-

generation DES implantation, underscore the value of OCT in

speeding vessel healing, and evaluate the possibility of early

discontinuation of dual antiplatelet therapy in this population.

Gao et al. in their manuscript, describe a study protocol for an

innovative off-the-shelf aortic endograft system for the treatment of
Frontiers in Cardiovascular Medicine 026
juxta renal abdominal aortic aneurisms. The primary efficacy

endpoints will be the frequency of immediate technical success of

the implant and the number of reoperations within 12 months of

the procedure. There will also be a primary safety endpoint: the

frequency of major adverse events within 30 days of implant.

The authors also describe the strengths and limitations of the

study protocol. In particular, the major limitation of this study is

the lack of a control group.

Finally, the manuscript of Ullrich et al. describes the protocol

to verify whether an improvement in vascular resistance of

coronary artery can be achieved by increasing retrograde pressure

in the coronary sinus (CS). The changes of coronary vascular

resistance could improve the symptoms of microvascular angina,

making the pathophysiology of the disease better understood,

and indicating new therapeutic perspectives. The study design

will be randomized and crossover, with patients in whom

coronary hemodynamics will be analyzed during partial balloon

occlusion in the CS, and patients in whom coronary

hemodynamics will be measured with a completely deflated

balloon. The primary endpoint of the study will be the change in

the hemodynamically obtained coronary resistance index

following acute changes in CS pressure.
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The Long-Term Results of Three
Catheter Ablation Methods in
Patients With Paroxysmal Atrial
Fibrillation: A 4-Year Follow-Up Study
Ling You, Xiaohong Zhang, Jing Yang, Lianxia Wang, Yan Zhang and Ruiqin Xie*

Second Hospital of Hebei Medical University, Shijiazhuang, China

Aims: Catheter ablation of paroxysmal atrial fibrillation (PAF) has been shown to

be effective and safe. However, recurrence of PAF varies between 10 and 30% for

radiofrequency ablation. There have been no reports comparing long-term recurrence

rates following radiofrequency ablation, cryoablation, and three-dimensional guided

cryoablation plus radiofrequency ablation. The aim of this study was to observe the

long-term recurrence rate of PAF when treated by these three catheter ablation methods,

and to explore clinical factors that can potentially predict PAF recurrence following

catheter ablation.

Methods: There were 238 patients involved in this study, including 106 radiofrequency

(RF) ablation cases (RF group), 66 cryoablation cases (Freeze group), and 66 cases

treated by three-dimensional guided cryoablation combined with radiofrequency ablation

(Freeze-plus-RF group). All patients underwent standardized follow-up. The recurrence

rate of atrial fibrillation (AF) in the three groups was calculated. Predictive factors for the

recurrence of AF were also investigated.

Results: At 48months (the median follow-up period), the sinus rhythmmaintenance rate

was 77.4% in the RF group, 72.7% in the Freeze group, and 81.8% in the Freeze-plus-RF

group. The maintenance rate of sinus rhythm was highest in the Freeze-plus-RF group,

but differences among the three groups were not statistically significant. Further analysis

found that the preoperative left atrial appendage emptying velocity (LAAEV) (recurrence

vs. no recurrence, 56.58 ± 18.37 vs. 65.59 ± 18.83, respectively, p = 0.003), left

atrial (LA) anteroposterior dimension (recurrence vs. no recurrence, 36.56 ± 4.65 vs.

35.00 ± 4.37, respectively; p = 0.028), and LA vertical dimension (recurrence vs. no

recurrence, 56.31 ± 6.96 vs. 53.72 ± 6.52, respectively; p = 0.035) were related to

postoperative recurrence. Multiple Cox regression analysis showed that only LAAEV

was predictive of postoperative recurrence of PAF (hazard ratio: 0.979; 95% confidence

interval: 0.961–0.997).

Conclusion: Our study found that there was no statistically significant difference

in long-term recurrence rates among the RF, Freeze, and Freeze-plus-RF groups.

Preoperative LAAEV is an independent predictor of postoperative recurrence of PAF.

Keywords: catheter ablation, paroxysmal atrial fibrillation, recurrence, cryoablation, cryoablation plus

radiofrequency ablation, radiofrequency ablation
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You et al. Atrial Fibrillation and Catheter Ablation

INTRODUCTION

Atrial fibrillation (AF) occurs in 0.71% of the Chinese population
aged 35 years or older, and the incidence increases sharply with
age (1). In patients who have AF even after medical treatment,
catheter ablation is an alternative approach that can reduce
complications and improve quality of life (2, 3).

Previous studies have confirmed the effectiveness and safety of
catheter ablation in the treatment of paroxysmal atrial fibrillation
(PAF) (4–6). Electrical isolation of the pulmonary vein (PV)
is essential for catheter ablation of AF, which traditionally
is achieved by radiofrequency catheter ablation (RCA) (7).
However, in recent years a second method, cryoablation, has
become a popular surgical approach for catheter ablation of atrial
fibrillation (8). The PV must be treated for a shorter time with
cryoablation than with RCA, and there are fewer postoperative
complications (9, 10). Cryoablation produces a clear boundary,
less thrombosis, and a lower incidence of cardiac perforation
(11, 12).

However, due to the size and shape of the cryoablation
equipment and the anatomical structure of the pulmonary vein,
complete pulmonary vein isolation is in some cases difficult to
achieve during cryoablation (13). We combined radiofrequency
(RF) and cryoablation, called three-dimensional mapping guided
cryoablation plus RF (Freeze plus RF), to achieve more perfect
pulmonary vein isolation (14).

Recent studies have reported on the rate of recurrence of
PAF 1–2 years following cryoablation and three-dimensional
mapping-guided cryoablation (14), but the rate over longer
periods has not been reported. This study aims to observe
the long-term recurrence rate of these three approaches
to catheter ablation in patients with PAF and explore
potential clinical factors that can predict PAF recurrence after
catheter ablation.

MATERIALS AND METHODS

Study Population
This study involved 275 patients whose first catheter ablation of
PAF was conducted in our center from March 2015 to March
2017. Among them, 238 patients were monitored for 4 years, and
this cohort was divided into one of the three treatment groups:
RCA, 106 patients; Freeze, 66; and Freeze plus RF, 66.

PAF is defined as spontaneous cessation of atrial fibrillation
within 7 days of onset. Patient inclusion criteria included
the following: (1) the ablation was the first for the patient,
(2) there was no evidence of valvular heart disease, (3)
there were more than two episodes of atrial fibrillation
within the previous 6 months for which antiarrhythmic
medication had been ineffective, and (4) the patient
was followed up after the operation. Patients with atrial
thrombus visible in transesophageal echocardiography
were excluded.

All patients signed an informed consent form before their
operation, and this study was approved by the ethics committee
of the second hospital of Hebei Medical University.

Catheter Ablation Procedure
Radiofrequency Ablation
Each patient underwent circumferential pulmonary vein
isolation, with no additional ablation at extrapulmonary sites
unless the patient was diagnosed with atrial flutter before the
operation. In 3D electro-anatomical mapping (Carto 3, Biosense
Webster), a mapping catheter is used to record pulmonary vein
potentials before, during, and after circumferential pulmonary
vein ablation (Lasso R© NAV eco, Biosense Webster). All patients
in the radiofrequency group were treated using a 3.5-mm
irrigated tip ablation catheter (SmartTouch, Biosense Webster).
The operation was carried out for 20–30min after blocking
entrance and exit of pulmonary vein potentials. Pulmonary
vein potential conduction was then monitored, and if there was
recovery, ablation was continued. Tricuspid isthmus ablation
was carried out for patients with a preoperative diagnosis of atrial
flutter. All patients had CT scans of the pulmonary vein-left
atrium before the operation to visualize the structure of the
left atrium and pulmonary veins. Patients who experienced
recurrence of atrial fibrillation during the first 3 months
of postoperative follow-up were not considered for repeat
radiofrequency ablation.

Cryoablation
Cryoablation was carried out with a single cryoballoon (Arctic
Front AdvanceTM Cardiac CryoAblation Catheter, Medtronic,
Minneapolis, MN) under fluoroscopy. The diameter of the
cryoballoon was 28mm or 23mm according to the results of
the pulmonary vein CT scan. The circular mapping catheter
(Achieve, Medtronic) was first passed through the balloon
catheter into the lumen of the pulmonary vein. The longest
application of the first generation cryoballoon was 240 s and the
lowest temperature was −60◦C, while the longest application
of the second generation cryoballoon was 180 s and the lowest
temperature was −55◦C. If two applications of the cryoablation
were unsuccessful, additional cryoablation treatments could be
carried out until complete electrical isolation of the pulmonary
veins and bidirectional block of electrical conduction between
the pulmonary veins and left atrium were achieved. No patients
had any residual PV connection after acute application of the
cryoballoon. If the patient had atrial flutter during freezing,
additional radiofrequency ablation was applied.

Among the 66 patients in the Freeze group, 24 (36.4%)
used the first generation cryoballoon. Before carrying out right
pulmonary vein ablation, a secondary catheter was placed into
the superior vena cava. During cryoablation, a cycle time of
999ms was used to make the right phrenic nerve pulsate. If
diaphragm movement was reduced or became undetectable,
cryoablation was immediately terminated.

Cryoablation Combined With Radiofrequency

Ablation
Cryoballoon ablation combined with RF ablation was used
under the guidance of the EnSite NavX 3D mapping system.
A circular mapping catheter (Achieve, Medtronic) was used
to construct the configuration and build the structures of
the pulmonary vein. The cryoballoon was positioned during
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cryoablation according to the results of the 3D mapping. At
least 2 cryoablations were conducted for each pulmonary vein.
If there was still electrical conduction in the pulmonary veins
after two cryoablations, radiofrequency ablation could be used
at additional locations, and complete electrical isolation of the
pulmonary veins and bidirectional block of electrical conduction
between the pulmonary veins and left atrium could finally be
achieved. Among the 66 patients in the Freeze-plus-RF group,
7 (10.6%) used the first generation cryoballoon. An additional
RF ablation was required to achieve pulmonary vein isolation
in 9 patients. If the patient had atrial flutter during freezing,
additional RF ablation was applied.

Patient Follow-Up
In this study, patients were followed up weekly in the first month
and then visited at 2, 3, 6, 9, and 12 months after discharge. The
patients were then followed up once a year. ECGs, 24-h Holter
records, and echocardiography images were examined at all visits.
Patients with any palpitation discomfort during this period could
come to the hospital at any time. In this study, recurrence of atrial
fibrillation was defined by an ECG or 24-h ECG record of atrial
fibrillation, atrial flutter, or atrial tachycardia lasting more than
30 s.

Echocardiographic Examination
Examinations of real-time 3D ultrasound, 2D ultrasound, and
transesophageal and Doppler echocardiography were carried out
to measure left atrial size and function in all patients using a
cardiac ultrasound device (iE33machine equipped with X3-1 and
X7-2t, Philips Medical Systems, Eindhoven, the Netherlands).
Ultrasound parameters were measured under sinus rhythm in
all patients. Left atrial (LA) dimensions were measured in the
parasternal long axis view using 2D methods. LAMax refers to
left atrial volume at the end of systole before opening of the
mitral valve, while LAMin refers to the end of diastole before
closing of the mitral valve. All patients underwent preoperative
transesophageal echocardiography to obtain left atrial appendage
emptying velocity (LAAEV). Left atrial appendage images were
obtained from the base of the heart with the probe rotated
by 0◦, 45◦, 90◦, and 180◦. LAAEV was measured using 1
representative value when rhythm was stable, or by averaging the
value of 5 consecutive sinus waves when rhythm was variable due
to respiration.

Statistical Analysis
• Continuous variables are presented as mean ± standard

deviation, and categorical variables as percentage with
counts. Differences in continuous data between groups were
compared using ANOVA. Chi-square tests or Fisher’s exact
tests were used for categorical variables. Receiver operating
characteristic analysis was performed to determine the optimal
cut-off value for the LAAEV in predicting AF recurrence
after a single procedure. Survival curves were generated by
Kaplan-Meier analysis.

• To evaluate predictors for recurrence of AF, Cox regression
analysis was performed. All the predictors were evaluated
by univariate Cox regression. Factors that were statistically

TABLE 1 | Patient characteristics at baseline before ablation.

RF (106 cases) Freeze

(66 cases)

Freeze

plus RF

(66 cases)

P-value

Age, years 58.05 ± 10.04 59.20 ± 11.89 61.68 ± 11.57 0.110

Male sex, n (%) 64 (60.4) 35 (53.0) 41 (62.1) 0.518

Diabetes, n (%) 13 (12.3) 10 (15.2) 14 (21.2) 0.288

Hypertension,

n (%)

48 (45.3) 40 (57.6) 38 (57.6) 0.001

SBP, mmHg 133.98 ± 19.73 130.45 ± 15.72 135.21± 18.58 0.297

DBP, mmHg 83.10 ± 14.29 81.56 ± 11.97 82.17 ± 11.29 0.738

Heart rate, beats

per minute

73.47 ± 15.27 75.77 ± 16.83 72.94 ± 16.22 0.443

Heart failure, n (%) 5 (4.7) 4 (6.1) 6 (9.1) 0.515

History of CAD,

n (%)

1 (0.9) 1 (1.5) 2 (3.0) 0.581

Smoking, n (%) 15 (14.2) 9 (13.6) 14 (21.2) 0.390

Alcohol, n (%) 12 (11.3) 6 (9.1) 13 (19.7) 0.152

Phrenic nerve

injury, n (%)

0 1 (1.5) 1 (1.5) 0.509

Vascular

injuries (%)

2 (1.8) 1 (1.5) 1 (1.5) 0.216

Gastrointestinal

bleeding, n (%)

1 (0.9) 0 0 0.458

Pericardial

tamponade, n (%)

1 (0.9) 0 0 0.458

significant in the univariate model were further investigated
using the multiple Cox regression model.

• P < 0.05 was considered statistically significant. SPSS software
(version 26.0, Chicago, IL) was used.

RESULTS

Patients
There were 238 patients enrolled in this study, including
106 patients in the RF group (mean age 58.05 ± 10.04
years), 66 patients in the Freeze group (mean age 59.2 ±

11.89 years), and 66 patients in the Freeze-plus-RF group
(mean age 61.68 ± 11.57 years). Baseline demographics of the
patients are shown in Table 1. Except for the low proportion
of hypertensive patients in the RF group, there were no
statistically significant differences between the three groups. The
operation achieved complete pulmonary vein isolation for all
patients. One patient developed pericardial effusion 2 h after
the operation and recovered after pericardiocentesis. During
follow-up, one patient developed gastrointestinal bleeding 3
months after surgery. There were no operation-related deaths,
although two patients died of gastric cancer, and one died in
an accident.

Clinical Outcomes After a Single Procedure
Survival curves for the three groups are shown in Figure 1.
The median follow-up was 48 months for all three groups. The
recurrence rates at 1, 2, 3, and 4 years for the RF group were 15.1,
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FIGURE 1 | Kaplan-Meier analysis of AF-free rate after three different surgical procedures. AF, atrial fibrillation.

TABLE 2 | Sinus rhythm after different periods of follow-up in the 3 groups.

3 months 6 months 12 months 24 months 36 months 48 months

RF 97 (91.5%) 93 (87.7%) 90 (84.9%) 87 (82.1%) 85 (80.2%) 82 (77.4%)

Freeze 61 (92.4%) 59 (89.4%) 54 (81.8%) 51 (77.3%) 50 (75.8%) 48 (72.7%)

Freeze 3D 60 (90.9%) 59 (89.4%) 55 (83.3%) 55 (83.3%) 54 (81.8%) 54 (81.8%)

p 0.951 0.923 0.866 0.634 0.666 0.460

17.9, 19.8, and 22.6%, respectively. The corresponding recurrence
rates were 18.2, 22.7, 24.2, and 27.3% for the Freeze group
and 16.8, 16.8, 18.2, and 18.2% for the Freeze-plus-RF group.
Our study found that most recurrence of AF occurred in the

first year after AF surgery, which accounted for 70.7% (RF),

66.7% (Freeze), and 81.8% (Freeze plus RF) of all recurrences

(P = 0.234, Table 2). At 4 years, the maintenance rate of sinus
rhythm was highest in the Freeze-plus-RF group (81.8%), but

this was not significantly different from the RF (77.4%) and

Freeze (72.7%) groups (P = 0.593). This may be due to the
combination of the two ablation techniques used to achieve

more complete pulmonary vein isolation. Of the recurrent
patients, there was one case of atrial flutter in the Freeze group,
and one case each of atrial flutter and atrial tachycardia in
the Freeze-plus-RF group. All other atrial arrhythmias were
atrial fibrillation.

Factors Associated With Recurrence of
Atrial Fibrillation After Catheter Ablation
LAAEV was significantly lower in recurrent than in non-
recurrent patients (56.58 ± 18.37 vs. 65.59 ± 18.83, respectively;
p = 0.003). As shown in Table 3, the LA anteroposterior and
vertical dimensions in recurrent patients (36.56± 4.65 and 56.31
± 6.96, respectively) were both larger than in non-recurrent
patients (35.00 ± 4.37 and 53.72 ± 6.52, respectively) (p =

0.028 and p = 0.035, respectively, for the two LA dimensions).
All factors were further analyzed by the Cox regression model.
Patients with higher LAAEV had a lower risk of recurrence of
PAF (hazard ratio: 0.979; 95% confidence interval: 0.961–0.997)
according to multivariate Cox regression (Table 4). Receiver
operating characteristic curve analysis showed that the optimal
cut-off value for LAAEV was 59.5 cm/s for predicting late
recurrence of AF after a single procedure with a sensitivity of 62%
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TABLE 3 | Characteristics of recurrence and no-recurrence patients.

All patients Recurrence No

recurrence

P-value

(recurrence

vs. no

recurrence)

Age, years 59.37 ± 11.06 57.30 ± 10.32 59.98 ± 11.22 0.117

Male, n (%) 130 (54.6) 26 (48.1) 114 (62.0) 0.070

Diabetes, n (%) 37 (15.6) 11 (20.4) 26 (14.1) 0.266

Hypertension

n (%)

126 (52.9) 29 (53.7) 97 (52.7) 0.898

SBP (mm Hg) 133.34 ± 18.39 131.39 ± 22.11 133.91± 17.17 0.376

DBP (mm Hg) 82.41 ± 12.84 82.54 ± 15.66 82.37 ± 11.94 0.934

Heart rate,

beats per

minute

73.96 ± 15.96 74.04 ± 15.61 73.94 ± 16.10 0.969

Smoking, n (%) 44 (18.5) 9 (16.7) 35 (19.0) 0.695

Alcohol, n (%) 31 (13.0) 6 (11.1) 25 (13.6) 0.635

History of CAD,

n (%)

4 (1.6) 1 (1.8) 3 (1.6) 0.911

Heart failure, n

(%)

14 (5.9) 6 (11.1) 8 (4.4) 0.065

LVEF (%) 55.91 ± 16.52 57.59 ± 16.41 55.35 ± 16.57 0.421

LA

anteroposterior

dimension (mm)

35.37 ± 4.48 36.56 ± 4.65 35.00 ± 4.37 0.028

LA transverse

dimension (mm)

38.35 ± 6.95 38.76 ± 4.59 38.21 ± 7.58 0.688

LA vertical

dimension (mm)

54.34 ± 6.69 56.31 ± 6.96 53.72 ± 6.52 0.035

LAAEV (cm/s) 63.56 ± 19.07 56.58 ± 18.37 65.59 ± 18.83 0.003

LAVmax

(mL/m2 )

55.67 ± 17.19 59.72 ± 15.40 54.37 ± 17.60 0.145

LAVmin

(mL/m2 )

27.66 ± 12.40 30.97 ± 11.65 26.60 ± 12.51 0.099

SBP, systolic blood pressure; DBP, diastolic blood pressure; LVEF, left ventricular ejection

fraction; LAAEV, left atrial appendage emptying velocity; LAVmax, left atrial maximum

volume index; LAVmin, left atrial minimum volume index.

and specificity of 61%. The area under the curve was 0.631 (P =

0.005; Figure 2).

DISCUSSION

This is the first study to compare long-term recurrence of PAF
among patients treated by radiofrequency ablation, cryoablation,
or cryoablation plus RF. More than half the recurrences in each
of the three groups occurred in the first year after surgery. The
study also found that LAAEV was a predictor of late recurrence
after ablation.

Our study found that there were no differences in long-
term recurrence among the RF ablation, cryoablation, and
cryoablation-plus-RF groups. Previous studies have reported no
difference in recurrence rate between radiofrequency ablation
and cryoablation (10, 12, 15–17), which is consistent with our
results. A meta-analysis reported by Maltoni et al. (10) showed
no significant difference in efficacy between radiofrequency
ablation and cryoablation in avoiding recurrence of atrial
arrhythmia in patients with paroxysmal atrial fibrillation. Some

studies have used radiofrequency ablation for supplementary
treatment when complete pulmonary vein isolation was not
achieved during cryoablation (15, 18), however, there was
no comparison of recurrence between RF, cryoablation, and
cryoablation supplemented by RF ablation. Kettering et al.
(13) used both cryoballoon and radiofrequency ablation during
secondary surgery on patients with recurrence following
cryoballoon ablation. In their study, radiofrequency ablation
was safer and more effective for patients with recurrence after
cryoballoon ablation.

Several risk factors have been reported to be associated with
recurrence of AF after ablation, such as hypertension and LA
size and volume, among others (19–21). Two studies have
found that a decrease in LAAEV is a predictor of recurrence
of atrial fibrillation 1 year after radiofrequency ablation (22,
23). A decrease in LAAEV can also be used as a predictor
of cardioversion in patients with nonvalvular AF (24–26). Our
study found that high LAAEV was associated with a lower rate
of AF recurrence. LAAEV is an important indicator of left
atrial function (27). During development of atrial fibrillation,
structural remodeling, atrial fibrosis and abnormal formation
of atrial matrix will occur, resulting in decline of the left atrial
function. These mechanisms are also the basis of AF recurrence
after both drug and surgical cardioversion (28).

Wang et al. (6) reported that more than two-thirds of
AF recurrence were in the first year after single or multiple
procedures. Other studies have also shown that the rate of early
recurrence of AF (ERAF, defined as AF recurrence within a 3-
month blanking period) ranged from approximately 38.2–58.6%
after a single ablation, and that ERAF significantly predicted late
recurrence of AF (29–33). The mechanism of ERAF is unclear
but is generally considered to involve acute thermal injury and
an inflammatory response caused by radiofrequency energy and
a transient reversible process (34, 35). In our study, we found
that more than half of all recurrences were in the first year after
a single operation. In addition to the above factors, others such
as acute thermal injury and inflammatory response caused by
catheter ablationmay contribute to recurrence of AF. In addition,
recovery of electrical connectivity between the pulmonary vein
and left atrium, as well as trigger foci outside the pulmonary vein,
may be more likely to occur 1 year after AF surgery.

Patients in this study came from a single center, which limited
data variability. Both first and second generation cryoballoons
were used with the Freeze and the Freeze-plus-RF groups, and
there may have been differences in surgical outcomes using the
two types of balloons. No patients had implanted devices that
allowed continuous rhythmmonitoring, and so some recurrences
may have gone undetected. The main limitation of this article is
that it was a non-randomized observational study, introducing
potential bias which may have confounded the results.

CONCLUSION

Our study found that long-term recurrence rates were not
significantly different between the three surgical methods. The
first year after the operation had the highest rate of recurrence
following catheter ablation. Left atrial appendage emptying
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TABLE 4 | Univariate and multivariate Cox regression analysis to recognize predictors of AF recurrence after a single procedure.

Univariate Multivariate

Variables HR CI p OR CI p

Age, years 0.984 0.962–1.006 0.144

Male, n (%) 0.619 0.363–1.056 0.079

SBP (mm Hg) 0.994 0.979–1.009 0.420

DBP (mm Hg) 1.000 0.979–1.021 0.988

Heart rate, beats per minute 1.000 0.983–1.017 0.998

Smoking, n (%) 0.881 0.431–1.802 0.728

Alcohol, n (%) 0.846 0.362–1.978 0.700

Hypertension, n (%) 1.056 0.618–1.804 0.841

Diabetes, n (%) 1.510 0.779–2.930 0.222

History of CAD, n (%) 1.153 0.159–8.350 0.888

Heart failure, n (%) 2.148 0.919–5.020 0.078

LVEF (%) 1.008 0.990–1.026 0.378

LAAEV (cm/s) 0.976 0.961–0.992 0.003 0.979 0.961–0.997 0.023

LA anteroposterior dimension (mm) 1.066 1.004–1.132 0.037 1.049 0.963–1.143 0.276

LA vertical dimension (mm) 1.053 1.003–1.105 0.038 1.029 0.971–1.090 0.335

LA transverse dimension (mm) 1.008 0.964–1.054 0.740

LAVmax (ml/m2 ) 1.014 0.995–1.034 0.154

LAVmin (ml/m2 ) 1.023 0.996–1.050 0.094

SBP, systolic blood pressure; DBP, diastolic blood pressure; LVEF, left ventricular ejection fraction; LAAEV, left atrial appendage emptying velocity; LAVmax, left atrial maximum volume

index; LAVmin, left atrial minimum volume index.

FIGURE 2 | Receiver operating characteristic analysis with different left atrial appendage emptying velocities.
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velocity is a predictor of long-term recurrence of paroxysmal
atrial fibrillation after a single operation.
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This review has summarized the methods currently available for cardiac sympathetic
assessment in clinical or under research, with emphasis on the principles behind these
methodologies. Heart rate variability (HRV) and other methods based on heart rate
pattern analysis can reflect the dominance of sympathetic nerve to sinoatrial node
function and indirectly show the average activity level of cardiac sympathetic nerve in
a period of time. Sympathetic neurotransmitters play a key role of signal transduction
after sympathetic nerve discharges. Plasma or local sympathetic neurotransmitter
detection can mediately display sympathetic nerve activity. Given cardiac sympathetic
nerve innervation, i.e., the distribution of stellate ganglion and its nerve fibers, stellate
ganglion activity can be recorded either directly or subcutaneously, or through the
surface of the skin using a neurophysiological approach. Stellate ganglion nerve
activity (SGNA), subcutaneous nerve activity (SCNA), and skin sympathetic nerve
activity (SKNA) can reflect immediate stellate ganglion discharge activity, i.e., cardiac
sympathetic nerve activity. These cardiac sympathetic activity assessment methods
are all based on the anatomy and physiology of the heart, especially the sympathetic
innervation and the sympathetic regulation of the heart. Technological advances,
discipline overlapping, and more understanding of the sympathetic innervation and
sympathetic regulation of the heart will promote the development of cardiac sympathetic
activity assessment methods.

Keywords: cardiac sympathetic activity assessment, sympathetic innervation, sympathetic regulation,
mechanism, stellate ganglion

INTRODUCTION

The cardiac autonomic nervous system (ANS) is one of the most significant structures of the
neurohumoral system that regulates cardiac function. ANS can be divided into the sympathetic
nerves and the parasympathetic nerves depending on the composition of the nerves (1, 2).
A vast number of research studies have proved that sympathetic nerve dysfunction engages in
the pathophysiological process of coronary heart disease, hypertension, heart failure, arrhythmia,
etc. (3, 4). Consequently, the evaluation of autonomic nervous activity is in favor to understand
the regulation of cardiovascular activity and the pathogenesis of cardiovascular disease (CVD).
Meanwhile, the clinicians can assess treatment response, progression, and risk of recurrence in
patients with CVD depending on the evaluation of autonomic nervous activity (5–7). In this review,
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we discussed the methods of cardiac sympathetic activity
assessment applied in the clinical or under research with
emphasis on the mechanism beneath these approaches, aiming
at a thorough understanding of current sympathetic activity
assessment and further exploration.

NEUROANATOMY AND
NEUROPHYSIOLOGY OF THE HEART

Sympathetic Innervation of the Heart
The ANS is divided into the sympathetic and parasympathetic
subsystems, controlled by regulatory centers in the midbrain,
hypothalamus, pons, and medulla. The cardiac sympathetic nerve
center is located on the medial lateral column of the first to fifth
thoracic segment of the spinal cord. The cardiac sympathetic
innervation consists of extrinsic and intrinsic components
according to anatomical position (8, 9). The extrinsic sympathetic
nerve comes from the superior cervical ganglia and the
cervicothoracic (stellate) ganglia, which, respectively, connect
with the cervical nerves C1–C3 and with the cervical nerves C7–
C8 to the thoracic nerves T1–T2 (10). In addition, the thoracic
ganglia (as low as at least the fourth thoracic ganglion) also
contribute to the sympathetic innervation of the heart (11). These
ganglia hold the cell bodies of most postganglionic sympathetic
neurons whose axons form the superior, middle, and inferior
cardiac nerves and terminate on the surface of the heart (3).
These descending sympathetic neurons’ postganglionic fibers
reach the surface of the heart, communicate with each other,
and form nerve fibers network and ganglion plexuses, which
constitute the intrinsic sympathetic nerve of the heart (12). In
addition, sympathetic postganglionic fibers, which originate from
the superior cervical and stellate ganglion, are widely distributed
in the skin of the upper limb and chest (13).

Sympathetic Regulation of the Heart
Cardiac sympathetic nerves play a vital role in regulating
sinoatrial node, atrioventricular node, and activity of the
segmental myocardium, which depend on neurotransmitters
[norepinephrine (NE), dopamine, etc.] released by synapses
at sympathetic nerve terminals and NE receptors on the cell
membrane (14–16).

Norepinephrine is mainly synthesized by tyrosine hydroxylase
at the sympathetic nerve terminals and stored in the vesicles
(15). Once the sympathetic nerves are triggered, NE will be
emitted and bound to the receptors on the cell membrane of
sinoatrial node, atrioventricular node, and myocardium, which,
respectively, increases heart rate, enhances atrioventricular node
conduction, accelerates the repolarization of myocytes, and
strengthen contractile ability of myocardium (14, 16, 17). Jung
et al. uncovered that an increase in stellate ganglia sympathetic
activity is followed by an increase in heart rate, and the circadian
rhythms of heart rate are highly consistent with circadian
rhythms of cardiac sympathetic nerve activity (18). After signal
transduction, much of the NE will be reabsorbed by sympathetic
nerve terminals, while only a little NE will get into circulation and
be inactivated in the liver and kidney (19).

CARDIAC SYMPATHETIC ACTIVITY
ASSESSMENT

Nowadays, the methods of cardiac sympathetic activity
assessment applied in the clinical practice or under research
are based on the anatomy and physiology of the heart,
especially the sympathetic innervation and the sympathetic
regulation of the heart.

Heart Rate Variability Analysis
Heart rate variability originates from the study on the heart rate
patterns and cardiac rhythms, which could date back to 1965. In
the 30 years since more and more clinicians had recognized the
physiological and pathological significance of HRV. Until 1996,
the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology published the standard
of measurement, physiological interpretation, and clinical use of
HRV (20, 21).

Heart rate variability relies on the analysis of every heartbeat,
which is directly controlled by sympathetic and parasympathetic
activities. Consequently, analyzing the patterns of heart rate,
more precisely, analyzing beat-to-beat changes in the R-wave
to R-wave intervals can indirectly reflect and evaluate the
overall balance state of the cardiac autonomic nerve (21, 22).
HRV analysis includes time-domain analysis, frequency-domain
analysis, and non-linear analysis (Table 1). Time-domain analysis
quantifies the amount of HRV observed during monitoring
periods that may range from 5 min to 24 h. Frequency-domain
values calculate the absolute or relative amount of signal energy
within component bands. Non-linear measurements quantify the
unpredictability and complexity of a series of interbeat intervals
(23, 24).

Time domain analysis is used to measure and analyze the
variability of the R-R interval of sinus rhythm by statistical
and geometric methods (Table 1). Among the commonly used
indexes, mean standard deviation (SDANN, estimate of long-
term components of HRV), mean standard deviation index
(SDNNI), and HRV triangular index (estimate of overall HRV)
can reflect the sympathetic nerve tension. The smaller the value
is, the greater the sympathetic nerve tension is. The overall SD
(SDNN, estimate of overall HRV) reflects the balance between the
sympathetic nerve and parasympathetic nerve (20, 22). In clinical
practice, low HRV, which implicates increased sympathetic
activity, is associated with a poor prognosis of CVDs, such as
myocardial infarction (MI) and heart failure. In a randomized,
double-blind control study of 3,717 patients with postmyocardial
infarction and depressed left ventricular function, Camm found
that low HRV (HRV triangular index ≤ 20 baseline width unit)
independently identified a subpopulation at high risk of mortality
(25, 26).

Frequency-domain analysis is to analyze the spectrum curve
formed by the R-R interval time series signal of sinus rhythm
(Table 1). The spectrum curve obtained by power spectral
density (PSD) analysis provides the basic information on how
power (i.e., variance) distributes as a function of frequency
(20, 21). Usually, spectral analysis, calculated by taking a 5-min
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TABLE 1 | Overview of heart rate variability (HRV) analysis for sympathetic nerve activities.

Variable Units Description Correlation with autonomic activities

Time domain analysis

SDANN ms Standard deviation of the averages of NN intervals in all
5 min segments of the entire recording

negative correlation with sympathetic nerve

SDNNI ms Mean of the standard deviations of all NN intervals for
all 5 min segments of the entire recording

negative correlation with sympathetic nerve

SDNN ms Standard deviation of all NN intervals the balance between the sympathetic nerve and
parasympathetic nerve

HRV triangular index Total number of all NN intervals divided by the height of
the histogram of all NN intervals measured on a
discrete scale with bins of 7.8125 ms (1/128 s)

negative correlation with sympathetic nerve

Frequency domain analysis

Very low frequency ms2 Power in the very low frequency range efferent sympathetic nerve activities

Low frequency ms2 Power in the low frequency range sympathetic nerve (< 0.1 Hz) and parasympathetic nerve
activities

LF norm n.u. LF power in normalized units

High frequency ms2 Power in the high frequency range parasympathetic nerve activities

HF norm n.u. HF power in normalized units

LF/HF Ratio LF (ms2)/HF (ms2) the ratio between sympathetic nerve and parasympathetic
nerve activities

Non-linear measurements

S ms area of the ellipse total HRV

SD1 ms Poincaré plot standard deviation perpendicular the line
of identity

SD1 predicts diastolic BP, HR Max – HR Min, RMSSD,
pNN50, SDNN, and power in the LF and HF bands, and
total power during 5 min recordings

SD2 ms Poincaré plot standard deviation along the line of
identity

SD2 measures short- and long-term HRV in ms and
correlates with LF power

Approximate entropy brief time series in which some noise may be present measurement of the regularity and complexity of a time
series

DFA the correlations between successive RR intervals over
different time scales

description of short- or long-term fluctuations

electrocardiograph (ECG) recording, includes three main
spectral components: very low frequency (VLF, ≤ 0.04 Hz),
low frequency (LF, 0.04–0.15 Hz), and high frequency (HF,
0.15–0.4 Hz) components. LF is mainly related to sympathetic
activity and the low-frequency and high-frequency power
ratio (LF/HF) is correlated to the ratio between sympathetic
nerve and parasympathetic nerve activities. The central
frequencies of LF and HF are not fixed but vary with the
modulation of ANS to the cardiac rhythm. Therefore, the
normalized LF [LF power in normalized units, LF/(Total
Power − VLF) × 100] and HF [HF power in normalized units,
HF/(Total Power − VLF) × 100] could be more valuable (20–22).
Frequency-domain measures of heart period variability can also
be evaluation indicators of CVDs, such as MI, hypertension, and
heart failure (27, 28).

Time- and frequency-domain analyses of HRV are fairly
simple and stable methods for sympathetic nerve activity
assessment. However, these methods could not extract key
information from complex interactions of hemodynamic,
electrophysiological, and humoral variables, as well as by
autonomic and central nervous regulations, called non-linear
phenomena (20, 21). Hence, analysis of HRV based on the
methods of non-linear dynamics (i.e., non-linear measurements)
might elicit valuable information for the physiological

interpretation of HRV (Table 1). Non-linear measurements
are achieved by plotting every R-R interval against the prior
interval, creating a scatter plot called Poincaré plot (return map).
S (area of the ellipse which represents total HRV), SD1 (Poincaré
plot SD perpendicular to the line of identity), SD2 (Poincaré
plot SD along the line of identity) are commonly used indices.
Detrended fluctuation analysis (DFA), extracting the correlations
between successive R-R intervals over different time scales, could
analyze a time series that spans hours of data. Approximate or
sample entropy could give a judgment to the predictability of
fluctuations in successive R-R intervals (20, 29). Gronwald found
that DFA performs well in the analysis of complex autonomic
activity at rest or during intense exercise. Moreover, Boos et al.
found that non-linear HRV is more sensitive to the effects of high
altitude than time- and frequency-domain indices. These proofs
indicate that non-liner has more potential application prospect
in complex or untraditional situations (30–32).

The application of HRV analysis is not only limited to CVDs,
but also can be applied to obesity, tumor, and other diseases with
autonomic nervous disorders (33, 34). While HRV is influenced
by a number of physiological and pathological factors. Awareness
of these mediators or confounders is of great importance in the
analysis and assessment of HRV both in scientific studies and
in clinical practice (Table 2). In the clinical use of HRV, age,
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gender, and ethnic origin should take into consideration firstly. In
addition, diseases (sepsis, lung diseases, metabolic diseases, and
psychiatric diseases) and internal and external factors (smoking
or increased body weight, sporting activity, alcohol abuse, noise,
medications, night shift work, or harmful substances) may also
exert influence on HRV (6, 35).

Besides HRV, blood pressure variability, resting heart rate, and
so on are also closely related to the state of ANS, which, therefore,
are available to evaluate cardiac sympathetic activity (36, 37).

Sympathetic Neurotransmitters
Detection
Sympathetic neurotransmitters, released by synapses at
sympathetic nerve terminals, are the transmitter between
the sympathetic and the heart, which could be the target of
cardiac sympathetic activity detection (38, 39).

Most of the sympathetic neurotransmitters, such as NE,
dopamine, and epinephrine, will be reabsorbed by sympathetic
nerve terminals after signal transduction, but there will also
be a little NE getting into circulation and can be detected
by a peripheral blood test (40, 41). Plasma catecholamine
levels are normally positively correlated to sympathetic activities
(Table 2). Moreover, William et al. (41) found that exercise
could cause an increase in plasma catecholamine level, with
a precipitous drop in the levels at 5 min of recovery. In
addition, the more intense the exercise, the higher the plasma
catecholamine level. However, it is worth noting that plasma
catecholamine level reflects the sympathetic activities of the
whole body, not specifically referring to cardiac sympathetic
activities (42). Measurement of the coronary sinus and arterial
blood catecholamine concentrations can be a possible solution
to estimate transcardiac NE despite its possible surgical risks.
Kaye et al. found that arterial and transcardiac NE are
significantly higher in heart failure with preserved ejection
fraction patients than controls (43). However, the risks of
interventional surgery make it difficult to implement for
general patients.

The measurement of local catecholamine levels seems quite
challenging, while radio imaging combined with cardiovascular
physiology makes it possible to precisely detect cardiac local
sympathetic neurotransmitters at a micromolar level (44).
Applying iodine-123 meta-iodobenzylguanidine (123I-mIBG)
or other radiolabeled neurotransmitter analogs, cardiac
neurotransmission imaging with single photon emission
computed tomography (SPECT) and positron emission
tomography (PET) allows in vivo assessment of presynaptic
reuptake and neurotransmitter storage and of regional
distribution and activity of postsynaptic receptors (Table 2)
(5, 44). Heart-to-mediastinum ratio (HMR) and mIBG wash-out
(WO) rate are the most commonly used scientific parameters.
HMR is the indicator of mIBG uptake, and retention of NE
by sympathetic neurons can be semiquantified by WO rate,
specifically, comparing early and delayed activities (45). Yasushi
et al. found that lower HMR was the independent predictor of
the transit from idiopathic paroxysmal atrial fibrillation (AF)
to permanent AF, manifesting the fact that cardiac sympathetic

nerve activity abnormal plays a key role in the development of
atrial fibrillation (46).

Poor imaging quality and difficulty in distinguishing different
cardiac structures were the main problems that limited the
application of this technique for a long time in the past. However,
the recent development of solid-state gamma camera technology
with significantly improved sensitivity, spatial resolution, and
energy resolution has enabled high-quality SPECT imaging with
a spatial resolution of ≤ 5 mm (44, 47). In addition, the
injection of radiolabeled neurotransmitter analogs and their
possible radiation damage may cause concern among patients
and block their clinical use (44).

Sympathetic Nerve Activity Recording
A stellate ganglion can directly regulate the activity of the cardiac
sympathetic nerve and then regulate cardiac activity. Enhanced
discharge activity of stellate ganglion can accelerate heart rate and
raise blood pressure (48). Sympathetic nerve activity record of
the heart is on the basis of sympathetic nerve innervation using
neuroelectrophysiological methods, which went through three
stages of exploration——stellate ganglion nerve activity (SGNA),
subcutaneous nerve activity (SCNA), and skin sympathetic nerve
activity (SKNA) (18, 49–51).

Stellate Ganglion Nerve Activity
Lavian et al. (52) directly placed recording electrodes on the
surface of canine stellate ganglion nerve fibers to record the
discharge of stellate ganglion after thoracotomy and can record
the nerve activity in living dogs within 1 min. Jung et al.
(18) further improved the method, so that SGNA recording
can complete recording lasting more than 40 days for 24 h.
It is found that after SGNA recording showed the discharge
signal of the stellate ganglion, the heart rate and blood pressure
of dogs were increased secondary. At the same time, the
discharge of stellate ganglion shows circadian rhythm, which
is consistent with the circadian rhythm of heart rate (18).
Subsequently, Tan et al. (53) found that the occurrence of
arrhythmia diseases, such as atrial tachycardia, ventricular
tachycardia, and atrial fibrillation, is related to the abnormal
discharge of stellate ganglion through the SGNA recording of
dog model, and the discharge patterns of stellate ganglion are
also different for different arrhythmia diseases. In the SGNA
recording of complex CVDs, such as MI, heart failure, and
sudden death, Zhou et al. (54) found that the increase of discharge
activity of stellate ganglion is an important reason for the
progression of ventricular arrhythmia and other CVDs (55, 56).
These findings provide scientific evidence for understanding the
changes in cardiac sympathetic nerve activity in the occurrence
and development of CVDs and finding appropriate treatment
methods (57, 58).

Stellate ganglion nerve activity recording can be recorded
continuously for more than 40 days for 24 h in living animals. It
can record the immediate discharge activity of stellate ganglion
without affecting the survival and daily activities of animals.
It is an important tool to study the cardiac sympathetic nerve
activity (57, 58). However, SGNA recording is carried out by
thoracotomy, which has great trauma and is difficult to be
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TABLE 2 | Comparison of cardiac sympathetic nerve activities assessment methods.

Methods Theoretical
cornerstone

Measurement Indices Clinical
interpretation

Periods of
time

Advantages Disadvantages

HRV sympathetic
nerve activities
regulation of
Sinus node

ECG recording See Table 1 sympathetic
activities, balance
between
sympathetic and
parasympathetic
nerve activities

several
minutes to
24 h

simple,
non-invasive,
stable

influenced by
many factors

plasma
catecholamine
detection

release of
neurotransmitters
after sympathetic
excitation

peripheral or
coronary sinus
blood

plasma
catecholamine
concentration

global sympathetic
activities

a few minutes simple, easy to
interpret

inaccuracy in
cardiac
sympathetic
activities
assessment

cardiac
neurotransmission
imaging

release of
neurotransmitters
after sympathetic
excitation

radiolabeled
neurotransmitter
analogues,
SPECT and PET

Heart-to-
mediastinum
ratio (HMR) and
mIBG wash-out
(WO) rate

uptake and
retention of
norepinephrine

a few minutes Location
information of
abnormal cardiac
sympathetic
activities

invasive,
expensive

SKNA detection of
stellate ganglion
discharge from
the skin surface

ADInstruments
PowerLab or
ME6000 portable
biomonitor with
increased
bandwidth and
sampling rate

average SKNA
and SKNA
burst

average
sympathetic nerves
activity, number of
sympathetic nerves
burst discharges
after excitation
during selected
period

instant, several
minutes to
24 h

simple,
non-invasive,
continuous
evaluation

lack of a
complete
evaluation system
and reliable
reference value

routinely applied in the clinic. In order to reduce the trauma
caused by recording, a new recording method, SCNA recording,
has been published (49).

Subcutaneous Nerve Activity
In addition to innervating the heart, some postganglionic fibers
of the stellate ganglion are widely distributed in the skin
and subcutaneous tissue of the neck and chest, and there is
extensive cross-linking in the whole neural network (49, 59).
Robinson et al. (49) speculated that when the stellate ganglion
discharges, the stellate nerve postganglionic fiber terminals of
the skin and subcutaneous tissue of the neck and chest appear
synchronous discharge.

Robinson et al. (49) implanted the recording electrode into
the subcutaneous tissue of the dog’s chest to record the SCNA
and performed SGNA recording by thoracotomy. The results
showed that before the dog’s heart rate accelerated, SGNA
and SCNA recording showed synchronized neural discharge
activities, and the 24 h recording results showed that SGNA
recording and SCNA recording had consistent circadian rhythm
changes. Through the statistical analysis, it is found that SGNA
recording has strong correlation with SCNA recording, and the
correlation coefficient is 0.7, indicating that SCNA recording can
replace SGNA recording to reflect the neural activities of stellate
ganglion and the activity of cardiac sympathetic nerve (49).

Subsequently, Chan et al. (60) conducted 56 days of SGNA
recording (direct measurement of stellate ganglion activity),
SCNA recording, and HRV analysis on the canine model of
MI. The absolute values of the correlation coefficients between
integrated SGNA and SCNA were significantly larger than those
between SGNA and HRV analysis based on time domain,

frequency domain, and non-linear analyses, respectively, at
baseline and after MI. The results showed that SCNA recording is
better than HRV analysis in assessing cardiac sympathetic tone in
dogs after MI. The feasibility of using SCNA recording to reflect
cardiac sympathetic nerve activity is further verified (60). In
addition, Doytchinova et al. (61) found that SCNA recording has
a certain predictive value for the onset of ventricular tachycardia
and ventricular fibrillation in dogs after MI and sudden cardiac
death in rats with chronic renal failure (61).

Subcutaneous nerve activity recording avoids the huge trauma
caused by SGNA recording that requires thoracotomy. By
embedding the recording electrode in the subcutaneous tissue
of the chest, SCNA recording can also complete the recording
of nerve activity for more than 40 days for 24 h, reflecting the
immediate SGNA and even cardiac sympathetic nerve activity
(49, 61). However, it still has certain surgical trauma, which
limits its clinical application. Jiang et al. (50) further explored the
non-invasive recording of SKNA on the basis of SCNA recording.

Skin Sympathetic Nerve Activity
The histological evidence of human skin biopsy shows that
there are abundant sympathetic nerves in the arteriovenous
anastomosis, arrector pili muscle, and arterioles. Given the
feasibility of SCNA record, Jiang et al. (50) further speculated that
it is also feasible to directly record sympathetic nerve activities
through the skin (Table 2).

Jiang et al. (50) directly attached the traditional ECG recording
electrode to the dog’s chest skin for original signal recording,
obtaining the signal of single lead ECG and SKNA by setting
appropriate recording parameters and filtering parameters, and
recorded SGNA as the gold standard (50, 51). The study found

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 June 2022 | Volume 9 | Article 93121919

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


fcvm-09-931219 June 17, 2022 Time: 15:3 # 6

Li and Zheng The Mechanism of Cardiac Sympathetic Activity Assessment Methods

that in the resting state or stress state, SGNA and SKNA maintain
a strong correlation, and the correlation coefficient is between
0.75 and 0.88, indicating that SKNA recording was consistent
with SGNA recording (50). Doytchinova et al. (62) further
verified the feasibility of SKNA recording on the recruited healthy
volunteers and clinical patients. In total, nine healthy volunteers
received cold-water stress test and Valsalva action successively.
After the cold-water stress test began, the recorded SKNA signal
increased significantly, and the subjects’ heart rate accelerated
secondarily. After the Valsalva action, the SKNA signal of the
subjects decreased rapidly, followed by a decrease in heart rate
(62). In nine patients who underwent bilateral stellate ganglion
block, the researchers found that SKNA signal was decreased by
63% from baseline after lidocaine injection into bilateral stellate
ganglion (51). These studies further verified the feasibility of the
SKNA recording to reflect the neural activity of stellate ganglion
and even the activity of cardiac sympathetic nerve. Kumar et al.
(63) further applied SKNA recording in patients with various
CVDs, such as vasovagal syncope, heart failure with decreased
ejection fraction, paroxysmal atrial fibrillation, and long QT
interval syndrome to explore the role of cardiac sympathetic
nerve activity in the pathogenesis and development of these
diseases (64–69).

Skin sympathetic nerve activity can record cardiac
sympathetic nerve non-invasively and continuously for 24 h.
There are also several limitations to its usage, patients’ daily
activities and even body movements have a great impact on
the quality of recorded signals (50). Of note, Xing et al. (70)
recently found a system-level modification by combining a
commercial analog front end chip with a low-noise first-stage
amplifier and an adaptive power-line-interference (PLI) filter and
outliers clipping may reduce the system noise floor and reject the
PLI and motion artifacts in the signal. The performance and
effectiveness of this system have been verified in the laboratory
experiment and clinical experiment (70). This may contribute
to the popularization of SKNA. In addition, the parameters
for SKNA are also limited to average SKNA (aSKNA, average
sympathetic nerves activity during selected period, several min
to h) and SKNA burst (number of sympathetic nerves burst
discharges after excitation during the selected period). Due to the
lack of large sample clinical studies, a well-established standard is
warranted (50, 51).

CONCLUSION

Sympathetic nerve dysfunction engages in the pathophysiological
process of coronary heart disease, hypertension, heart failure,
arrhythmia, and other CVDs. It is necessary to evaluate
cardiac sympathetic activity. Generally speaking, these cardiac
sympathetic activity assessment methods can be divided into
three levels. Firstly, to evaluate the global sympathetic activities
by plasma catecholamine levels, blood pressure variability, and so
on. The evaluation results obtained by these methods may not be
consistent with the true cardiac sympathetic activity state, which
needs to be combined with other clinical evidence. Secondly,
using HRV, cardiac neurotransmission imaging with SPECT and
PET or SKNA evaluates the average state of sympathetic activity
during a selected period of time. Thirdly, to monitor immediate
sympathetic nerve activity by SKNA, which is impossible for
other assessment methods.

What is noteworthy is that these cardiac sympathetic
activity assessment methods are all based on the anatomy and
physiology of the heart, especially the sympathetic innervation
and the sympathetic regulation of the heart. Therefore, the
depth of our understanding of the sympathetic innervation
and sympathetic regulation of the heart determines the
approaches we can take to evaluate cardiac sympathetic activity.
Moreover, the development of cardiac neurotransmission
imaging with SPECT, PET, and SKNA gives us a hint that
technological advances and discipline overlapping are the
important driving forces for improving cardiac sympathetic
activity assessment methods.
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Reliability and validity of
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patients with coronary artery
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Tingting Zhang2, Raymond C. C. Tsang3, Doa El-Ansary1,4,5,
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1Department of Sport Rehabilitation, School of Kinesiology, Shanghai University of Sport, Shanghai,

China, 2Department of Cardiology, Xinhua Hospital A�liated to Shanghai Jiao Tong University

School of Medicine, Shanghai, China, 3Department of Physiotherapy, MacLehose Medical

Rehabilitation Center, Hospital Authority, Hong Kong, China, 4Department Nursing and Allied

Health, Swinburne University of Technology, Melbourne, VIC, Australia, 5Department of Surgery,

Melbourne Medical School, University of Melbourne, Melbourne, VIC, Australia, 6Department of

Physiotherapy, College of Rehabilitation Sciences, Shanghai University of Medicine and Health

Sciences, Shanghai, China, 7Department of Physiotherapy, School of Health and Rehabilitation

Sciences, The University of Queensland, Brisbane, QLD, Australia

Background: Sit-To-Stand (STS) tests are reported as feasible alternatives for

the assessment of functional fitness but the reliability of these tests in people

with coronary artery disease (CAD) has not been reported. This study explored

the test-retest reliability, convergent and known-groups validity of the five

times, 30-sec and 1-min sit-to-stand test (FTSTS test, 30-s STS test and

1-min STS test respectively) in patients with CAD. The feasibility of applying

these tests to distinguish the level of risk for cardiovascular events in CAD

patients was also investigated.

Methods: Patients with stable CAD performed a 6MWT and 3 STS tests in

random order on the same day. Receiver operating characteristic (ROC) curve

analyses were conducted using STS test data to di�erentiate patients with low

or high risk of cardiovascular events based on the risk level determined by

distance covered in the 6MWT as > or ≤419m. Thirty patients repeated the

3 STS tests on the following day.

Results: 112 subjects with diagnoses of atherosclerosis or post-percutaneous

coronary intervention, or post-acute myocardial infarction (post-AMI)

participated in the validity analysis. All 3 STS tests demonstrated moderate and

significant correlation with the 6MWT (coe�cient values r for the FTSTS, 30-s

STS and 1-min STS tests were−0.53, 0.57 and 0.55 respectively). Correlations

between left ventricular ejection fraction (LVEF) and all STS tests and between

6MWT and LVEF were only weak (r values ranged from 0.27 to 0.31). Subgroup

analysis showed participants in the post-AMI group performed worse in

all tests compared to non-myocardial infarction (non-MI) group. The area

under the curve (AUC) was 0.80 for FTSTS (sensitivity: 75.0%, specificity:

73.8%, optimal cut-o�: >11.7 sec), and the AUC, sensitivity, specificity and

optimal cut-o� for 30-s STS and 1-min STS test were 0.83, 75.0%, 76.2%, ≤12

repetitions and 0.80, 71.4%, 73.8%, ≤23 repetitions respectively. The intraclass

correlation coe�cients (ICC) for repeated measurements of the FTSTS,
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30-s STS and 1-min STS tests were 0.96, 0.95 and 0.96 respectively, with the

minimal detectable change (MDC95) computed to be 1.1 sec 1.8 repetitions

and 3.9 repetitions respectively.

Conclusions: All STS tests demonstrated good test-retest reliability,

convergent and known-groups validity. STS tests may discriminate low

from high levels of risk for a cardiovascular event in patients with CAD.

KEYWORDS

coronary artery disease, sit-to-stand, reliability, validity, discriminative ability,

6-minute walk test

Introduction

Coronary artery disease (CAD) is the leading cause of

death worldwide and accounts for a significant disease burden

in developing countries (1, 2). Cardiac rehabilitation (CR)

is supported by evidence as key to CAD management and

functional capacity is often a clinical outcome used to reflect

the success of a CR programme (3). The 6-min walk test

(6MWT) has been used as a prognostic tool to predict the

risk of myocardial infarct, heart failure and death in CAD

patients (4). The 6MWT demands no expensive or complicated

equipment, however it does require a corridor which is at least

30 meters in length, and the full assessment procedure takes at

least 20min. Further, patient performance can be confounded by

the motivation and unintentional encouragement provided by

the operators (5). In contrast, the sit-to-stand (STS) test requires

a chair and minimal space. It was first introduced in 1985

for the evaluation of lower limb muscle strength (6). Recently,

an incremental STS test protocol was reported to be highly

correlated with peak oxygen consumption during an exercise

test in healthy individuals (7). STS tests are now considered

feasible alternative tests for the assessment of functional fitness

in older adults and in various patient populations (8–10).

Tests or measures in clinical medicine are normally used

for three purposes: discriminate between patient characteristics,

predict an outcome or inform the prognosis of a condition, and

Abbreviations: CAD, coronary artery disease; CR, cardiac rehabilitation;

6MWT, 6-min walk test; STS, sit-to-stand; FTSTS test, five times

sit-to-stand test; 30-s STS test, 30-sec sit-to-stand test; 1-min STS test,

1-min sit-to-stand test; LVEF, left ventricular ejection fraction; post-PCI,

post percutaneous coronary intervention; non-MI, non-myocardial

infarction; post-AMI, post-acute myocardial infarction; BP, blood

pressure; HR, heart rate; SD, standard deviation; ICC, intraclass

correlation coe�cient; LoA, limits of agreement; SEM, standard error of

measurement; MDC95, minimal detectable change with 95% confidence

interval; ANOVA, one-way analysis of variance; ROC, receiver operating

characteristic; AUC, area under the curve; COPD, chronic obstructive

pulmonary disease; 6MWD, the distance of 6MWT; MCID, minimal

clinically important di�erence; MD, mean di�erence.

evaluate change over time or change after certain intervention

(11). The STS tests have been used to discriminate levels of

functional capacity in people with chronic respiratory illness (12,

13) and have also been used to evaluate the effect of pulmonary

rehabilitation in people with chronic obstructive pulmonary

disease (COPD) (14). The 1-min STS test was shown to be a

strong predictor of 2-year mortality in people with COPD (15).

While the reliability and discriminative properties of various

STS test protocols, including the five times sit-to-stand (FTSTS)

test, 30-sec STS (30-s STS) test and 1-min STS (1-min STS)

test, have been reported in different populations (16–18), a

gold standard for testing the criterion validity of STS tests

in discriminating levels of functional capacity in people with

CAD is not yet available. There is therefore a need to establish

the construct (convergent and known-groups) validity of STS

tests in this population. Further, while STS test performance in

patients with heart failure (19) and in patients enrolled in CR

(20) have been reported, comparison of the reliability of various

STS test protocols in patients with CAD has not been reported.

The focus of this current study is to examine the

discriminative properties of the FTSTS, 30-s STS and 1-min

STS tests. The primary objective of this current study is to

examine the test-retest reliability, convergent and known-groups

validity of the 3 STS tests. Convergent validity was examined

through investigation of the correlation between STS test scores

and the distance covered by the 6MWT, a valid test for

measurement of functional capacity. Known-groups validity was

examined through the evaluation of statistical and clinically

important differences in STS tests of known groups, that

is, participants with post-AMI and those without myocardial

infarction (non-MI).

Following the assumption that STS tests are feasible

alternative measurement tool for functional capacity,

the secondary objective of the study was to explore the

feasibility of using STS test protocols to discriminate the

level of risk of cardiovascular events in people with CAD.

Categorization of risk of cardiovascular events was adopted

from a previous report, that patients who covered ≤ 419m

during a 6MWT were classified at high risk of cardiovascular

events (4).
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Materials and methods

Study design and participants

A cross-sectional study (Chinese Clinical Trial Registry

Number: 2000037435) was conducted from July 2020 to

February 2021. Approval to conduct the study was granted

by the Ethics Committee of Xinhua Hospital Affiliated

to Shanghai Jiaotong University School of Medicine

(Approval Number: XHEC-C-2020-078-1). Participants

were considered eligible for enrolment if they were older

than 18 years with CAD with a diagnosis of atherosclerosis

(as confirmed by angiography), post percutaneous coronary

intervention, or at least 6 months post-acute myocardial

infarction (post-AMI). The exclusion criteria included:

a) raised cardiac troponin I level, b) acute infectious

disease, respiratory disease, uncontrolled metabolic

disease or hypertension; c) with neuromusculoskeletal,

cognitive disorders, visual or auditory dysfunction that

would affect performance of STS tests; d) heart failure

at Class III or IV of the New York Heart Association

(NYHA) classification; e) having previously participated in

a CR program.

Procedures

Patients attending follow up at the Xinhua Hospital

were screened for eligibility for this study. Eligible patients

were invited to participate, with the nature of the study

explained and written informed consent obtained from

each patient prior to commencement of the study. The

socio-demographic characteristics of each participant were

then recorded.

Participants were asked to complete a 6MWT, FTSTS,

30-s STS and 1-min STS tests at random order on the same

day. All tests were performed once only without any trial runs.

This was deemed appropriate as test-retest reliability of FTSTS

test was shown to be reliable with a single evaluation session

(17). The order of testing was written in a card placed in a

sealed envelope and the participants were asked to draw an

envelope with the concealed order enclosed. A rest period of

30min was set between the 6MWT and any of the STS tests,

and all participants were given a 5-min rest period between

each STS test protocol (21). Blood pressure (BP), heart rate

(HR) and level of fatigue (using a CR-10 Borg scale) were

recorded before and immediately after each test. Any adverse

events were documented. All tests were conducted by the

same physiotherapist.

All participants were also invited to draw from

another sealed envelope which determined whether they

were invited to return on the follow day to repeat the

3 STS tests.

Sit-to-stand test protocols

A chair without arms, with rubber tips on the legs, a hard

seat of fixed height 46 cm was positioned against a wall. All

3 STS test protocols required the participant to commence in

a seated position with the feet resting flat and ankle joints in

the neutral position. All participants were given the instruction

to perform the sit-to-stand task as quickly as possible with

their arms crossed over the chest and hands on the shoulders

(8). A standard STS movement was viewed as the legs being

fully straightened when the stand phase concluded and the

hip landing firmly on the chair when seated. A test would be

terminated if the participant required assistance or was unable

to complete the movement. No encouragement was provided

during any STS test protocol.

The time for the participant to complete the STS movement

five times was recorded for the FTSTS test (12). For 30-s and 1-

min STS tests, subjects were required to perform as many STS

movements as possible within 30 sec (22) or 1min, respectively.

The number of STS movements completed within the time

required was recorded, as appropriate.

6MWT

The 6MWT was conducted following the American

Thoracic Society guidelines for the 6MWT (23). All participants

completed the 6MWT on a 30-meter flat corridor.

Statistical analysis

Data analyses were performed using the IBM SPSS Statistics

25.0 for Windows (IBM Corp., Armonk, NY) and the MedCalc

18.2.1 (Ostend, Belgium). Continuous variables were reported

as mean and standard deviation (SD), and categorical data were

shown as a number and percentage. The Kolmogorov-Smirnov

test was used to check the normality of data distribution. Test-

retest reliability, defined as consistency of the STS test scores

recorded in the two separate days, was determined by the

intraclass correlation coefficient (ICC) calculated by a two-

way mixed model with absolute agreement method (24). The

ICC was considered as poor, fair, good and excellent with

values of <0.5, 0.5 to 0.75, 0.75 to 0.9, >0.9 respectively (25).

Bland-Altman plots were constructed to display the distribution

difference of repeated measurements and calculate the limits of

agreement (LoA) via mean difference ± 1.96 SD of difference

(26). Standard error of measurement (SEM) and a minimal

detectable change with 95% confidence intervals (MDC95)

were calculated with the formulae SD
√
1− ICC and SEM ×

√
2×1.96 respectively, to estimate the measurement variability

(27). Pearson’s or Spearman’s correlation coefficients were used

to measure the magnitude of correlation between STS tests,

6MWT and LVEF, depending on the data distribution. The

correlation was considered “negligible to weak,” “moderate,”
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and “well-accepted” with values <0.3, 0.3 to 0.6, and >0.6

respectively (28, 29). One way to support the convergent validity

of the STS tests was a satisfactory correlation value between the

STS scores and outcomes recorded with another tool valid for

measurement of functional capacity, thus it was hypothesized

that the correlation value (r) generated between STS tests

and recorded 6MWD should be at least 0.5. Independent

Samples t test or Mann-Whitney test was used to explore the

known-groups validity through analysis of the differences in

all tests between groups of patients with non-MI and post-

AMI. Based on previous reported values of minimal clinically

important differences (MCID) in STS tests in subjects with

COPD, the between-group mean difference (MD) in STS tests

was hypothesized to be ≥1.3s for the FTSTS test (12), ≥2

repetitions for 30-s STS test (14) and ≥3 repetitions for the

1-min STS test (30). Chi-square test was used to compare

distributions of gender, coronary artery lesions, cardiovascular

risk factors and type of medications between subgroups.

Lastly, if STS tests are deemed feasible alternatives to 6MWT

in assessment of functional capacity in people with CAD, we

wish to explore whether STS tests were able to discriminate

participants with high and low risk of cardiovascular events,

thus, receiver operating characteristic (ROC) curve analyses

(31) were performed. The area under the curve (AUC) of the

ROC curve would indicate the discriminative ability of the

STS tests to differentiate the risk of cardiovascular events. The

selection of the optimal cut-off scores for the STS tests was

based on principle of minimizing the misclassification with

minimum absolute difference between sensitivity and specificity

(32). Based on a previous report by Beatty and colleagues, the

“cut-off” value adopted in this study to differentiate participants

with low or high risk of cardiovascular events was 419m from

the 6MWT (4). The AUC of all STS tests were compared. All

statistical tests were two-tailed with the level of significance set

at 0.05.

Sample size estimation

With two observations per subject, to achieve 80% power to

detect an estimated ICC of 0.8 under the alternative hypothesis,

andwith the ICC estimated as 0.5 under the null hypothesis, with

a significance level of 0.05, the minimum sample size for the

STS test-retest reliability was computed as 22. For the known-

groups validity testing, the sample size estimation was based

on a hypothesized effect size index of 0.6 in testing the mean

STS test difference between groups of non-MI and post-AMI

patients, using a two-tailed independent t-test with a level of

significance of 0.05 and statistical power of 0.8. A minimum

of 90 patients was required. In the ROC curve analyses of

STS tests for differentiating patients with low or high risk of

cardiovascular events, a minimum sample of 82 patients was

required to achieve 80% power to detect a difference of 0.15

between the AUC of the ROC curve analysis under the null

hypothesis of 0.70 and an AUC under the alternative hypothesis

of 0.85 using a two-sided z-test at a significance level of 0.05.

All the sample size estimations were performed using the PASS

15.0.5 (NCSS, Kaysville, Utah, USA).

Results

Subjects characteristics

A total of 112 patients (mean age 63.9± 8.8 years, male 69%)

were included in the study and the mean age of the 30 patients

participated in the reliability tests was 64.3 ± 7.3 years, (males

53%). The number of post-AMI and non-MI participants was 48

and 64 respectively. Demographic characteristics of all patients

are summarized in Table 1. Table 2 displays the HR, BP and level

of fatigue at pre and immediately post STS tests and 6MWT.

There was no adverse event during all tests. In the post-AMI

group, 1 patient required a permanent pacemaker, 2 patients

received coronary arterial bypass grafting operations.

Relative and absolute reliability

The relative reliability for FTSTS, 30-s STS, 1-min STS tests

were excellent with ICC values all above 0.95 between the two

testing days in all STS tests. The minimum detectable change

values with 95% confidence interval (MDC95) were 1.11 s, 1.79

repetitions and 3.86 repetitions, respectively (Table 3).

Convergent validity

Correlation between performance of 6MWT and the 3 STS

tests were moderate (FTSTS test, r =−0.53, p < 0.001; 30-s STS

test, r = 0.57, p < 0.001; 1-min STS test, r = 0.55, p < 0.001).

Correlations between recorded LVEF and STS performance or

with 6MWT were both weak (Table 4, Figure 1).

Known-groups validity

Table 5 displays results of known-groups validity analyses

between patients in the post-AMI and non-MI groups. Patients

with post-AMI required significantly longer time in completion

of the FTSTS test, means difference (MD) and 95%CI being 1.4 s,

0.3 to 2.6, (p = 0.009), less repetitions in both the 30-s STS,

MD−2.0, 95% CI:−3.1 to−0.7, (p= 0.002) and 1-min STS test

MD−3.4, 95%CI:−5.9 to−1.0 (p= 0.006); the distance covered

in the 6MWT (431.5± 64.6 vs. 480.3± 57.3, MD−48.8, 95% CI:

−71.7 to −25.9, p < 0.001) was also less in this group (Table 5,

Figure 2). These mean differences were similar or larger than the
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TABLE 1 Demographics characteristics of the participants.

Characteristic Validity study

(n = 112)

Reliability study

(n = 30)

Age (years) 63.9± 8.8 64.3± 7.3

Gender

Male 77 (69%) 16 (53%)

Female 35 (31%) 14 (47%)

BMI (kg/m²) 24.6± 3.5 24.8± 3.5

Diagnosis

Atherosclerosis 34 10

post-PCI

post AMI

30

48

10

10

Coronary artery lesions

Single-vessel 41 (37%) 14 (47%)

Double-vessel 24 (21%) 7 (23%)

Triple-vessel 47 (42%) 9 (30%)

Cardiovascular risk

factors

Hypertension 69 (62%) 17 (57%)

Diabetes 43 (38%) 13 (43%)

Hyperlipidaemia 64 (57%) 15 (50%)

Smoking 71 (63%) 20 (67%)

Blood tests

FBG (mg/dl) 107.91± 26.20 110.13± 33.43

TC (mg/dl) 144.46± 39.04 140.99± 25.84

TG (mg/dl) 164.64± 144.30 190.14± 139.95

HDL (mg/dl) 39.78± 10.89 37.51± 10.50

LDL (mg/dl) 79.39± 31.51 77.03± 21.50

NT-proBNP (pg/ml) 283.90± 597.48 322.90± 811.73

Current medications

Antiplatelet agents 102 (91%) 27 (90%)

ACEI/ARB 48 (43%) 11 (37%)

β-Blocker 108 (96%) 28 (93%)

Lipid-lowing agents 107 (96%) 29 (97%)

Hypoglycemic agents 36 (32%) 10 (33%)

PCI, percutaneous coronary intervention; post-AMI, post-acute myocardial infarction;

BMI; body mass index; FBG, fasting blood glucose; TC, total cholesterol; TG,

triglycerides; HDL, high density lipoprotein; LDL, low density lipoprotein; NT-proBNP,

N-terminal pro b-type Natriuretic Peptide; ACEI, angiotensin-converting enzyme

inhibition; ARB, angiotensin receptor blocker.

pre-specified differences with reference to the MCID values of

the STS tests of patients with COPD.

ROC curve analysis

A total of 84 patients achieved more than 419m in their

6MWT and were thus classified as low- risk cardiovascular

event group (4), 28 patients who covered ≤ 419m were

in the high-risk group. ROC curve analysis illustrated

that the AUC of FTSTS, 30-s STS,and 1-min STS tests

were 0.80 (sensitivity: 75.0%, specificity: 73.8%, optimal

cut-off: 11.7 s), 0.83 (sensitivity: 75.0%, specificity: 76.2%,

optimal cut-off: 12 repetitions), and 0.80 (sensitivity:

71.4%, specificity: 73.8%, optimal cut-off: 23 repetitions)

respectively (Table 6). There were no statistically significant

differences in the AUC of the ROC curve analyses among the

three STS tests.

Discussion

The use of FTSTS test has been shown to be an instrument

of high reliability in healthy adults (33) as well as in people

with spinal cord injury (34), hip arthroplasty (17) and in people

with chronic obstructive pulmonary disease (12). The 1-min

STS test and 30-s STS test were also shown to be reliable

measures in people with pulmonary hypertension (22), total

knee arthroplasty (35), with COPD (13) and cystic fibrosis (36).

This current study is the first that compared all three STS tests

in the same population of people with CAD. Findings of our

study demonstrated excellent test-retest reliability for all 3 STS

tests in this subject-cohort. Further, we found that compared

to FTSTS and 30-s STS tests, the 1-min STS test induced the

greatest changes in heart rate and SBP, and associated with the

highest post-test fatigue score (Table 2). Amongst the 3 STS

tests, changes induced by the 1-min STS test were closest to the

physiological changes induced by the 6MWT. This suggests that

the 1-min STS test is superior than 30-s STS and FTSTS tests

if considered as an assessment tool for functional capacity in

people with CAD. Our findings were in accord with a previous

report which recommended the 1-min STS test to be a superior

STS protocol for evaluation of functional capacity in subjects

with COPD (8). Further, oxygen consumption was shown to be

highest during a 1-min STS test compared to FTSTS in a cohort

of patients with COPD (30). Although we have not measured

oxygen consumption during the STS tests in our participants

with CAD, we postulate that the pattern of oxygen uptake during

STS tests would be similar in our subject cohort compared

to those with COPD; further analysis is necessary to confirm

this assumption.

As anticipated, findings of the current study illustrated

moderate correlation between the 3 STS tests and the 6MWT,

the correlation coefficient data of our study are similar to those

previously reported in community-dwelling older adults (10)

and in a cohort of patients with COPD (37). The correlation

between LVEF and 6MWT and between LVEF and any STS

tests was however only weak. This is not surprising. A lack

of correlation between distanced covered in a 6MWT and

ejection fraction was also reported in patients with heart failure

(38). Exercise capacity was shown to be inversely associated

with diastolic dysfunction but not associated with variation of

left ventricular systolic function in people with LVEF within
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TABLE 2 Hemodynamic data and fatigue score at pre- and immediately post-tests (n = 112).

6MWT FTSTS 30-s STS 1-min STS p-value1

across groups

HR

(beats/min)

pre

post

72.9± 8.3

85.9± 8.4

71.1± 6.8 73.8

± 7.8

72.7± 8.6

79.6± 9.2

72.3± 8.2 87.5

± 8.9

p= 0.35

% change +17.8% +3.8% +9.5% +21.0% p < 0.001

p-value* p < 0.001 p < 0.001 p < 0.001 p < 0.001

SBP (mmHg) pre

post

125.0± 12.5

146.8± 14.1

124.9± 13.3

130.4± 12.4

125.3± 13.5

139.4± 16.3

128.2± 12.6

149.3± 14.8

p= 0.18

% change +17.4% +4.4% +11.3% +16.5% p < 0.001

p-value* p < 0.001 p < 0.001 p < 0.001 p < 0.001

DBP (mmHg) pre

post

73.0± 9.7

81.5± 8.6

73.3± 8.8 73.4

± 9.3

74.3± 8.4

83.0± 8.7

75.3± 7.5 84.5

± 8.8

p= 0.20

% change +11.6% 0.1% +11.7% +12.2% p < 0.001

p-value* p < 0.001 p= 0.90 p < 0.001 p < 0.001

Fatigue score pre 0.2± 0.4 0.2± 0.5 0.2± 0.6 0.2± 0.5 p= 0.93

post 4.0± 0.9 0.3± 0.6 2.4± 1.1 4.2± 1.7 p < 0.001

p-value* p < 0.001 p= 0.05 p < 0.001 p < 0.001

HR, heart rate, SBP, systolic blood pressure, DBP, diastolic blood pressure, 6MWT, six-minute walk test, FTSTS, five times sit-to-stand, 30-s STS, 30-second sit-to-stand, 1-min STS,

1-minute sit-to-stand. Mean diff, mean difference between pre and post values.
*p-value determined by paired t-test or Wilcoxon signed rank test; 1p-value determined by repeated measures ANOVA or Kruskal-Wallis H test.

TABLE 3 Relative and absolute reliability results of the three STS tests (n = 30).

ICC (95% CI) 1st measure 2nd measure SEM MDC95 95% LoA

FTSTS (sec) 0.96 (0.92–0.98) 12.01± 2.04 11.85± 2.14 0.40 1.11 −0.96–1.26

30–s STS (repetitions) 0.95 (0.91–0.98) 13.07± 3.06 12.97± 3.02 0.65 1.79 −1.71–1.91

1–min STS (repetitions) 0.96 (0.91–0.98) 24.67± 6.69 25.10± 6.69 1.39 3.86 −4.31–3.44

ICC, intraclass correlation coefficient; 95% CI, 95% confidence interval; SEM, standard error of measurement; MDC95 , minimum detectable change with 95% CI; LoA, 95% limits of

agreement; FTSTS, five times sit–to–stand; 30–s STS, 30–sec sit–to–stand; 1–min STS, 1–min sit–to–stand.

TABLE 4 Correlation analysis between STS tests with 6MWT and LVEF.

FTSTS 30–s STS 1–min STS 6MWT

6MWT r rs =−0.53 rs = 0.57 rp = 0.55 –

p < 0.001 < 0.001 < 0.001 –

LVEF r rs =−0.27 rs = 0.31 rs = 0.27 rs = 0.29

p 0.003 0.001 0.004 0.002

FTSTS, five times sit–to–stand; 30–s STS, 30–sec sit–to–stand; 1–min STS, 1–min sit–to–stand; 6MWT, six–min walk test; LVEF, left ventricular ejection fraction.

r= Rho; rp = Pearson correlation coefficient; rs = Spearman correlation coefficient; p= p–value.

normal range (39). The LVEF of our patient cohort was all

above 56%, it is therefore not surprising that there existed

only a weak correlation between LVEF and exercise capacity

(reflected by 6MWT or STS tests). While cardiac dysfunction

partly contributes to poor exercise capacity, skeletal muscle

fatigability plays an important mechanism in exercise tolerance

(40); further, in patients with a normal ejection fraction, exercise

capacity is associated with left ventricular dimensions (41),

however, assessment of skeletal muscle fatigability and appraisal

of left ventricular dimension was outside of the scope of

this study.

The 6MWT has been suggested to be a prognostic tool for

cardiovascular events in patients with stable CAD (4). Beatty

and colleagues reported that patients in the lowest quartile of

6MWD of 87-419m had 4 times the risk of cardiovascular

events compared to those in the highest 6MWD quartile of

544-837m. Based on Beatty and colleagues’ work, we used

6MWD of 419m to demarcate high or low-risk cardiovascular
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FIGURE 1

Correlations between 6MWT and the 3 STS tests. FTSTS test: five times sit-to-stand test, 30-s STS test: 30-sec sit-to-stand test, 1-min STS test:

1-min sit-to-stand test, 6MWT: six-min walk test.

TABLE 5 Comparison of STS tests and 6MWT performance between post–AMI and non–MI groups.

post–AMI non–MI Mean Difference 95% CI p–value

FTSTS test (sec) 12.9± 3.3 11.5± 2.8 1.4 0.3∼ 2.6 P = 0.009**

30–s STS test (repetitions) 12.4± 2.9 14.4± 3.3 −2.0 −3.1∼−0.7 p= 0.002**

1–min STS test (repetitions) 24.1± 5.9 27.5± 6.8 −3.4 – 5.9∼−1.0 p= 0.006**

6MWT (meter) 431.5± 64.6 480.3± 57.3 −48.8 −71.7∼−25.9 p < 0.001**

post–AMI, post–acute myocardial infarction; 95% CI, 95% confidence interval; FTSTS test, five times sit–to–stand test; 30–s STS test, 30–sec sit–to–stand test; 1–min STS test, 1–min

sit–to–stand test; 6MWT, six–min walk test.
**
p < 0.01.

event groups. With ROC curve analysis of our data, we showed

that the 3 STS tests demonstrated good discriminative ability to

differentiate patients between high and low risk cardiovascular

events. Results of this analysis suggest that for patients with

CAD, those who required more than 11.7 sec to complete a

FTSTS test, or those who completed < 12 repetitions of STS

sequence in 30 sec or < 23 STS-repetitions in 1min were

subjected to higher risk of cardiovascular events.

The MDC95 data generated from this study illustrated the

measurement errors on repeated measurements of the STS tests.

The MDC95 value for FTSTS test was previously reported in

patients with COPD to be 3.1s (12). Our study showed that

the MDC95 value for FTSTS test in people with CAD was

1.1s. This suggests that the measurement error of FTSTS test

was less in our cohort of participants with CAD compared to

people with COPD. Similarly, MDC95 value for the 30-s STS test

reported in subjects with COPD (42) was also higher than that

generated in this study. The MDC95 of 1-min STS test reported

by Crook and colleagues (30) was however smaller than our

results (2.2 repetitions compared to 3.86 repetitions in our CAD

cohort). Direct comparison between our study and previous

reports however may not be appropriate. As the MDC95 in

other reports were generated from tests conducted in patients

with COPD, whose exercise capacity was limited by impairment

of the ventilatory system, and our data were obtained from

patients with CAD, whose functional capacity is often restricted

by cardiac performance.

Smoking, hyperlipaemia, hyperglycaemia, and hypertension

are known risks factors of cardiovascular disease (43). Table 1

shows that the rate of smoking is high amongst our participants.

Unfortunately, China is the largest consumer of tobacco in the

world (WHO-Tobacco in China) (44) and smoking prevalence

is about 26.6% (45); there are more than 300 million smokers in

China, this suggests that greater effort is required to foster public

health strategies of smoking cessation.

In summary, this study showed that all 3 STS tests have

excellent test-retest reliability. The MDC95 values reported

in this study provide a useful guide for the versatile use of

STS protocols. The relationship of the STS tests with 6MWT

demonstrated that these tests have good convergent validity

in assessment of functional capacity in patients with CAD.

Known-groups validity of these STS test was illustrated through

distinct performance level by non-MI and post-AMI groups.

STS tests are easy to perform and can be used as an assessment

as well as an exercise training tool. Lastly this study inferred

that STS test can also be considered as a discriminative

tool to predict high or low risk of cardiovascular events in

patients with CAD.
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FIGURE 2

Intergroup comparison of STS tests and 6MWT performance. FTSTS test: five times sit-to-stand test, 30-s STS test: 30-sec sit-to-stand test,

1-min STS test: 1-min sit-to-stand test, 6MWT: six-min walk test, post-AMI: post-acute myocardial infarction. ** p < 0.01.

TABLE 6 ROC analysis of discriminatory capability of STS tests on 6MWD over 419m.

Tests AUC (95% CI) optimal cut-off Sensitivity Specificity p-values

FTSTS (second) 0.80 (0.71–0.87) >11.7 75.0% 73.8% p<0.001**

30-s STS (repetitions) 0.83 (0.75–0.89) ≤12 75.0% 76.2% p<0.001**

1-min STS (repetitions) 0.80 (0.71–0.87) ≤23 71.4% 73.8% p<0.001**

ROC, receiver operating characteristic; 6MWD, distance of six-min walk; AUC, area under the curve; FTSTS, five times sit-to-stand; 30-s STS, 30-sec sit-to-stand; 1-min STS,

1-min sit-to-stand.
**
p <0.01.

Limitations of the study

This study demonstrated a satisfactory correlation

between 6MWD and the STS tests and proposed that

STS tests can be considered as a useful tool to assess

function capacity. While we have demonstrated similar

haemodynamic responses between 6MWT and the STS

test, we did not have appropriate equipment to measure

oxygen consumption during the STS tests. Information

on oxygen uptake during the STS test would provide

a more detailed picture of physiological demands of

STS tests.

High and low risk cardiovascular events was

categorized using 6MWD of 419m as the demarcation

level. While the predictive validity of this assumption

was proven (4), inclusion of cumulative biometric

risk factors may provide a stronger profile of risks

of cardiovascular events. Validity of an index which

combines the 6MWD and biometric risk factors requires

further investigation.

The focus of this study was to establish discriminative

properties of the three STS tests; establishment of the evaluative

and prognostic properties of these tests in people with CAD

was outside the scope of this study. Further research in
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examining the evaluative and prognostic value of STS tests

is warranted.

Conclusion

This is the first study that compared FTSTS test, 30-

s STS test, and 1-min STS test in patients with CAD.

This study showed that all 3 STS tests had good test-

retest reliability, convergent and known-groups validity in

assessing functional capacity in CAD patients. All 3 STS tests

demonstrated good discriminative property in distinguishing

patients with high and low risk of cardiovascular events and

as such may inform the individualized clinical management,

targeted exercise programmes and rehabilitation in this

patient population.
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Korotkoff sounds (K-sounds) have been around for over 100 years and are

considered the gold standard for blood pressure (BP) measurement. K-sounds

are also unique for the diagnosis and treatment of cardiovascular diseases;

however, their efficacy is limited. The incidences of heart failure (HF) are

increasing, which necessitate the development of a rapid and convenient pre-

hospital screening method. In this review, we propose a deep learning (DL)

method and the possibility of using K-methods to predict cardiac function

changes for the detection of cardiac dysfunctions.

KEYWORDS

Korotkoff sounds, cardiac function, heart failure, deep learning, prediction

Introduction

Blood pressure (BP) measurement using Korotkoff sounds (K-sounds), which are
considered the gold standard for BP measurement, has been performed for over
100 years (1). When done by a trained clinical practitioner, the K-sounds approach may
yield more accurate results than the automated oscillometric method (2). Accurate BP
measurement facilitates daily monitoring of an individual’s vital signs, while inaccurate
results can cause unnecessary panic, as a 5-mmHg error can halve or double the number
of hypertensive patients (2, 3).

Accurate BP monitoring is clinically important. Prolonged inappropriate elevations
of BP can lead to a series of adverse cardiovascular events that eventually result in
cardiovascular end-stage heart failure (HF) (4, 5). HF is a slow myocardial remodeling
process, and as a complex group of clinical symptoms, clinical guidelines emphasize
its prevention (6–11). Thus, various prediction models for HF have emerged, and they
have substantially improved in the last decade. These predictive models are generally
based on patients’ laboratory findings, with some accessible clinical features that enrich
model heterogeneity and quantify the risk score, but they are more cumbersome and
complex in their operationalization (12). Moreover, they do not reflect dynamic changes
in cardiac functions.
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Heart failure involves the deterioration of cardiac functions.
The onset of acute HF is attributed to various triggers (11,
13, 14). It is difficult to predict at which point HF will
occur; however, it is still feasible to stabilize cardiac functions,
thereby preventing the onset of HF through reasonable
monitoring. However, currently, the assessment of cardiac
functions is challenging.

The K-sounds are not limited to BP measurements, and
some clinical treatments have long been noted. In 1972, Cotoi
et al. evaluated the possibility of using K-sounds to assess
ventricular performance (15). As a result of the limitations of
relevant equipment in that era, the theory was not well accepted.
Due to widespread awareness of BP measurements and the
high prevalence of hypertension and HF, Cotoi’s vision using
K-sounds can still be used to monitor cardiac functions. The
five temporal phases of K-sounds are complex, and currently,
the intrinsic mechanisms have not been fully established (16).

Technological advances have introduced the use of artificial
intelligence (AI) algorithms in various fields. The medical field
is also benefiting from the advances in AI algorithms, which
have increased collaborations in medical–industrial crossover
projects (17–19). Deep learning (DL) algorithms have been
developed (20, 21). These algorithms can mine informative data
features from massive data, and they only need to give good
data annotations to obtain satisfactory training results. Based
on the characteristics of DL, it may be challenging to establish
signal differences between K-sounds in patients suffering from
HF and patients with normal cardiac functions. It is reasonable
to perform data labeling of actual clinical outcomes, which will
enable the use of DL-based approaches to dynamically monitor
cardiac functions with K-sounds and to predict the onset and
progression of HF.

We hypothesized that HF occurrence involves alterations
of K-sounds signals, and the use of the K-sounds approach
to assessing cardiac functions will aid clinical decisions. Based
on this idea, we propose a feasible means of early screening
with respect to the cardiac function. We present a review of
the rational use of K-sounds to evaluate changes in cardiac
functions in real-time for rapid detection of patients with
cardiac dysfunction roughly. Currently, the diagnosis of HF with
preserved ejection fraction (HFpEF) is clinically demanding and
inaccurate, necessitating the need for suitable alternatives in a
follow-up study.

Origin and mechanisms of
Korotkoff-sounds

During the Russo-Japanese War, the Russian surgeon
(Nikolai Korotkoff) aimed at using reliable clinical signs to
predict the feasibility of plasmatic flow after vascularization of
traumatic aneurysms. He found that when fully compressing the
distal end of a patient with a brachial aneurysm and gradually

relaxing the cuff pressure, a series of sounds could be heard
with a stethoscope under the compressed distal artery. This was
found to be applicable in the normal population (22–24). He
made detailed notes and analysis of the audio (Table 1) (1, 16,
25, 26).

In simple terms, K-sounds are based on the opening and
closing of the brachial artery wall due to changes in external
pressure. Many hypotheses and theoretical mechanisms have
been proposed for the occurrence of K-sounds (22, 23, 27–34).

I) The water hammer mechanism: Water hammer usually
occurs in a pressurized line. When some inappropriate
external forces are applied, they result in changes in the
water flow. However, due to inertia, the water flow creates
a shock wave, resulting in the water strike phenomenon.

The brachial artery acts as a “pressure conduit,” the pressure
exerted by the cuff can be seen as an external factor that alters
the blood flow and its velocity in the brachial artery, resulting in
K-sounds.

II) The pistol shot mechanism: It is like a process where a
bullet is loaded and then fired. Rapid motions of arterial
walls result in disturbances in downstream flow. These
transient changes in the flow are thought to produce the
K-sounds.

III) “Jet” theory: Partially constricted vessels result in the
formation of downstream fluid jets, even with constant
inlet and outlet pressures. The K-sounds are thought to be
produced by the impact of jet force on the blood vessels.

Recently, Babbs et al. replicated the three mechanisms
mentioned above and combined them with the numerical
model. They proposed that the spring–mass–damper model
faithfully reproduces the time-domain waveforms of actual
K-sounds in humans (16). Although opinions vary, the core
idea was that arterial walls’ oscillation produces sound based
on the turbulence theory of the blood flow. The K-sounds
triggered by dynamic changes in the blood flow provide good
evidence for subsequent prediction of cardiac functions; after

TABLE 1 The phases of Korotkoff sounds (K-sounds) and
related properties.

The phase of
Korotkoff sound

Qualitative

I Appearance: The first loud tapping sound heard,
systolic pressure

II Softening: Weakened clapping sound and soft
wind-like murmur

III Sharpening: Blowing wind-like murmur disappears

IV Muffling: The tone is suddenly dull

V Disappearance: Loss of sound, diastolic pressure
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FIGURE 1

Part A reproduces the “core” theory of the Korotkoff sounds (K-sounds) mechanism and compares the changes in K-sounds produced by
normal and abnormal cardiac function. Part B reasonably reproduces the three hypothese.

all, the fundamental power for blood flow originates from
the cardiac system. We specifically mapped the production of
K-sounds related mechanisms, as shown in Figure 1. Figure 1A
reproduces the “core” theory of the K-sounds mechanism and
compares the changes in K-sounds produced by normal and
abnormal cardiac function. Figure 1B reasonably reproduces
the three hypotheses.

Past and current states of
Korotkoff-sounds in clinical
applications

Blood pressure measurement using the auscultation method
of K-sounds has become an essential clinical skill.

Usually, the patient’s upper arm is positioned at the level
of the heart. The examiner first palpates the brachial artery
pulsation at the elbow fossa and then places the stethoscope
at the strongest pulsation point of the brachial artery. Then,
the cuff is inflated and auscultation is performed at the same
time. When brachial pulsation disappears, the mercury column
is raised by 20–30 mmHg and then deflation is started at a rate
of 2–3 mmHg/s. The moment at which the K-sounds appear and
disappear is used to determine the patient’s systolic and diastolic
BP levels (25, 35).

However, in rapid pre-hospital consultations, this
cumbersome K-sounds measurement of BP has too many
limitations. First, although it is a simple process, it is also slow.
Moreover, it may exhibit errors that arise from interferences
in cuff pressure, surrounding environment, the position of the

stethoscope, clinical experience or hearing or concentration
of the observer during measurement, and the patient’s muscle
tension, age, and respiratory rate among other factors (36–
41). The efficacy of the use of the K-sounds method for BP
measurements in children and pregnant women has not
been conclusively determined, especially with regard to the
use of IV or V phases of K-sounds for diastolic BP. In the
adolescent population, the II and III phases of K-sounds are
differentially altered (42, 43). The use of K-sounds methods for
BP measurement in patients with persistent atrial fibrillation is
further limited because their pulse rate is less than their heart
rate (35, 44, 45).

The above-mentioned limitations should not hinder the
clinical applications of K-sounds. Currently, efforts have been
made to enhance the accuracy of BP measurements using the
principle of K-sounds. This promotes the clinical applications
of K-sounds and informs on clinical treatment. Moreover,
it provides the basis for subsequent dynamic monitoring of
cardiac function changes using K-sounds.

Advances in artificial intelligence (AI) have benefited the use
of K-sounds for BP measurements. AI is essential for reducing
errors and has the potential for achieving accuracy with
greater precision. The convolutional neural network (CNN)
based on the DL module has been applied for accurate BP
measurements via K-sounds (2, 46, 47). There is a need for good
labeling and correct training of data, and the K-sounds can be
accurately mined.

The CNN was initially proposed for processing images,
speech, and time series (2). Guided by the CNN, BP
measurements using K-sounds have better accuracy, compared
to the automatic oscillometric method. Pan et al. used a
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DL method to assess variations in K-sounds (46). Chang
et al. improved on the former and added the ResNet module
for automatic identification of the association between pulse
oscillation waves and K-sounds (2). The filtered signal stack
can also be used as a picture input. This is important
for enhancing the robustness of K-sounds and achieving
accurate recognition.

In summary, differences in K-sound signals, which are
attributed to the experience of the healthcare provider,
the environment, or the individual state of the patient,
should not be a matter of significant concern. Moreover,
pulse signals in time phases II and III can be adequately
read. Currently, it is challenging to determine frequency
changes in phases II and III among cardiac insufficiency
patients. However, a follow-up study using the idea of
DL on the basis of K-sounds should be performed to
establish differences in the acoustic spectrum on the brachial
artery in healthy individuals and patients with abnormal
cardiac functions.

In addition, on the basis of K-sounds, other novel BP
measurement techniques have been evaluated. For instance, the
light volume method for measuring systolic blood pressure has
been proposed by Shalom E (48). Given hearing differences
among examiners, Celler et al. developed visualized a non-
invasive BP measurement approach (49) while Zhang et al.
developed a smart application for accurate BP measurements
(50). However, these approaches only enhance the accuracy
of systolic and diastolic measurements and do not promote
information mining as DL does.

A unique advantage of CNN is that the signal can
be accurately obtained. The traditional manual K-sounds
method for BP measurement has been largely eliminated
in modern diagnostic medicine. In its place, non-invasive
blood pressure (NIBP) monitoring methods have been
introduced. Celler et al. recorded optimal K-sounds
in their experiments using the multiparameter clinical
monitoring unit (CMU) from Telemedcare Pty Ltd.1 and
a National Instruments 16-bit A/D converter (cRIO-
9215) (49). Considering the characterization of weaker
cardiac output in HF, we are full of concerns about the
extraction of feature signals of K-sounds in these populations.
However, the instrument of Celler BG’s team seems to have
allayed our concerns.

Biological signals that originate from the cardiac are
adequately recorded at the brachial artery and entirely analyzed
using DL methods relatively. However, in terms of data
acquisition for follow-up study, there is a need to improve
on BP devices, including cuff and data logging to obtain
massive amounts of data in a more convenient way to cater to
the needs of DL.

1 http://www.telemedcare.com

Korotkoff sounds-associated
clinical applications

Korotkoff-sounds are not limited to BP measurements in
clinical practice. In 1967, Libanoff and Rodbard found that
K-sounds can reflect the ability of cardiac electrical activity,
left bundle branch block (51). In 1979, Bercu et al. elucidated
the QKd (the interval between the onset of QRS of the
electrocardiogram and the arrival of the pulse wave at the
brachial artery, as detected by the appearance of Korotkoff
sounds at diastolic pressure) theory (52). By that time, these
authors had prospectively proposed that the QKd-based theory
is appropriate for assessing cardiovascular disease, thyroid
functions, and catecholamine levels. In 2001, Abassade et al.
fully investigated the QKd theory, suggesting that QKd is not
only an index for arterial dilation but also to some extent it
reflects related functions of the left ventricle (53). This was in
tandem with Cotoi’s proposal in 1972, which suggested the use
of K-sounds to reflect the left ventricular systolic functions.
However, the theory that QKd reflects cardiac functions was
shelved. Therefore, the application of K-sounds to dynamically
predict changes in cardiac functions is not far-fetched. Its
feasibility has not been scientifically established due to various
limitations, including inadequate technical equipment.

Korotkoff-sound measurements are mediated by
the brachial artery, and these sounds highly reflect the
atherosclerotic capacity. The correlation between brachial
artery wall and frequency of K-sounds was proposed as early
as 1970 by Brookman et al. (54). The ability of K-sounds to
reflect atherosclerosis was suggested by Sánchez Torres et al.
in 1974 (55). In 1994, Gosse et al. evaluated the effects of QKd
arterial distensibility on blood pressure measurements (56).
In 2013, by performing the K-sounds BP measurements, they
proved that atherosclerotic events are independently predictive
in hypertensive patients (57). In 2015, El Tahlawi et al. showed
that K-sounds can be used to predict the lesions associated
with cardiac coronary arteries (58). In 2016, Ramakrishnan
et al. used K-sounds methods to assess vascular compliance in
different age groups (59).

The early stages of hypertension and coronary artery disease
do not manifest any subjective clinical symptoms. However, at
this time, normal body structures are altered, leading to spasms
and contraction of small arteries, which is attributed to early
hypertension, ischemia, and remodeling of the myocardium as
a result of coronary artery sclerosis (4, 60). When the normal
structure is “occupied” by some fatty or fibrous tissues, some
fatal chest pain or headache symptoms are manifested, and
damage to ventricles or blood vessels is often irreversible. Early
detection, early diagnosis, and early treatment enhance recovery
from various diseases. The K-sounds approach can be used for
the early screening of cardiovascular diseases by monitoring
dynamic cardiac functions.
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The K-sounds are excellent for the evaluation of
cardiovascular status and endocrinology. Keller et al.
evaluated the use of K-sounds for simple screening tests
of hyperthyroidism (61). This mechanism is a derivation of
the QKd theory. In 1983, Osburne et al. noted that T3 levels
can be roughly reflected using K-sounds (62). Climie et al.
used the brachial-to-radial systolic pressure theory to assess
hemodynamics in patients with diabetes (63).

The above-mentioned endocrine system disorders are
inextricably linked to cardiovascular diseases. Clinically, the
most common arrhythmia of the hyperthyroid heart is atrial
fibrillation (64, 65). The efficacy of K-sounds for the assessment
of BP in patients with atrial fibrillation has not been conclusively
established. Due to the characteristics of atrial fibrillation and
inconsistency between pulse rate and heart rate, K-sounds often
result in significant measurement errors, which contradict the
suggestion for the use of K-sounds to treat cardiovascular
diseases, while proving the generalization ability of K-sounds
for diagnosis. Based on the precise mapping of CNN,
K-sounds are capable of overcoming the above-mentioned
limitations while maximizing their advantages. Diabetes is also
an independent risk factor for cardiovascular disease—blood
vessels are immersed in “sugar water” for a long time, and the
brachial artery is no exception (66, 67). Therefore, it is not
surprising that K-sounds can assess vascular functions.

The advantages of K-sounds treatment have already been
established; however, dynamic prediction of changes in cardiac
functions using the K-sounds method is yet to be fully
elucidated. The suggestion for the use of K-sounds for
clinical diagnosis and treatment may be inextricably linked to
cardiac functions. The end-stage for all cardiovascular diseases
is heart failure, and insufficient coronary blood supply to
the myocardium and diminished arterial compliance among
others are early warning signs for deterioration of cardiac
functions. This supports our use of K-sounds to determine
cardiac functions.

The epidemiology of heart failure
and clinical limitations for its
diagnosis

Heart failure refers to abnormal changes in the structure
or function of the heart, resulting in impaired ventricular
systolic or diastolic functions, which leads to various complex
pathophysiological changes in the body, including fluid
retention, difficulties in breathing, limited physical activities,
and severe cognitive impairment among others (11, 13, 68, 69).
Weakening of cardiac functions affects peripheral blood supply.
The blood flow in the brachial artery is also affected by cardiac
output. This implies that K-sound dynamics can be used to
predict changes in cardiac functions.

TABLE 2 Current diagnostic criteria for heart failure (HF).

Type of HF Diagnostic criteria

HFrEF Signs
and/or

symptoms
of HF

LVEF < 40%

HFmrEF LVEF 40–49% Elevated natriuretic peptide
and meet at least one of the
following:
Left ventricular hypertrophy
and/or left ventricular
enlargement;
Abnormal diastolic function
of the cardiac.HFpEF LVEF ≥ 50%

Currently, the diagnosis of HF relies on clinical symptoms
combined with relevant ancillary tests. The left ventricle ejection
fraction (LVEF), which is dependent on cardiac ultrasound,
remains the “gold standard” for assessing cardiac functions.
Based on LVEF, the HF population is divided into three (Table 2)
(11, 68, 69).

As guidelines are updated and HF therapies are optimized,
prognostic outcomes for patients with HF are improving.
However, the prevalence of HF is increasing. HF is silently
affecting 1–3% of the global population, and in developed
countries, the prevalence is ≥2% (70, 71). Thus, to reduce the
prevalence of HF, various predictive and prognostic models
of HF have been developed. However, these models are not
available for some clinical practical implications (12). The
reasons for their inability include:

i) The construction of these clinical models is guided by
combining mathematics and science. Therefore, they are
susceptible to influences of sample sizes and population
characteristics.

ii) Determination of some serological markers [including
BNP, NT-proBNP, mid-regional pro-adrenomedullin (MR-
proADM), cardiac troponins, soluble ST2 (sST2), and
growth differentiation factors (GDF)-15, galectin-3] is
easily influenced by the laboratory criteria (9).

Clinically, based on the urgency of its occurrence, HF can be
divided into acute heart failure (AHF) and chronic heart failure
(CHF). Most acute patients progress to the chronic phase as
their HF symptoms (such as chest tightness, shortness of breath,
and edema) are able to be relieved due to timely treatment. They
may remain in CHF after prompt treatment due to their primary
cardiovascular disease. With some inappropriate HF triggers,
CHF patients require hospitalization due to symptomatic
deterioration (11, 72–74). The phase of AHF and CHF states
may be so cyclical.

Regrettably, patients with cardiovascular disease are
unaware of changes in their functional status, and they may
even have quietly progressed from the compensated phase
to the decompensated phase of cardiac functions. Often, the
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compensatory phase allows the “ventricular remodeling” phase
to proceed long enough, and the fibrotic myocardial structure
often makes “HF” a ticking time bomb. Therefore, there is a
need to develop effective approaches for the timely prediction
of cardiac functions to reduce HF incidences. The K-sounds can
be used for these predictions because:

1) Heart failure is the endpoint for all cardiovascular diseases,
of which hypertension and coronary artery disease are
high-risk factors. To reduce the prevalence of HF, it is
important to monitor disease progression from an early
stage. This can be achieved by frequently monitoring
various indicators, including the use of electrocardiogram
(ECG) monitors, which are not advisable for out-of-
hospital applications. Patients who are at risk of cardiac
dysfunction are not very diligent about going to the
hospital to complete some serologic tests; therefore,
serologically relevant HF prediction models are like
“a clever woman cannot cook without rice.” The late
presentation of HF-associated symptoms is not ideal
for its diagnosis.

2) Korotkoff-sounds hold great potential for monitoring
changes in atherosclerosis and cardiac functions. While
taking antihypertensive medications, hypertensive patients
require regular monitoring of their BP so that adjustment
of their medications can be done in a timely manner.
We are confident that prevention can be achieved if the
K-sounds theory is utilized and the measurement method
is appropriately modified.

Applications of the K-sounds approach to monitoring
cardiac functions are associated with convenience and low costs.
In the future, patients with impaired cardiac functions may
need to have their BP taken once a day to assess their health
status. Aggressive screening slows down cardiovascular disease
progression and improves the patients’ quality of life.

Heart failure diagnosis and
treatment using deep learning

In the era of big data and relative maturity of Intelligent
Medical, DL has long been introduced in the diagnosis and
treatment of cardiovascular diseases, and a majority of advanced
techniques are based on related auxiliary examinations (75).
These techniques include:

Electrocardiogram

Kwon et al. developed and validated a deep learning
algorithm for ECG-based HF identification (76). Jahmunah et al.
developed a system to assist in the diagnosis of congestive

HF using ECG signals, and they subsequently improved the
technique by adding the automatic assessment of coronary
artery disease and myocardial infarction to the single ECG shape
(77, 78). Akbilgic et al. used CNNs to identify ECG signals and
verified that ECG-AI-based models rely solely on information
extracted from ECG to independently predict HF (79). Cho
et al. used a short-time Fourier transform (STFT) and CNN
to sequentially detect left ventricular systolic dysfunction from
ECG results (80). Sun et al. demonstrated that a well-trained
CNN algorithm may be used as a low-cost and non-invasive
method to identify patients with left ventricular dysfunction
(81). Khurshid et al. used the arithmetic power of AI to complete
the mass assessment of the left ventricle by ECG (82).

Heart sound

Yang et al. proposed a deep convolutional generative
adversarial network (DCGAN) model-based data augmentation
(DA) method to expand the heart sound (HS) database of left
ventricular diastolic dysfunction for model training (83). Gao
et al. used the gated recurrent unit (GRU) network to refine heart
sound analysis for HF screening (84).

Chest X-ray

Matsumoto et al. showed that diagnosing HF from chest
X-ray images using DL achieved satisfactory results (85).

Cardiac ultrasound

Pandey A explored a deep neural network (DNN) model
that interprets multidimensional echocardiographic data to
identify distinct patient subgroups with heart failure and
preserved ejection fractions (HFpEF) (86). Kwon et al. derived
and validated an echocardiography-based mortality prediction
model for HD via deep learning (DL) (87).

Various novel algorithms and treatment approaches have
been developed, and DL has become more attractive than the
traditional algorithms, with the receiver operating characteristic
(ROC) curves for DL exhibiting superior outcomes in various
studies. However, whether ECG or HS, their results require
professional apparatus integrated with specialized interpretation
to obtain a reasonable explanation. In addition, diverse ancillary
tests have their corresponding limitations. For instance, the
connection of the lead ECG may be easily affected by the state
of the patient’s skin, and if too dry, it is easy to result in drifts
in the baseline of ECG, which affects result interpretation. The
whole procedure is tedious, and patients admitted with acute
HF are not able to cooperate well with the examination process.
Moreover, HS is easily influenced by the patient’s physical
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condition. If a person has a BMI of over 28 and a thicker layer of
skin fat, then HS will be weaker. At this point, the heart sound
signal should be distinguished from obesity. Chest X-ray for HF
is less common. If ambient noise is complex, the robustness of
the results will be seriously affected. But no so with K-sounds,
where a intelligent audio-acquired cuff is wrapped around the
arm and an appropriate DL algorithm is use, cardiac function
could be easily monitored.

In some remote areas, economic conditions and knowledge
base are far less than those in developed areas; therefore, patients
with cardiovascular disease in these areas do not routinely
present themselves for screening and physical examination of
related diseases. Over time, under long-term neurohumoral
regulation mechanisms, HF occurrence and development will
be natural. The convenience of the BP monitor is much easier
than ECG, chest X-ray, and other routine screening approaches;
thus, the K-sounds method combined with the DL theory
can be used to predict cardiac functions, so as to reduce the
prevalence of HF.

Combining Korotkoff-sounds with
deep learning to predict changes
in cardiac functions

Korotkoff-sounds exhibited various advantages in the
assessment of cardiac functions (15). In a previous study,
we found that brachial artery blood flow and cardiac
output essentially maintained a constant value of 1.23%
in the resting state (88). In this study, which had a
small sample size, the value of 1.23% was not found to
be significant in patients with abnormal cardiac functions
due to insufficiency of HF patients. Moreover, this value
only represents the level of a population and cannot be
applied for individualization, but it does provide a theoretical
basis for the use of K-sounds to assess cardiac functions.
By combining the mechanism of K-sounds generation and
peripheral blood volume characteristics of HF, it is not difficult
to deduce that the frequency and signals of K-sounds in
patients with HF differ from those of the normal population.
However, capture and analysis of these signals cannot be
conventionally achieved.

Clinically, DL plays a distinct role in accurate BP
measurements and screening of HF patients. Accurate BP
measurements using CNN based on K-sounds have been able
to exclude external interference, and map the corresponding
systolic and diastolic BP in the time phases I and V. Therefore,
we do not have to worry about the environment of the ward
or the interference of external noise affecting the quality of
K-sounds. Moreover, the PVDF membrane pressure sensors
can be used while collecting K-sounds, which can reduce
the loss of available signals (89). Celler et al. optimized

the collection of K-sounds (49). In patients with HF, the
frequency and nature of K-sounds may change as blood
flow impinges on the brachial artery due to changes in the
vascular endothelium or reduction in cardiac output per beat.
Therefore, when training the network, data from patients with
HF should be well labeled, which makes it possible for the
CNN to identify K-sound frequencies that are specific to
patients with HF.

However, CNNs alone are not efficient at identifying
patients with HF. Patients with HF are often prone to a fast
heart rate, which is attributed to a diminished pumping capacity
of the heart and associated compensatory mechanisms.
Therefore, to complete the K-sounds measurement, it
is difficult to establish how many cardiac cycles are
included, but errors from CNNs alone exponentially grow
with time, which may lead to the failure of identifying
characteristic signals of HF.

The K-sounds that have a great similarity to HS have been
reported. They can be seen as a “migration” of HS signals and
can be realized in the brachial artery as biological signals. The
unique gating mechanisms of long short-term memory (LSTM)
prevent the signal from disappearing; therefore, we propose the
use of a multimodal composite network for the HF recognition
function of K-sounds (90, 91).

The acoustic spectrogram is directly obtained for K-sound
variations using the CNN, and image features are extracted
using a convolutional structure. This reduces the number of
parameters and computation, but also makes the network
deeper and enhances the non-linearity as well as the fitting
ability of the network and dropout structure to avoid the
overfitting phenomenon of the network. The recurrent neural
network (RNN) uses a cyclic cell structure, where each cell
accepts as input the current time step and the processed state
of the previous time step. The LSTM has a gating unit to adjust
the delivery process of information flow, solving the challenge
associated with gradient disappearance and gradient explosion
that is inherent in RNN, ensuring that information can be shared
at multiple time steps. Such a network has fast convergence and
greater generalization abilities. CNN performs feature analysis
on the frequency domain of K-sounds, while RNN performs
analysis on the time domain of K-sounds, and finally, the vector
features obtained from these two networks are spliced together
into “the little black box” to complete signal interpretation of
K-sounds. A schematic presentation of this process is shown in
Figure 2.

This network is only an HS-based reference and needs
constant debugging to be put into practice. The output of
the network may be a dichotomous variable about cardiac
functions—normal or abnormal. But it can also reflect changes
in cardiac functions to some extent. Audio processing involves
many techniques, including short-time Fourier transform,
using hidden Markov modeling, etc (91). The formation
of multilayer networks requires various DL-specific output
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FIGURE 2

Schematic diagram of a proposed neural network.

structures, which are not described in this review. It is
desirable to use DL to monitor cardiac functions by the
K-sounds.

Discussion, limitations, and future
perspectives

Heart failure is the end-stage outcome for patients with
cardiovascular disease (11, 68, 69). Although treatments and
diagnostic guidelines for HF are constantly being updated,
there is a continuous increase in HF cases. Therefore, there
is a need to develop appropriate methods for reducing the
incidences of preclinical HF. The brachial artery-mediated
K-sounds BP measurement is one of the most intimately
used methods for obtaining preclinical vital signs for patients;
however, it has a single use and only a limited number
of clinically available parameters. There is a possibility of
combining these two variables using DL, so as to determine
cardiac function status using simple BP measurements. LVEF
covariates can be used as the criterion for assessing cardiac
functions. Further, the prediction of cardiac outputs by
measuring BP has the potential for becoming the “heart failure
meter” prototype.

The advantages of DL in determining patients with HF have
been reported. Hypertension, a common cause of HF, is a severe

cardiovascular disease that is associated with high mortality
rates (5). The process from the onset of symptoms to clinically
confirmed hypertension is long. Hypertensive patients may not
present any clinical symptoms, and clinical characteristics for
BP vary, such as the “spoon” and “reverse spoon” mechanisms,
the circadian rhythms of which can quietly affect the clinical
status of patients. Patients do not notice abnormalities during
the occasional BP measurements. In this case, hypertension
is detected via some routine medical examinations, such as
taking 24 h ambulatory BP to find the time points of elevated
BP or by finding abnormal urine microprotein levels, which
indicates kidney damage due to hypertension. When the
myocardium is slowly compensating for its pumping function,
and myocardial cells and related vascular endothelial functions
are changing, these outcomes lay a “solid foundation” for
HF. This is also the reason for the high prevalence of HF.
Therefore, K-sounds make sense as an early screening tool for
cardiovascular diseases.

Korotkoff-sounds can also be used for the diagnosis
and treatment of atherosclerosis, coronary blood flow, and
arrhythmia. These are the invisible “poisonous hands” that lead
to HF. Therefore, the success of the heart failure meter will go
far beyond measuring BP.

This review has various limitations:

1. The use of K-sounds for early screening of cardiac
dysfunction in a sick population is a variant of a
widely known risk prediction model. The primary goal
of risk prediction models is to accurately quantify
risks in the general population using readily available
clinical variables. Our use of K-sounds alone as a
covariate to predict changes in cardiac functions is
one-sided, and it may need to be combined with
additional clinical data covariates to produce more
convincing outcomes. Our idea is novel, but since there
is no clinical data to support it, to make the initial
practice more desirable, we just want to make a crude
determination of the presence of cardiac dysfunction
in patients with cardiovascular disease based purely
on a dichotomous approach (with LVEF < 50% as
the cutoff). Based on the theory proposed by Cotoi,
using the property that K-sounds can assess changes
in cardiac function and do not take into account the
heterogeneity of the population with HFpEF, our work is
still full of challenges.

2. Although DL has achieved promising results in
the recognition of subtle signals, its accuracy is
supported by algorithms and large amounts of data.
The algorithms for DL in this review are based
on published literature and are only combined
at the theoretical level; subsequent practice will
require improvement of the algorithms to meet
real-world needs.
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FIGURE 3

Schematic diagram of operation mode of future intelligent sphygmomanometer.

3. In terms of data collection, (i) given that the popular
preclinical BP measurement method is still the electronic
oscillometric cuff method, which did not affect our
audio acquisition, Celler et al. had promising results
in the collection and analysis of K-sounds. Our initial
intention was not to reproduce the original K-sounds
during blood pressure measurements, but only to acquire
K-sound audio data from HF. The PVDF membrane
technique by Xiong et al. can minimize the loss of audio
signals during the acquisition process (89). We modified
the cuff of the electronic oscilloscope by adding PVDF
membranes, but the actual effect is yet to be further
tested. In addition, the definition of a patient with HF
requires a cardiologist. (ii) The article has also previously
mentioned: HF is silently affecting 1–3% of the global
population (70, 71). In clinical practice, however, there do
not seem to be that many typical patients with HF, and the
preliminary data collection is necessarily time-consuming
and laborious. The lack of typical characteristic data can
make the screening ability of our model substantially
weaker. The reduction of positive data can cause a
substantial increase in false-negative results in subsequent
models.

Here, we offer a small vision of the future for this purpose:
Our early screening model is more suitable for some

rural areas (some places where advanced medical equipment
is inaccessible) or some countries with less-developed medical
care. The use of a “heart failure meter” can also be
promoted in primary hospitals or daily life. If successful,
patients will not have to go through the tedious process
of cardiac ultrasound and blood tests for the assessment
of cardiac function (however, there may be false-negative
or false-positive results), so that they can actively treat the
primary disease or intervene in time, which will make the
evolution to end-stage for patients with cardiovascular disease
significantly longer as far as possible, thus improving their
survival outcomes.

Figure 3 shows our proposed pre-desired and more
ideal way of data model acquisition. The heart failure
meter will detect instantaneous changes in cardiac functions
and transmit the results to the cloud for correction by
an experienced internist. We hope to use this way to
improve the specificity ability of the model. Furthermore,
our idea will be more clinically useful when we develop an
automated K-sounds collection and judgment system suitable
for this review.
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effectiveness of a novel stent
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Introduction: Juxtarenal abdominal aortic aneurysms (JRAAAs) are

challenging to cure by traditional endovascular aortic repair (EVAR). Due

to the inherent disadvantages of the customized fenestrated and/or branched

aortic endografts (such as delayed cycles with a risk of aneurysm rupture,

unavailable in emergency or confine operations), several off-the-shelf devices

have been developed for the treatment of JRAAA. However, these devices

being used in clinical trials have been proven to have a non-negligible risk

of reintervention and inadequate anatomic applicability. We have developed

a new off-the-shelf aortic endograft system (WeFlow-JAAA) with a mixed

design of inner branches and modified fenestrations. The purpose of this

cohort study is to assess the safety and effectiveness of the innovative aortic

endograft system.

Methods and analysis: This is a prospective, multicenter, single-armed clinical

trial cohort study. The enrolment will take place in 29 centers in China, and

106 adult patients with JRAAA will be enrolled in total. Clinical information

and CT angiography (CTA) images will be collected and recorded. Patients

will be followed up for 5 years. The primary safety endpoint is the rate of no

major adverse event within 30 days after index EVAR. The primary efficacy

endpoint is the rate of immediate technical success and no JRAAA-related

reintervention within 12 months after the procedure.

KEYWORDS

abdominal aortic aneurysm, juxtarenal, endovascular aortic repair, endovascular
repair, WeFlow-JAAA
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Strengths and limitations of this
study

• This is a prospective, multicentre, single-armed clinical
trial cohort to evaluate the safety and efficacy of WeFlow-
JAAA, a newly developed aortic endograft system, for the
treatment of juxtarenal abdominal aortic aneurysms that
are challenging for traditional endovascular aortic repair.
• A major strength of this study is that it evaluates a novel

abdominal aortic endograft system based on a mixed
design of inner branches and "mini-inner-cuff " reinforced
fenestrations.
• The main limitations of this study are the regional

limitation (China) and lack of control arms.

Introduction

Juxtarenal abdominal aortic aneurysm (JRAAA) poses
significant challenges in endovascular aortic repair (EVAR). In
the European Society for Vascular Surgery (ESVS) 2019 clinical
practice guidelines on the management of AAA, JRAAA is
defined as an aneurysm extending up to but not involving the
renal arteries, i.e., a short neck (<10 mm) (1). During the
past 20 years, custom-made fenestrated and/or branched aortic
endografts (i.e., Cook Zenith Fenestration) have largely replaced
open surgery for the treatment of anatomically suitable JRAAA
(2, 3), which is also recommended by the ESVS2019 clinical
practice guidelines on the management of AAA (1).

Due to the inherent disadvantages of the customized device
(delayed cycles with a risk of rupture, unavailable in emergency
or confine operation) (4, 5), several “off-the-shelf ” devices have
been developed for the treatment of JRAAA, such as Cook
p-Branch and Endologix Ventana (6, 7). According to a recent
systematic review, clinical outcomes for the off-the-shelf devices
in the treatment of complex AAA are promising, with no 30-
day mortality, a 1.7% rate of paraplegia, a 97.6% 30-day target
vessel patency rate, and a 3.3% rate of type I endoleak (8).
However, high rates of late postoperative reintervention and
narrow anatomic indications hampered the development of
devices for JRAAA. Sveinsson et al. (7) found a 48% rate of
reintervention during the 5 years follow-up of p-Branch. The
device study of Endologix Ventana was also placed on hold for a
high reintervention rate of renal arteries (9). Additionally, these
off-the-shelf fenestrated devices are only anatomically suitable
for 30–40% of all patients (10, 11). Thus, a safer and more
effective off-the-shelf device with less reintervention and wider
anatomic indications for the treatment of JRAAA is needed.

In collaboration with Endonom Medtech (Hangzhou,
China), we have developed a novel off-the-shelf modular
endograft system (WeFlow-JAAA, Figure 1A) which consists of
four components, a proximal body graft (Figures 1B,C), a distal
bifurcated body graft (Figure 1D), iliac leg grafts (Figure 1E)

and self-expanding branch grafts (Figure 1F). The proximal
body graft (Figure 1C), with two standard inner branches (1.5
cm in length) of renal arteries (RA), one 3 mm “mini-inner-
cuff” reinforced fenestrations with a sealing ring for superior
mesenteric artery (SMA), and one scallop with a sealing ring for
celiac axis (CA), has three important advantages. The first was
inner branch design of bilateral renal arteries could significantly
reduce branch instability or type III endoleak with matched
branch stent grafts. The second advantage was that the modified
fenestration reinforced with a 3 mm “mini-inner-cuff” and a
sealing ring allows better seal at the attachment site, potentially
reducing the risk of endoleak, without adding to the bulk of the
device. The above two points lead to wider anatomic indications
of this device, which was the third advantage. The anatomic
indications of an aortic stent graft system depend on three
aspects, including aortic related (especially the aortic diameter of
the neck and branch level), branch vessel related, and approach
related. The inner branch design could combine the benefits of
external branch and fenestration and improve the anatomical
fitness of aorta diameter. While the “mini-inner-cuff” reinforced
fenestration could increase the sealing without compromising
the approach-related anatomical fitness, which was precisely
what the three preset guidewires (RAs, SMA) rather than preset
catheters designed for.

The first-in-human (FIM) study (NCT04745546) of
WeFlow-JAAA was initiated in October 2019 and is being
conducted in a single center (data unpublished). This FIM
study involved a total of 15 patients with 14 JRAAA and 1
suprarenal AAA, and all patients have currently completed
at least 6 months of follow-up imaging. The main objective
of this study was to evaluate the safety and effectiveness of
this abdominal aortic stent graft system (WeFlow-JAAA)
in preparation for its dissemination to maximumly benefit
patients with JRAAA.

Methods and analysis

This study was designed following the Standard Protocol
Items “Recommendations for Interventional Trials statement”
and is registered with the US National Institute of Health
(Table 1). The protocol ID is WEIQIANG202101. The actual
study start date was 23 February 2022, and the estimated study
completion date is 31 December 2028.

Study design

This is a prospective, multicenter, single-arm, cohort study
evaluating the safety and efficacy of a novel fenestrated and
branched stent graft system for endovascular repair of JRAAA.
This study is being initiated by the Chinese PLA General
Hospital and will involve patients from an additional 28
high-volume tertiary referral hospitals across all geographic
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FIGURE 1

The WeFlow-JAAA system: a new, off-the-shelf, abdominal aortic stent graft system (A) for JRAAA, comprising a proximal body graft (B,C), a
distal bifurcated body graft (D), iliac leg grafts (E) and self-expanding branch grafts (F). The most major characteristic of this device was the
design of proximal body graft with two standard inner branches of renal arteries, one 3 mm “mini-inner-cuff” reinforced fenestration for
superior mesenteric artery, and one scallop for celiac axis.

areas of China (Table 2). All participating hospitals have
performed endovascular treatment in more than 50 patients
with anatomically complex abdominal aortic aneurysms in the
last 5 years.

Study endpoints

Primary safety endpoint
The primary safety endpoint is the rate of survival

without major adverse events (MAEs) within 30 days after
the index endovascular procedure. The MAEs include all-cause

death, myocardial infarction, intestinal ischemia, renal failure
needing continuous dialysis, respiratory failure, stroke, and
permanent paraplegia.

Primary efficacy endpoint
The primary efficacy endpoint is the rate of clinical success

within 12 months after the operation. Clinical success included
immediate technical success (which is defined as correct
system deployment without any unintentional occlusion of the
aortic visceral branches or both hypogastric arteries, no type
I or III endoleak, or conversion to open surgery), and no
aneurysm or device-related death, no type I or III endoleak,
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TABLE 1 Trial registration data.

Date category Information

Primary registry and trial identifying
number

ClinicalTrials.gov NCT05179967

Date of registration in primary registry 6 January, 2022

Secondary identifying numbers WEIQIANG202101

Source(s) of monetary or material support Hangzhou Endonom Medtech Co., Ltd.

Primary sponsor Hangzhou Endonom Medtech Co., Ltd.

Secondary sponsor(s) None

Contact for public queries Wei Guo, Professor, email: pla301dml@vip.sina.com

Contact for scientific queries Wei Guo, Professor

Brief title Safety and Efficacy Study of WeFlow-JAAA Stent Graft System for Complex Abdominal Aortic Aneurysm (GREAT
Study)

Official title Guo’s visceRal artEries Reconstruction: The Prospective, Multiple Center, Objective Performance Criteria Clinical
Trial About the sAfTy and Efficacy of WeFlow-JAAATM Stent Graft System (GREAT Study)

Countries of recruitment China

Problem(s) studied Endovascular treatment for Juxtarenal Abdominal Aortic Aneurysm (JAAA)

Intervention(s) Fenestrated/branched abdominal stent graft system

Key inclusion criteria Age 18–80 years at the time of informed consent signature
Maximum diameter of JRAAA > 50 mm, or rapid growth of sac > 5 mm in diameter in the most recent 6 months, or
rapid growth > 10 mm in diameter with 1 year
The distance between the upper edge of the aneurysm and the lower edge of the opening of SMA ≥ 4 mm
The angle between the proximal aneurysm neck and the aortic long axis near the opening of SMA ≤ 60◦

The aortic diameter at the opening of SMA ranges from 18 to 34 mm
The diameter range of the starting part of SMA is 5–12 mm
The diameter range of the initial part of bilateral RAs is 4.5–10 mm
Length of non-bifurcated segment of SMA and RA ≥ 10 mm
The diameter at the bifurcation of abdominal aorta ≥ 16 mm
The length of distal anchoring area of iliac artery ≥ 15 mm
The diameter range of distal anchoring area of iliac artery is 8–24 mm
Feasible iliofemoral artery and upper patent upper extremity access

Key exclusion criteria Ruptured aortic aneurysm in unstable hemodynamic instability
Aneurysmal aortic dissection
Infected or mycotic aortic aneurysm
Local or systemic infection that may result in endoprosthesis infection
Takayasu arteritis, Marfan syndrome (or other connective tissue diseases)
Severe stenosis, calcification, and mural thrombosis in the proximal anchoring area of the stent
Diagnosis of acute myocardial infarction within the last 3 months
Transient ischemic attacks or strokes within the past 3 months
A history of abdominal aortic surgery or endovascular repair
Hepatic insufficiency comorbidity (ALT OR AST ≥ 5 times the upper limit of normal value, or total serum
bilirubin ≥ 2 times the upper limit of normal value), serum creatinine ≥ 150 µmol/L, left ventricular ejection
fraction < 50%
Severe pulmonary insufficiency inability to tolerate general anesthesia
Severe coagulation dysfunction
An allergic history for anticoagulants, antiplatelet drugs, stent graft, or materials of the delivery system
Contraindicated for antiplatelet agents or anticoagulants
Serious vital organ dysfunction or other serious diseases
Patients participating in other clinical trials or not completed or withdrawn from other clinical trials within 3 months
at the time of the screening period
Planning pregnancy, pregnancy, or breastfeeding
Life expectancy < 1 year
Patients not appropriate for endovascular repair based on the investigators’ clinical judgment

Study type Interventional

Date of first enrolment February 2022

Target sample size 106

Recruitment status Recruiting

Primary outcome(s) Safety outcome: rate of no major adverse event (time frame: 30 days after index endovascular procedure)
Efficacy outcome: rate of immediate technical success and no JRAAA-related reintervention (time frame: within 12
months after index endovascular procedure)

Key secondary outcomes Outcome: device-related complications (time frame: intraoperative and within 30 days after index procedure)
Outcomes: Rate of all-cause mortality, aneurysm-related mortality (time frame: 30 days, 6, 12 months, and 2–5 years
after index procedure)

JRAAA, Juxtarenal Abdominal Aortic Aneurysm; SMA, superior mesenteric artery; RA, renal artery; ALT, alanine transaminase; AST aspartate aminotransferase.
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TABLE 2 Trial centers.

Center Geographic
region

Chinese PLA General Hospital North China

Beijing Anzhen Hospital, Capital Medical University North China

Zhongshan Hospital, Fudan University East China

The Second Xiangya Hospital of Central South University Central China

People’s Hospital of Xinjiang Uygur Autonomous Region Northwest
China

The First Hospital of China Medical University Northeast China

Peking University People’s Hospital North China

West China Hospital of Sichuan University West China

The First Affiliated Hospital, Sun Yat-sen University South China

Nanjing Drum Tower Hospital East China

The First Affiliated Hospital, Zhejiang University East China

The Second Affiliated Hospital of Harbin Medical University Northeast China

Fuwai Central China Cardiovascular Hospital Central China

The First Affiliated Hospital of Fujian Medical University South China

Jiangsu Province Hospital East China

The First Affiliated Hospital of Zhengzhou University Central China

The First Affiliated Hospital of Chongqing Medical University Southwest China

Shandong Provincial Hospital North China

The First People’s Hospital of Yunnan Province Southwest China

Peking Union Medical College Hospital North China

Shanghai Ninth People’s Hospital East China

Tianjin Medical University General Hospital North China

Xijing Hospital Northwest
China

The Second Affiliated Hospital of Nanchang University East China

Qilu Hospital of Shandong University North China

First Affiliated Hospital of Kunming Medical University Southwest China

Yan’an Hospital of Kunming City Southwest China

The First Affiliated Hospital of Harbin Medical University Northeast China

The First Hospital of Lanzhou University Northwest
China

no graft infection or thrombosis, no aneurysm expansion > 5
mm or rupture, no conversion to open surgery, no graft
migration, or a failure of device integrity within 12 months
after the procedure.

Secondary safety endpoints
The following secondary safety endpoints will be evaluated:

all-cause mortality, aortic-related mortality, the incidence of
device-related adverse events, and the incidence of serious
adverse events (resulting in death or serious deterioration of
health) before discharge and at 30 days, 6 months, 12 months,
and 2–5 years postoperatively.

Secondary efficacy endpoints
The following secondary efficacy endpoints will be

evaluated: the patency rate of postoperative branches, the

FIGURE 2

The study flow chart. (JRAAA, juxtarenal abdominal aortic
aneurysm; EVAR, endovascular aortic repair; op, operation).

incidence of type I/III endoleak, graft migration, open surgery
conversion, and JRAAA-related reintervention at 6 months, 12
months, and 2–5 years postoperatively.

Patient recruitments

We are intent to recruit 106 patients between 18 and
80 years who are diagnosed with JRAAA. As the JRAAA is
relatively common in clinical practice, the patient recruitment
is non-competitive, and the enrollment number of each
center shall be evenly distributed as far as possible to ensure
the representativeness of the region. Of course, appropriate
adjustments will be made according to the actual situation such
as the enrollment process of each center. Figure 2 shows the time
schedule of the study.

Table 1 gives a detailed overview of the inclusion and
exclusion criteria. Vascular surgeons will judge the patients’
eligibility according to the criteria. Engineers from Hangzhou
Endonom Medtech will provide on-site guidance regarding
device manipulations for the early cases treated in participating
hospitals.
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Device description

The design concept of WeFlow-JAAA is to revascularize
the renovisceral arteries using a fenestration-and-branch mixed
stent graft with two standard inner branches for the renal
arteries, one 3 mm “mini-inner-cuff” reinforced fenestration for
SMA, and one scallop for celiac axis (CA). The advantages of this
mixed design have been proposed in the introduction.

The proximal body graft, constructed of woven polyester
fabric sewn to self-expanding nitinol stents, consists of a bare
stent part, an upper part (two fenestrations for SMA and CA,
two inner branches for RAs), and a lower part that has a smaller
diameter than the upper part (Figures 1B,C). A radiopaque “o”
marker fixed at the 12 o’clock of the proximal end and two “I”
markers are, respectively, fixed at the 4 and 8 o’clock positions of
the proximal end (two sides of the scallop), coupled with one “o”
marker between the scallop of CA and the fenestration of SMA
to allow accurate positioning. The outlets and inlets of the inner
branch and the fenestration of SMA are outlined by circular
markers to facilitate cannulation. Two radiopaque “o” markers
are positioned in the proximal end and distal end of the lower
portion to identify the distal landing position and overlapping
length with a distal bifurcated body graft.

The bare stent at the proximal end of the proximal body
graft contains barbs for additional fixation of the device. The
bare stent portion has lengths of 13 and 15 mm. The upper
part of the proximal body graft has a diameter of 20–38 mm
(2 mm increments) and lengths of 26 and 31 mm. The two inner
branches sewn to the internal face of the upper part and the
outlets are designed at the same level. The inner branches have
three diameters available, 6, 7, and 8 mm, with a fixed length
of 15 mm. The fenestration of SMA is positioned at 6 o’clock,
with two diameters available, 8 and 10 mm. The lower part of
the stent graft is 50–100 in length and 16–30 mm in diameter
(2 mm increments). A total of 10 series with 41 types of WeFlow-
JAAA endografts are available, all of which require a 22F inner
diameter femoral sheath introducer, regardless of the stent graft
size. To facilitate visceral artery cannulation, the delivery system
of the system has three preloaded guidewires for the two inner
branches and fenestration of SMA.

The self-expanding bridging branch stent graft (for the
reno-visceral arteries) is constructed using a unique interwoven
nitinol wire sandwiched by two thin layers of expanded
polytetrafluorethylene (ePTFE), which can provide favorable
flexibility, fracture resistance, and low-profile features. The
branch graft diameter is 6–12 mm at the proximal end and
5–10 mm at the distal end, and the stent graft length is
20–150 mm. An inner 8–9F introducer sheath is required,
depending on the stent graft diameter (8F: 6–9 mm; 9F: 10–
12 mm).

The distal bifurcated body graft and iliac legs are constructed
of woven polyester fabric sewn to self-expanding nitinol stents.
The bifurcated body graft also has barbs in the proximal portion

to prevent graft migration. A variety of sizes for distal bifurcated
body graft and iliac legs are available to accommodate the
different diameters of the proximal body graft and individual
arterial anatomical variations.

The detailed product size series is shown in
Supplementary Appendix 2.

Endovascular technique

The index endovascular procedures are performed in a
hybrid operating room under fluoroscopic control with the
patient under general anesthesia. After surgical exposure of
the left brachial artery, intravenous heparin loading is started
with a bolus of 100IU/kg body weight to achieve an activated
clotting time of at least 250 s. The activated clotting time
would be measured at 30 min intervals throughout the
procedure. A subsequent dose of heparin will be administered
if required. The left brachial artery is directly punctured to
establish the access through which the thoracic descending
aorta is catheterized. An 8F long sheath is introduced into
the descending thoracic aorta. The bilateral common femoral
artery is percutaneously punctured and a 5/6Fsheath inserted.
Two Perclose ProGlide devices were exchanged to provide
“preclose” sutures on the main body side, while one on the
contralateral side.

Detailed visualization of the operative procedure is shown
in Supplementary Appendix 1. After the endovascular repair
is finished, selective angiography is used to identify endoleaks,
stent graft migration, stenosis, or occlusion. Relining bare metal
stents are not routinely used unless a significant stent graft
compression is noted.

Medications

Single antiplatelet therapy (aspirin or clopidogrel) is
recommended as a long-term treatment. Other medical
treatments (such as anticoagulation, antihypertensive, antibiotic
therapy, et al.) will be administered depending on the
individual’s comorbidities.

CT angiography

CT angiography (CTA) scans in the arterial and venous
phases from the supra-aortic arch to the common femoral
arteries will be performed preoperatively, before discharge, at 6
and 12 months postoperatively. CTAs are mandatory within 90
days and then at 1 and 5 years after the operation, or in case
of unexpected events during the follow-up. For patients with
substantially impaired renal function, postoperative CTA will be
replaced by plain CT and Doppler ultrasonography.
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TABLE 3 Evaluation schedule of the study.

Entry Operation Discharge 30 days
( ± 7 days)

6 months
( ± 30 days)

12 months
( ± 30 days)

24 months
( ± 60 days)

36 months
( ± 60 days)

48 months
( ± 60 days)

60 months
( ± 60 days)

Informed consent X

Eligibility screen X

Demographic data X

Medical/clinical history X

Vital signs X X X

Blood routine X X

Urine routine X X

Liver/renal function X X X X X

Coagulation function X X

Enzymology test X X

Pregnancy test X

Heart function X X

Lung function X

CTA X X X X X * * * X

DSA X

Operative recording X

Medications X X X X X X

Adverse events X X X X X X X X X X

CTA, CT angiography; DSA, Digital Subtraction Angiography. *Duplex Ultrasound Scan (CTAs are mandatory within 90 days and then at 1 and 5 years after the operation, or in case of unexpected events during the follow-up).
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Patient timeline

Each patient will attend a total of 10 visits, including
one preoperative visit and nine postoperative visits for
eligibility screening, baseline data extraction, and safety/efficacy
evaluation of the stent graft system (Table 3). Unless an
unexpected event occurred, Doppler ultrasonography rather
than CTA is planned for 2, 3, and 4 years postoperatively.
Adverse events and defects of the devices will be strictly
monitored throughout follow-up.

Data extraction, entry, and monitoring

The clinical database contains the data of participants’
electronic medical records (EMR), CTA images, and follow-
up conditions. Preoperative data will be extracted from the
EMR and entered into the database before the operation, while
postoperative in-hospital data will be collected within 2 weeks
after discharge. The headline of each patient’s DICOM format
image at each timepoint will be modified before data extraction,
with the identifying information (patient ID, name, date of
birth) replaced by a random 6-digit number. Preoperative
CTA image data will be extracted before the operation, while
postoperative CTA image data will be extracted within 2 weeks
after the image data is acquired. Postoperative CTA images
obtained at each follow-up timepoint will be independently
analyzed by two experienced vascular surgeons who are blinded
to the CTA findings at the preoperative or other postoperative
timepoints, patients’ EMR, and follow-up information. After
the completion of data extraction, the discrete data from
CTA scans will be integrated into one database according
to the predesigned 6-digit number. All CTA images will be
measured and assessed by the 3Mensio workstation (V.8.1;
3Mensio Medical Imaging). At least 10% of the total CTA
scans (including preoperative and postoperative scans) will be
randomly selected and re-analyzed by the two vascular surgeons
to assess interobserver and interobserver agreement.

Data will be registered via an electronic data capture
system (EDC) and centrally stored in a secure password-
protected server. Double data entry, range checks, and logical
consistency checking methods will be used to ensure the quality
of data. Clinical research associates who are independent of the
investigators will review the study documentation and records
held at each site to ensure that the study is conducted in
compliance with the regulatory requirements.

Sample size calculation

Currently, no guiding principle exists regarding objective
performance criteria (OPC) for a fenestrated/branched stent
graft system in China. As the endpoints of this study differ from

that of the p-Branch (off-the-shelf) and Zenith Fenestrations
(customized) studies, the expected endpoint incidences were
obtained based on data extracted from previous studies (7, 12).
We hypothesized that the performance of the WeFlow-JAAA
stent graft system will not be inferior to that of the p-Branch
and be similar to that of Zenith fenestrations.

In this setting, combined with the current experience of
clinical experts, it is estimated that the objective performance of
clinical success rate at 12 months (the primary efficacy endpoint)
is set to 70% and the target of WeFlow-JAAA is set to 85%.
According to statistical requirements, we used 0.025 as α and
0.10 as β for a single-sided test. A sample size of 82 cases was
thus obtained. Besides, the objective performance of the rate of
survival without MAEs in 30 days (the primary safety endpoint)
is set to 71% and the target of WeFlow-JAAA is set to 86%.
As α = 0.025 and β = 0.10 for a single-sided test, a sample size
of 80 patients is required. Both endpoints need to be achieved.
Considering the shedding, the sample size increased by 20%.
At least 103 subjects are required for this study eventually.
Considering the facilitation of the study center allocation, it is
expected to enroll 106 patients. The sample size is calculated as
follows:

n =
[
Z1−α/2

√
P0(1− P0)+ Z1−β

√
PT(1− PT

]
(PT − P0)2

2

(PT presents the expected rate of the test instrument and P0

presents the target value).

Statistical analysis

The analysis will be done on all participants of the study as
a primary analysis population. Patient demographic data, safety
endpoints, and efficacy endpoints will be analyzed descriptively,
with continuous data expressed as means with SD or medians
(IQR), and categorical data will be expressed as numbers
and percentages.

The primary safety and efficacy endpoints will be
summarized as numbers and percentages with their two-
sided 95% exact CI, using the Clopper-Pearson method. In
addition, the Kaplan-Meier method will be used to estimate the
cumulative rate of each endpoint. Statistics calculations will be
performed using SAS software V.9.4 (SAS Institute).

Patient and public involvement

Patients or the public will not be involved in the design,
conduct, reporting, or dissemination plans of our study.

Ethics statement

The studies involving human participants were reviewed
and approved by the Ethics Committee of Chinese PLA
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Introduction: Digital health measures promise to further improve the quality

of cardiovascular care but have not yet been widely implemented in

routine care. The research project Digital preventive measures for arterial

hypertension (DiPaH) will systematically identify structural and individual

factors in different stakeholders that influence the use of digital preventive

measures in patients with arterial hypertension in Germany. Special focus is

given to remote and sparsely populated areas, the age-specific impact, as well

as influence of digital health literacy.

Methods and analysis: The DiPaH project is an exploratory cross-sectional

study with a mixed-methods design, in which written surveys and interviews

with patients and physicians will be conducted. In addition, secondary data

from a health insurance company will be analyzed. In module 1, individuals

from the database of the health insurance company with confirmed arterial

hypertension will be interviewed (1,600 questionnaires, 30 interviews). Module

2 includes users of digital prevention offers and apps (400 questionnaires,

40 interviews) and in module 3, family physicians and cardiologists will be

interviewed (400 questionnaires, 40 interviews). In a final module, the overall

results will be analyzed and recommendations for interventions in clinical care

will be derived.

Discussion: The DiPaH project will contribute to a patient-oriented and

demand-based improvement of arterial hypertension prevention services in
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health care. Challenges and barriers will be analyzed and the respective target

groups identified based on their prevention needs and social characteristics

to enable a patient-centered implementation of digital prevention of arterial

hypertension and cardiovascular services in general, and finally to improve

cardiovascular outcomes.

Clinical trial registration: https://drks.de/search/de/trial/DRKS00029761,

identifier DRKS00029761.

KEYWORDS

hypertension, digital prevention measures, mixed-methods design, digital health
literacy, rural regions

Introduction

Despite effective guideline-based prevention and treatment
options, cardiovascular diseases remain the leading cause of
death worldwide (1). Arterial hypertension is one of the
most important risk factors for cardiovascular diseases (2),
affecting over one billion people worldwide (3). In addition
to a genetic predisposition, the development of hypertension
is strongly influenced by individual factors such as lifestyle
(4), but also by local access to and quality of health care
(5). In Germany, the prevalence of such risk factors varies
greatly depending on the region. For example, obesity is more
prevalent in the rural federal states (6). But it is precisely
there that accessibility to medical care is limited due to a
low density of doctors (7). As a result, hypertension-related
diseases such as ischemic heart disease are most frequent
in these states (8). On an individual level, there is also an
association between hypertension and lower socioeconomic
status and lower educational attainment (9). In summary,
there are significant regional differences in Germany, with a
higher incidence of arterial hypertension in socioeconomically
disadvantaged areas (10).

In order to overcome these geographical disparities in
health care and to strengthen individual health behavior
even in regions with poor access to health care and aging
population, digital prevention measures are an innovative
and promising approach (11). These are digital applications
such as remote monitoring (i.e., telemonitoring), e-learning,
or m-health apps. The characteristics of digital preventive
measures for arterial hypertension are shown in Figure 1.
With telemonitoring, patient data is transmitted to the
attending physicians (12). E-learning provides patients
with information, e.g., on lifestyle modification through

Abbreviations: G-BA, Federal Joint Committee (Gemeinsamer
Bundesausschuss); ESC, European Society of Cardiology; DiPaH,
digital preventive measures for arterial hypertension.

interactive and web-based educational material (12), and
m-health apps are stand-alone software on a smartphone
or tablet (13). Despite existing technical possibilities, digital
health applications have so far only been insufficiently
implemented (11), so that there is an increasing risk of
a "digital divide" (14), whereby vulnerable groups with
low digital health literacy are progressively excluded
from innovative health offers. Current data (15) from
Germany show low mobile Internet use among older
people (only 36% of the population born up to 1945)
and among people with lower educational attainment.
Importantly, usage is lower in the more rural eastern
German states than in the western states. Since people
with lower incomes have less access to digital devices (15),
one cause could be the lower gross average income in eastern
Germany (16). However, people who are more limited
in their mobility and have a higher risk of illness could
particularly benefit from digital measures. Importantly, data
on hypertension-specific digital applications are lacking so
far.

Due to the importance of digital health interventions,
the ESC e-Cardiology Working Group has published
a position paper in 2019 addressing the challenges
of digital health adoption in cardiovascular medicine
(11). In addition to technical issues, there are also
patient- and physician-related barriers [e.g., lack of
information about available and qualified m-health apps
(17), lack of digital skills (15)] as well as reimbursement
and legal considerations to the introduction of
digital health in cardiovascular medicine that need
to be carefully analyzed and addressed prior to their
successful deployment.

To overcome such barriers, the healthcare research project
digital preventive measures for arterial hypertension (DiPaH)
will therefore systematically identify individual, structural and
application-related factors that influence the use of digital
preventive measures in patients with arterial hypertension in
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FIGURE 1

Characteristics of digital preventive measures for arterial hypertension.

Germany. Due to the regional differences already described, a
particular focus of the study is on remote and sparsely populated
areas, the age-specific effects as well as the influence of digital
health literacy.

The study identifies not only general barriers to the use of
digital prevention services, but also barriers specific to patient
groups (e.g., with regard to motivation and health literacy).
In order to take into account the complexity of prevention
in statutory health insurance, the DiPaH study relates the
experiences of patients and users of digital applications to
the perspective of physicians. In this way, potentials, but also
barriers that only emerge in the overall context of the health
care system, can be identified and corresponding concrete
recommendations for implementation can be derived.

This study protocol presents the study design for
each subgroup and describes the study population, the
methodological approach (including data collection and data
analysis), the relevant outcomes and the quality criteria
of the study, and discusses the expected benefits and
limitations. The aim is to give an overview of the different
sub-studies (modules), to describe contexts and to present the
methodological approach.

Methods and analysis

Design and setting of the study

The mixed-methods study will be conducted in multiple
phases. Quantitative and qualitative methods will be performed
in a parallel or in a sequential order (18). Standardized
surveys are used to obtain a representative and comprehensive
understanding of the different stakeholder groups and to make
the answers comparable. The qualitative methods are suitable
to contextualize and interpret the data appropriately (18). The
methodological openness of qualitative methods also allows
aspects to be included that arise from everyday conditions and

are accordingly not yet theoretically accessible at the beginning
of the study, for example organizational barriers in everyday
practice (19). Methodological triangulation allows the results of
quantitative and qualitative interviews to be validated against
each other (20).

Figure 2 shows a summary of the study design, methods
and the main focus of interest in each module. Since the
focus is on the user perspective, we will include patients
with arterial hypertension, users of digital health services
and physicians. The timeline of recruitment is presented in
Table 1.

The study will be conducted in Germany with a regional
focus on the metropolitan area of Berlin and the rural, sparsely
populated federal states of Brandenburg and Mecklenburg-
Western Pomerania.

Selection of subjects

The sub-study specific inclusion criteria are summarized in
Table 2. Exclusion criteria are age under 18, lack of consent
and considerable limitations to speak and understand German
fluently.

In module 1, insured persons of the statutory health
insurance company AOK Nordost with arterial hypertension
will be surveyed on preferences and barriers to the use
of (digital) prevention measures (n = 1,600 questionnaires).
Questionnaire data will be linked to routine data to analyze
further health-related factors. Prior to the AOK Nordost survey,
a preparatory qualitative interview study will be conducted with
hypertension patients recruited through clinics and practices
(n = 30).

In module 2a, users of (digital) prevention services
offered by AOK Nordost will be surveyed on their
motivation to participate in the interventions, the advantages
and disadvantages of digital vs. analog measures, and
possible barriers to the services (n = 200 questionnaires,
n = 20 interviews).
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FIGURE 2

Study design.

In module 2b, users of the hypertension-specific app
“Hypertonie.App” (21) will be interviewed about their
motivation for using the app, about possible restraining
factors when using a hypertension app and how they became
aware of the app (n = 200 questionnaires, n = 20 interviews).
The app includes features for documenting blood pressure,
personalized health information, breathing exercises, and
reminder functions.

In module 3, family physicians (3a) and cardiologists
(3b) will be surveyed on their attitudes toward digital
health applications, structural and individual barriers, and
information needs in medical practice (n = 400 questionnaires,
n = 40 interviews).

Sample size calculation

A sample number of n = 200 is required per subgroup. The
sample number is calculated according to an a priori power
analysis (G∗Power) for the χ2 test for dichotomous variables
with the following assumptions: moderate effect (w = 0.2),
α = 0.05, power (1-β) = 0.80, Df = 1 (required sample size
n = 197).

In Module 1, eight subgroups will be identified by age,
gender, and rural vs. urban residence (per subgroup n = 200,
total n = 1,600).

Outcomes

The DiPaH study will collect data through questionnaires
and interviews on a one-time basis. The relevant outcomes
are digital health literacy [eHEALS (22, 23)], health literacy
[HLS-EU-Q6 (24, 25)], motivation action stage [HAPA
Assessment (26, 27)], self-concept related to information
and communication technology (28), perception of usability
[System Usability Scale (29, 30)], guideline-adherent medication
(4), adherence [MMAS-8D (31, 32)]. The outcomes and
measurement tools are presented in Table 3. In addition, the
following outcomes will be explored in all modules: attitudes
toward digital prevention, use of digital prevention, motivation
to use digital prevention, barriers to digital prevention,
perceived advantages and disadvantages of digital prevention,
information needs, and – just for patients – pathways to
health care. For these outcomes, module-specific items will
be developed and piloted by the research team. In addition,
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these themes will be explored in greater detail in the qualitative
interviews.

Input variables in all modules will be sociodemographic
characteristics of patients (age, gender, rural vs. urban residence,
federal state, education, income) and physicians (age, gender,
rural vs. urban location of medical practice, federal state,
experience). In Modules 1 and 2b, health-related characteristics
will be collected in more detail (current medication, disease
status, comorbidities). In Module 2a, the interactivity of the
course is additionally assessed as an input variable.

Statistical analyses

First, the data from the standardized questionnaires will
be presented descriptively (absolute and relative frequency,
median and standard deviation). In further steps, correlation
analyses will be performed. The correlation between two
binary variables is analyzed with the χ2-test. For continuous
outcome variables and binary influence factors, t-tests will be
performed and means and 95% confidence intervals will be
reported. Regression analyses will be performed to analyze
possible associations between patient characteristics (such as
sociodemographic variables) and outcomes of interest (e.g.,
digital health literacy).

Qualitative analyses

For the qualitative part of the study, problem-centered
interviews will be conducted. In this type of exploratory
interview, the theoretical concepts are changeable in the
research process. Thus, the method enables to integrate the
subjective perspectives, experiences and contextual conditions
of the participants. In addition to the interview guide, short
questionnaires will be applied to collect sociodemographic and
health-related characteristics.

The interviews will be recorded and transcribed. The
qualitative data from the interviews and from the free text
answers in the questionnaire will be analyzed with the
qualitative content analysis according to Kuckartz (33). This
allows a rule-driven reduction and systematization of the data.
The aim is to develop a comprehensive category system. For
validation of the category system, a member check will be
performed (34).

Data capture and storage

In modules 1 and 2a, the insured persons receive
the questionnaire from their health insurer AOK Nordost
with a stamped return envelope. By giving written consent,
participants in module 1 agree to the linking of questionnaire
data with the billing data of the health insurance funds.

The pseudonymization of the data will be carried out by
a trust center on the basis of a coding list. The trust
center is separated from the evaluating unit in terms of
space, technology, and staff. In modules 2 and 3 online
participation will also be possible. For this, participants will
receive a link to the questionnaire on the online platform
“unipark” (35).

To receive the incentive (money or gift card), participants
need to consent that their contact details will be used for
this purpose. Written consent is also required for the audio
recording of the interviews. The interviews will be coded with
a pseudonym before the analysis. Contact information and
consent will be kept separate from research data.

Research data will not contain personal data that would
allow the identification of individuals. The data will be stored
securely on the server of the Brandenburg Medical School or on
local computers.

Data quality

To ensure high data quality, several data validation checks
will be performed: checking for correct data type, numeric
value ranges, data format, missing data, and consistency of the
chronology in the dates. The completeness of the data is checked
per case. The quality of the interview data will be controlled by
a member check (36).

TABLE 1 Dates of recruitment.

Substudy Dates of recruitment

Module 1 interviews Q3 2022 – Q1 2023 (6 months)

Module 1 questionnaires Q4 2023 – Q1 2024 (4 months)

Module 2a interviews and questionnaires Q4 2022 – Q3 2023 (11 months)

Module 2b interviews and questionnaires Q4 2022 – Q3 2023 (11 months)

Module 3a interviews Q4 2022 – Q2 2023 (5 months)

Module 3a questionnaires Q4 2023 – Q1 2024 (4 months)

Module 3b interviews Q4 2022 – Q2 2023 (5 months)

Module 3b questionnaires Q4 2023 – Q1 2024 (4 months)

Q, quarter. Q1 = Jan–Mar, Q2 = Apr–Jun, Q3 = Jul–Sep, Q4 = Oct–Dec.

TABLE 2 Additional inclusion criteria.

Substudy Inclusion criteria

Module 1 interviews Diagnosis of arterial hypertension

Module 1 questionnaires Diagnosis of arterial hypertension and
health-insured by the AOK Nordost

Module 2a Participation in a behavioral prevention course
offered by AOK Nordost

Module 2b Use of a hypertension app within the last 2 years

Module 3a Current work as a family physician

Module 3b Current work as a specialist in cardiology
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Discussion

Global health systems today confront fundamental
challenges in providing optimal care due to aging populations,
shortages of health workers, financing, accessibility and
affordability of cardiovascular disease medicines and services.
Digital health technologies have the potential to overcome these
challenges (37). Consequently, the establishment of e-health to
improve widespread cardiovascular care is a central goal of the
ESC. In terms of arterial hypertension, a digital hypertension
program and m-health tools have already been shown to lead
to significant improvement in blood pressure control rates and
lifestyle change compared to standard care (38, 39). However,
before successful and widespread implementation, there is still
a great need for research on hindering and supportive elements
in special patient populations (11). To our knowledge, DiPaH is
the largest health services research study on the topic of digital
cardiovascular prevention measures and will fill this important
knowledge gap. Different patient cohorts will be characterized
according to their prevention needs and possible barriers to
the use of digital prevention measures. At the same time,
physicians will be involved as a main contact for their patients
in order to identify structural and individual obstacles as well as
information needs in medical practice. Based on this, practical
recommendations will eventually be developed at the levels of
patients, physicians, service providers, and health insurers to
increase the implementation, accessibility, use of, as well as the
adherence to digital prevention measures. These will enable

hypertensive patients to take a more active role in their own
care and will have the potential to significantly improve current
clinical care pathways (11). We are also convinced that these
findings will help to implement digital health-based care models
for cardiovascular disease in general, beyond the application
field of arterial hypertension.

Strengths and limitations

The strengths of DiPaH include an integrative approach of a
mixed-methods study protocol that comprehensively considers
the perspectives of patients, physicians and participants of
analog and digital prevention measures. Special attention
is paid to rural and sparsely populated areas, age-specific
effects and the influence of digital health literacy. This allows
concrete recommendations to be derived for wider adoption
and sustainable use of digital prevention interventions in
cardiovascular medicine. A limitation of the study is that it
is only conducted in Germany. But by using internationally
validated questionnaires, relevant findings can also be obtained
for other countries.

Even though we are only survey the users of a single
hypertension app, the aim is not to evaluate this one app. Rather,
in DiPaH we want to characterize the app users and find out
why they use a digital hypertension app. Accordingly, a gain in
knowledge is expected for other apps. In particular, it is assumed
that barriers, motivations, attitudes, and pathways to health care
are not app-specific.

TABLE 3 Outcomes and measurement tools.

Outcome Measurement
tools

References Items Reliability Module

1 2a 2b 3a 3b

Digital health literacy eHEALS Norman and Skinner
(22),
German: Soellner et al.
(23)

8 Cronbach’s
α = 0.828 to
Cronbach’s
α = 0.877

x x x

Health literacy HLS-EU-Q6 Sørensen et al. (24),
Short Version: Pelikan
et al. (25)

6 Cronbach’s
α = 0,803

x x

Motivation action stage HAPA Assessment:
stage assessment

Lippke et al. (27) 1 Sensitivity =
70% to 80%
Specificity =
80% to 87%

x x

Self-concept related to
information and
communication technology

General ICT-SC Schauffel et al. (28) 5 Cronbach’s
α = 0.95

x x

Perception of usability System Usability
Scale

Brooke (30),
Bangor et al. (29)

10 Cronbach’s
α = 0.911

x

Adherence MMAS-8 Morisky et al. (32),
German: Arnet et al. (31)

8 Cronbach’s
α = 0.41

x

Guideline-adherent
medication

ESC guideline
criteria

Williams et al. (4) x
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However, the AOK Nordost is the largest statutory health
insurance fund in north-eastern Germany with about 1.7 million
insured and covers about 18% of the population in north-eastern
Germany (approx. 7.82 million inhabitants, 2021 (40)). As there
is no standardized electronic patient record in Germany so
far, we will not use primary data from hospitals and health
care facilities. Surveying participants via a health insurer has
the advantage that there are no gatekeepers, e.g., physicians
enrolling patients in the study and thereby selecting them
(intentionally or unintentionally), and that the billing data is
complete. The limitation of billing data (e.g., shows only picking
up medications, not actually taking them) is compensated for by
the use of questionnaires. The secondary data from the health
insurance funds are available 9 months later. This time period
was taken into account in the study design.

Conclusion

The roadmap for digital health adoption in cardiology
is challenging but imperative to address future challenges
in cardiovascular medicine. DiPaH will make an important
contribution by identifying the specific barriers to the adoption
of digital health technologies for arterial hypertension and
providing recommendations for overcoming them.
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Background: Microvascular angina (MVA) is a frequent condition for which

our understanding of the disease pathophysiology and therapeutic perspectives

remain unsatisfactory. The current study is designed to test whether an

improvement in microvascular resistances could be achieved by elevating

backward pressure in the coronary venous system, based on the hypothesis that

an increase in hydrostatic pressure could cause a dilatation of the myocardial

arterioles, resulting in a reduction of vascular resistances. This approach might

have potential clinical implications, as it might suggest that interventions aimed

at increasing coronary sinus (CS) pressure might result in a decrease in angina in

this subset of patients. The aim of our single-center, sham-controlled, crossover

randomized trial is to investigate the effect of an acute increase in CS pressure

on a number of parameters of coronary physiology, including parameters of

coronary microvascular resistance and conductance.

Methods and analysis: A total of 20 consecutive patients with angina pectoris

and coronary microvascular dysfunction (CMD) will be enrolled in the study.

Hemodynamic parameters including aortic and distal coronary pressure, CS and

right atrial pressure, and the coronary microvascular resistance index will be

measured at rest and during hyperemia in a randomized crossover design during

incomplete balloon occlusion (“balloon”) and with the deflated balloon in the right

atrium (“sham”). The primary end point of the study is the change in index of

microvascular resistances (IMR) after acute modulation of CS pressure, while key

secondary end points include changes in the other parameters.
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Discussion: The aim of the study is to investigate whether occlusion of the CS is

associated with a decrease in IMR. The results will provide mechanistic evidence

for the development of a treatment for patients with MVA.

Clinical trial registration: https://clinicaltrials.gov/, identifier NCT05034224.

KEYWORDS

coronary microvascular dysfunction, microvascular angina, arterial microcirculation,
coronary sinus, fractional flow reserve

Introduction

Microvascular angina pectoris (MVA) is a complex clinical
condition in which functional and/or structural changes in the
coronary microcirculation result in an increased vascular tone.
MVA is diagnosed as symptoms of ischemia with objective evidence
of impaired coronary microvascular function [e.g., an index of
microvascular resistance (IMR) > 25] in the absence of obstructive
epicardial disease (1, 2). While the clinical attention and academic
interest in this field is growing, the mechanisms behind its
pathophysiology and the therapeutic alternatives available remain
incompletely investigated (3). Despite these uncertainties, there is a
consensus that this condition is clinically relevant as it affects up to
two-thirds of patients who suffer from stable angina and either have
no epicardial coronary stenosis at angiography or have combined
epicardial and microvascular disease (4).

Microvascular angina caused by a dysfunctional microvascular
bed cannot be treated by standard revascularization therapies
and the pharmacological strategies (e.g., nitrates, calcium channel
blockers, ranolazine) available also provide limited benefit. As well,
while pressure-controlled intermittent coronary sinus occlusion
has been shown to improve microvascular resistances in the setting
of acute myocardial infarction (5), there is little evidence that
interventions may improve microvascular resistances in patients
with chronic coronary syndromes.

As a possible alternative to pharmacological agents, the
hypothesis of improving myocardial perfusion by diverting blood
from the coronary venous system to an ischemic region (“venous
retroperfusion”) has again gained attention during recent years.
This therapy is based on the concept that an elevation in
backward pressure in the coronary venous system provokes
dilatation of the subendocardial arterioles, resulting in a relative
reduction of vascular resistance in this area and a redistribution
of blood flow to the ischemic subendocardial layers (6–8).
Numerous studies confirm the efficacy of this approach for the
therapy of patients who have angina and are not candidates for
“traditional” revascularization (6). The study presented here aims
to investigate the effect of an increase in coronary sinus pressure on
microvascular function, a potentially new therapeutic concept.

Abbreviations: CFR, coronary flow reserve; CS, coronary sinus; FFR,
fractional flow reserve; IMR, index of microvascular resistances; LAD, left
anterior descending; MVA, microvascular angina; Pa, pressure, aortic; Pd,
pressure, distal; Tmn, mean transit time.

Materials and methods

Overview

We investigate whether an increase in coronary sinus pressure
leads to a change in coronary microvascular resistances in patients
with angina pectoris due to microvascular dysfunction.

Study design

The study is a sham-controlled, crossover, randomized trial
to investigate the effect of changes in coronary venous pressure
on microvascular resistances. The hypothesis of the study is that
occlusion of the coronary sinus (CS) will be associated with a
decrease in the index of microvascular resistances (IMR). The
protocol complies with good clinical practice and the ethical
principles described in the Declaration of Helsinki and has been
approved by the local ethics committee. All patients will provide
written informed consent before enrollment.

Study population

Patients must meet all of the following inclusion criteria:
chronic coronary syndrome (including patients with anginal
equivalents); reversible ischemia on non-invasive testing; absence
of epicardial stenosis that are compatible with the symptoms and
the evidence of ischemia; evidence of microvascular dysfunction as
demonstrated by an IMR≥ 25; willingness to participate and ability
to understand, read, and sign the informed consent; age > 18 years.

Patients will be excluded from eligibility for study enrollment
if any of the following criteria applies: previous coronary
artery bypass graft (CABG) with patent graft to the left
anterior descending coronary (LAD) such that IMR cannot be
measured; epicardial coronary disease (FFR < 0.80 with evidence
of a focal stenosis) in the LAD territory; second and third
degree atrioventricular block; severe valvular heart disease; any
cardiomyopathy; pulmonary or renal disease; inability to provide
informed consent; any disease reducing life expectancy. Patients
unable to understand the scope of the study are classified as not
able to give informed consent and are excluded for eligibility for
study enrollment. Likewise, patients unable to consent, e.g., for
a neurological damage, are treated as not able to give informed
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consent and are excluded for eligibility for study enrollment
(Table 1).

Procedures

Recruitment
Patients will be enrolled among those treated at the Department

of Cardiology, Cardiology I of the University Medical Centre Mainz
or, eventually, cooperating centers.

Randomization
Microvascular function measurements will be made (both at

rest and during hyperemia) twice in each patient in a sham-
controlled, randomized, crossover design. Randomization will be
performed after informed consent and if all inclusion criteria and
no exclusion criteria are met. Patients will be randomized 1:1
to one of the two study arms (sham/balloon or balloon/sham)
(Figure 1). After the first set of rest/hyperemia measurements in
the first condition (balloon or sham, Figure 1), and a 10 min
waiting time, patients will cross-over to the other condition
(sham or balloon) and the measurements (rest/hyperemia) will be
repeated.

For the measurements during balloon inflation, incomplete CS
occlusion will be achieved with a Swan-Ganz catheter advanced
into the CS with access through the femoral or jugular vein. The
position of the balloon will be chosen in order to cause a ∼80–
90% CS lumen reduction while maintaining stability throughout
the measurements. For the sham measurements, the balloon
will be kept deflated in the right atrium. Randomization will
be done by a computer-generated random sequence (MedCalc,
Ostend, Belgium).

Hemodynamic measurements
Coronary angiography and microvascular function assessments

will be performed in the left anterior descending coronary
artery using the wire-based thermodilution method. Five to
seven thousand international units of intravenous heparin and
intracoronary nitrates will be administered before measurements
when systolic blood pressure is above 100 mmHg systolic.
A guiding catheter will be advanced to the ostium of the left
coronary. A pressure wire (Pressure Wire X; Abbott Vascular,
Santa Clara, CA, United States) equipped with pressure sensor

and thermistor will be advanced placed approximately 8 cm
into the LAD after ostial equalization. Maximal hyperemia will
be induced through intravenous adenosine (140 µg·kg−1

·min−1)
or, in patients with asthma, intracoronary papaverine (10 mg).
The distal sensor of the pressure wire will be kept in the same
position and the same hyperemic agent will be used for the two
sets of measurements (sham and balloon). For the assessment
of the mean transit time (Tmn) and IMR, 3 boli of 3 ml
room-temperature saline will be injected briskly into the guiding
catheter as per instructions for use. The presence of drift will
be checked at the end of the measurements. All assessments
will be performed using the CoroFlow software (Coroventis,
Uppsala, Sweden).

Trial endpoints

The primary analysis will be on the per-protocol principle (i.e.,
including all patients who are not protocol violators).

Primary endpoint: change in IMR during inflation of the CS
balloon as compared to sham.

Key secondary endpoints: changes in the following
physiological parameters

1. Aortic (Pa) and distal coronary pressure (Pd) at rest and
during hyperemia (aortic and coronary pressure);

2. Pressure in the right atrium (Pra) and in the coronary sinus
(Pcs);

3. RFR (resting flow ratio);
4. FFR calculated as Pd/Pa and as (Pd-Pcs)/(Pa-Pcs);
5. Tmn (transit mean time) at rest and during hyperemia,

average of the three boli;
6. CFR: coronary flow reserve;
7. IMR calculated as [(Pd – CS) × Tmn] and using the standard

formula (IMRst = Pd × Tmn). CFR is the ratio of baseline
Tmn/hyperaemic Tmn.

Safety

All measurements (including hemodynamic measurements)
are applied as clinically indicated and according to CE certificate

TABLE 1 In- and exclusion criteria.

Inclusion criteria (ALL) Exclusion criteria (ANY)

• Chronic coronary syndrome (including patients with anginal equivalents) • Previous CABG with patent grafts such that IMR cannot be measured

• Reversible ischemia on non-invasive testing • Epicardial coronary disease (FFR < 0.80 with evidence of a focal stenosis)
in the LAD territory

• Evidence of microvascular disease with IMR = 25 • Second and third degree atrioventricular block

•Willingness to participate and ability to understand, read, and sign the informed consent • Severe valvular heart disease

• Age>18 years • Any cardiomyopathy

• Pulmonary or renal disease

• Inability to provide informed consent

• Any disease reducing life expectancy
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FIGURE 1

Randomization.

and the instruction for use. Vascular access is performed using
the femoral or jugular vein; the expansion of the balloon is
incomplete and performed using low pressure (2–4 ATM). The risk
of trauma is thereby minimal. Thus, it is not to be expected that
the participation in the study will lead to unneeded or harmful
therapeutic interventions.

Statistics

Statistical analysis will be performed with MedCalc
(Ostend, Belgium).

Power calculation
The study is powered for the primary efficacy endpoint IMR.

In the OxAMI-PICSO study (5), PICSO reduced the IMR in
patients with no reflow after ST-elevation myocardial infarction
from 45 [22–51] to 25 [19–36]. In unselected coronary artery
disease patients, Mangiacapra et al. (9) reported a decrease in
IMR from 27 ± 11 to 19 ± 9 after intracoronary enalaprilat;
Suda et al. (10) reported a decrease in IMR from ∼28[21–35] to
∼19[17–23] (P < 0.0001, median decrease ∼35%) in response to
fasudil. Luo (11) reported baseline IMR of 33 units in patients
with microvascular dysfunction (i.e., our expected population),
with a baseline SD of 7.6 units. When assuming a baseline
IMR of 33 and conservatively using the pooled baseline SD
of IMR 13 units of both treatment groups from Mangiacapra,
and assuming a similar effect as that observed in the papers by
Mangiacapra and Suda, this will result in an effect size of ∼0.69
(∼9/13). With this effect size and a power of 80%, 19 patients
are needed. In case of missing data, this sample size could be
increased to 25.

Statistical analysis
The primary analysis will be done for the IMR measurement.

The primary hypothesis is H0: µExp = µSham, vs. H1: µExp
6= µSham, where µExp and µSham are the expected values of
the IMR with experimental intervention (balloon) and sham. The
primary analysis will be performed as within-subject comparison
of the primary parameter. Statistical tests and effect estimates will
be calculated using the Wilcoxon test. The effect of randomization
and baseline measurements as covariates will be investigated. No
treatment by time interaction is expected because the balloon from

the experimental intervention will produce a transient increase in
CS pressure which will normalize upon deflation. The primary
comparison will be performed at a two-sided significance level
of α = 0.05. Treatment differences will be displayed by adjusted
estimates and 95% confidence intervals. Bias is minimized by
randomized sequence allocation. The randomization ratio of the
treatment sequences will be 1:1 without any stratification factors.
Randomization with permuted blocks will be applied.

Data management

Patient data will be pseudonymized and collected by the study
team. Pseudonymized patient data will be stored digitally on an
external hard-drive not connected to the clinical intranet and only
accessible to the members of the study team. After 10 years of
storage, data will be destroyed. It is not intended to give study
participants’ data to a third party. All data will be analyzed after
the last patient is discharged from index hospitalization. No interim
analysis is intended. However, a Data Safety Monitoring Board
consisting of two physicians not affiliated with the study will
monitor the safety of the subjects throughout the study. In case a
study participant withdraws consent after having his data collected
from him, the patient’s data will be anonymized.

Ethics and publication policy

The protocol has been approved by the local state medical
association’s ethics committee. In accordance with the WMA
Declaration of Helsinki–Ethical Principles for Medical Research
Involving Human Subjects, researchers, authors, sponsors, editors,
and publishers all have ethical obligations with regard to
the publication and dissemination of the results of research.
Researchers have a duty to make publicly available the results
of their research on human subjects and are accountable for
the completeness and accuracy of their reports. All parties
should adhere to accepted guidelines for ethical reporting.
Negative and inconclusive as well as positive results must
be published or otherwise made publicly available. Sources of
funding, institutional affiliations and conflicts of interest must
be declared in the publication. Reports of research not in
accordance with the principles of this Declaration should not be
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accepted for publication. The PI of this study, recognizing the
seminal importance of this investigation, is committed to the
unrestricted and widespread dissemination of all primary and
secondary endpoint results and tertiary analyses. At the conclusion
of the study, an abstract reporting the primary results will be
prepared by the Principal Investigators and presented at an annual
scientific meeting. A publication will similarly be prepared for
publication in a reputable scientific journal. Following analysis and
presentation of the primary endpoint results, active participation
of all study group members will be solicited for data analysis and
abstract and manuscript preparation and therefore included as co-
authors. Submission of all abstracts and publications regarding the
primary endpoint and secondary endpoints from the study requires
approval by the Principal Investigators after review by all members
of the study group.

Insurance

Since all procedures (except for randomization) are clinically
indicated and acknowledged in the current literature, a study
insurance is not planned.

Trial status

Data collection is ongoing.

Financing

The study will be financed by own means of the Department
of Cardiology of the University Medical Center Mainz (=Sponsor)
and means of the W3-Professorship of Translational myocardial
and cardiovascular function. Additionally, the research project will
be supported by the Clinician Scientist program of Helen Ullrich,
which was granted by the German Centre for Cardiovascular
Research (DZHK).

Discussion

To assess coronary circulatory function, three different
physiological indexes were measured in the present study. FFR
is defined as the ratio of maximal coronary blood flow in a
diseased artery to maximal coronary blood flow in the same
artery without stenosis. FFR is a surrogate marker of inducible
myocardial ischemia caused by epicardial coronary stenosis (12).
CFR is the ratio of hyperemic to baseline flow and is a marker
of the integrity of both epicardial and microvascular domains of
coronary circulation. Therefore, CFR represents the microvascular
status when there is no significant epicardial disease. IMR is the
minimum achievable coronary microcirculatory resistance and a
more specific marker of the coronary microcirculation than CFR.
It is calculated as the ratio of distal coronary pressure to coronary
flow at hyperemia and presented in unit.

Approximately half of patients undergoing diagnostic coronary
angiography for typical angina symptoms do not have significant

obstructive coronary stenoses (10). This large number of patients
rarely receive a definitive diagnosis, are often inappropriately
labeled, and by and large remain symptomatic (13). Half of
these patients suffer from CMD. The disease is associated with
higher rates of serious cardiovascular events, making identification
of CMD a therapeutic target with unmet needs (13). In this
context, MVA still represents an underestimated clinical challenge,
which, however, is increasingly proving to be an important
factor in cardiac prognosis (14). In their prospective study,
Suda et al. (10) showed that coronary functional abnormalities,
including epicardial coronary spasm, decreased microvascular
vasodilation, and increased microvascular resistance, frequently
coexist in patients with angina and non-obstructive coronary
artery disease. Here, the IMR correlated with the occurrence
of severe cardiovascular events, and an IMR of 18.0 turned
out to be the best cut-off value. Our randomized and sham-
controlled trial investigates the acute effect of increasing coronary
sinus pressure on microvascular resistance in patients with MVA.
Our hypothesis states that occlusion of the CS is associated
with a decrease in IMR. This retrograde treatment approach
to myocardial ischemia through the coronary venous system
has been studied in the past in the context of acute coronary
syndrome, coronary revascularization, and cardiothoracic surgery
(15). Several small studies support the approach that occlusion
of the CS may preserve ischemic myocardium and improve
microvascular perfusion and function (5, 12, 15, 16). In this context,
the results of our work may provide evidence for a possible new
therapeutic strategy.

Initial evidence from animal studies and a series of
patients appears to support the hypothesis that coronary sinus
occlusion (CSO) improves microvascular function: Ido et al. (15)
demonstrated that CSO lead to dilatation of the subendocardial
arterioles, resulting in a significant reduction of vascular resistance
in this area and a redistribution of blood flow to these ischemic
subendocardial layers. In a small case series by Giannini et al.
(16), patients with microvascular angina showed a clinical
improvement after CSO, an effect similar to that shown in the
randomized, sham-controlled trial COSIRA (12) (improvement
of 2 Canadian cardiovascular society angina classes in 35% of
the patients). In the paper by de Maria et al. (5), percutaneous-
intermittent CSO (PICSO) improved microvascular perfusion
and resistances in patients with no reflow after ST-elevation
myocardial infarction. Finally, we recently provided mechanistic
evidence that CSO might improve microvascular function in a
patient with evidence of severe CMD: in a recent publication
(Gori T, Eurointervention online), we described a case of a
patient with MVA that benefited from the implantation of the
coronary sinus reducer device. This 61-year old patient with a
history of insulin-dependent diabetes, hypertension, and multiple
PCIs underwent implantation of the coronary sinus reducer for
chronic angina refractory to maximal therapy. His symptoms
included a CCS III angina leading to 4 hospitalizations in the
6 months before the sinus reducer implantation. In order to
better understand the pathophysiology of his symptoms, a full
hemodynamic assessment was performed. The fractional flow
reserve (FFR) in the left anterior descending (LAD) was 0.87,
witnessing the absence of epicardial disease. In contrast, the index
of microvascular resistances (IMR) was 63, documenting increased
microvascular resistances as a mechanism of his symptoms. Based
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on this evidence, and on compassionate grounds, a coronary
sinus reducer was implanted. After implantation, the “trans-sinus”
gradient was 3mmHg. FFR and resting full-cycle ratio (RFR)
were unchanged (0.93 and 0.85), but IMR dropped to 37. Since
implantation (currently 12 months follow-up at the time of this
writing), the patient has never been admitted again to hospital and
is symptom-free.

Although this is just preliminary data, they suggest that
the redistribution of blood from the subepicardial to the
subendocardial space might be associated with a drop in total
microvascular resistances and therefore relief of symptoms.

Our study has several limitations. First, the present study is a
mechanistic study conducted exclusively at one center. In addition,
only a relatively small number of patients will be enrolled in each
of the two study groups. Furthermore, we only studied the effect of
a single occlusion of the CS on microvascular function. Repeated
CSO as well as a permanent CSO could alter the effects of a single
CSO (15). Larger studies with follow-up periods are needed to
build on the results and to investigate the role of potential new
therapeutic strategies.
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Early vascular healing after 
neXt-generation drug-eluting 
stent implantation in Patients with 
non-ST Elevation acute Coronary 
syndrome based on optical 
coherence Tomography guidance 
and evaluation (EXPECT): study 
protocol for a randomized 
controlled trial
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Background: There is limited evidence about vessel wall healing response following 
implantation of next-generation drug-eluting stents (DES) in patients admitted with 
a non-ST elevation acute coronary syndrome (NSTE-ACS). Cumulative data indicate 
that optical coherence tomography (OCT) imaging can optimize percutaneous 
coronary intervention results and expedite stent endothelialization in the general 
population but there is lack of data in NSTE-ACS patients.

Methods: The EXPECT study is an investigator-initiated, prospective, randomized 
trial to assess early vascular healing response following next-generation DES 
implantation in patients admitted with NSTE-ACS based on OCT guidance and 
evaluation. Sixty patients are randomized at 1:1:1 ratio to OCT-guided percutaneous 
coronary intervention (PCI) with 3-month follow-up OCT imaging (O3 group, 
n = 20), to angiography-guided PCI with 3-month follow-up OCT imaging (A3 group, 
n = 20) and to angiography-guided PCI with 6-month follow-up OCT imaging (A6 
group, n = 20). The primary endpoint of the study is stent strut coverage rate at 
3- or 6- month follow-up in the studied groups. The secondary endpoints of the 
study include OCT imaging endpoints, clinical endpoints, and molecular biology 
endpoints at the different time points. The clinical endpoints comprised of major 
cardiovascular adverse events and individual components. The molecular biology 
endpoints comprised of lipid levels and the levels of inflammatory indicators.

Discussion: The findings of the EXPECT study are anticipated to provide novel 
insights into vessel wall healing in NSTE-ACS population following implantation 
of next-generation DES, underscore the value of OCT imaging in expediting strut 
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coverage in this setting, and explore the potential of an early discontinuation of 
dual antiplatelet therapy (DAPT) in this population.

Clinical Trial Registration: ClinicalTrials.gov, NCT04375319.

KEYWORDS

non-ST elevation acute coronary syndrome, optical coherence tomography, 
percutaneous coronary intervention, early vascular healing, stent struts coverage

Introduction

Over the past few decades, percutaneous coronary intervention 
(PCI) has significantly improved clinical outcomes in acute coronary 
syndrome (ACS) patients. The improved prognosis in this high-risk 
population has been at least partially attributed to enhanced medical 
therapy, the broad use of PCI as well as to the introduction of the 
second-generation drug-eluting stents (DES) that have increased 
efficacy and high safety profile (1). Current guidelines recommend 
treatment with dual antiplatelet therapy (DAPT) for 1 year after PCI 
regardless of stent types (2, 3). However, long-term DAPT may 
increase the risk of bleeding in the elderly, frail patients and those 
prone to bleeding with hematological, gastro intestinal, and liver 
pathologies. DAPT is also associated with a risk of serious bleeding in 
vulnerable patients with history of falls, previous hemorrhagic 
cerebrovascular events and can be a limiting factor in patients awaiting 
elective surgery. In the era of next-generation DES, large-scale 
randomized studies and meta-analyses have demonstrated that the 
duration of DAPT can be shortened to 6 months or even to 3 months 
with no clinical consequences while recent studies currently examine 
the safety and efficacy of aspirin single antiplatelet therapy post stent 
implantation (4–7).

In patients admitted with non-ST elevation acute coronary 
syndrome (NSTE-ACS) that have complex and highly thrombotic 
lesions, shorter-term DAPT can be considered only in cases of early 
strut coverage which constitutes a marker of early endothelialization 
(8). Indeed, cumulative data have underscored the prognostic 
implications of incomplete strut coverage indicating that this is 
associated with a high incidence of stent thrombosis (ST) (9) and 
future major adverse cardiovascular events (MACE) (10–12).

The introduction of optical coherence tomography (OCT) enabled 
in vivo assessment of strut coverage and allow us to calculate vascular 
repair index (13) and to identify predictors associated with a delayed 
vessel wall healing. In particular, stent design (i.e., stent polymer, stent 
strut thickness, and drug elution), strut embedment and apposition, 
the composition of the underlying plaque, and the time interval 
between stent implantation and follow-up imaging seem to determine 
strut coverage (14). Moreover, several studies have shown that in 
patients with NSTE-ACS the incidence of incomplete strut apposition 
is greater than in patients with a chronic coronary syndrome while the 
recently published study (8) has shown that the use of OCT during 
next-generation stent implantation is associated with a higher 
incidence of stent embedment and faster endothelialization comparing 
to angiography-guided PCI. However, most of the recruited patients 
in this study were suffering from a stable angina. The present 
investigator-initiated, prospective, randomized trial was designed to 
investigate the vessel wall healing response following implantation of 

a next-generation DES with low dose sirolimus elution in NSTE-ACS 
population and to explore the value of OCT imaging in expediting 
strut endothelialization.

Methods and analysis

Study design

The EXPECT study is an investigator-initiated, prospective, 
multicenter, randomized clinical trial (www.clinicaltrials.gov, 
NCT04375319). The objective of this study is to evaluate vessel wall 
healing response over time in NSTE-ACS patients receiving a next-
generation DES implantation, and to examine the value of 
OCT-guided PCI in expediting stent strut coverage, aiming to 
underscore the potential of a lower duration DAPT in high bleeding 
risk population.

Patient enrollment and randomization

Sixty patients with NSTE-ACS (includes unstable angina pectoris 
and non-ST segment elevation myocardial infarction) from three 
centers in Huaihai economic zone (Supplementary Table S1) will 
be enrolled in this trial. The main inclusion and exclusion criteria are 
listed in Tables 1, 2, respectively.

The recruited patients will be randomized at 1:1:1 ratio to three 
groups using a computer-generated random sequence table. Patients 

TABLE 1 Inclusion criteria.

1. Male or non-pregnant female aged 18–80 years.

2. Clinical diagnosis of acute non-ST segment elevation myocardial infarction.

3. De novo coronary artery lesions. Multiple target lesions should be located in 

different epicardial vessels.

4. Each target lesion should have a length ≤ 40 mm, and diameter between 2.5–

4.5 mm by visual assessment.

5. Target lesion with ≥70% diameter stenosis or ≥ 50% diameter stenosis with 

myocardial ischemia evident by functional assessment.

6. Each patient is allowed to undergo a maximum of three stent implantations, if 

necessary (except for bailout stent implantation), each target lesion is allowed to 

be stented with a maximum of two stents.

7. The coronary anatomy is amenable to PCI.

8. Ability to understand the trial purpose, sign informed consent, and have good 

compliance with medications.

PCI, percutaneous coronary intervention.
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enrolled in the first group will have OCT-guided revascularization and 
3-month follow-up OCT imaging (O3 group, n = 20), those in the 
second group angiography-guided PCI and 3-month follow-up OCT 
imaging (A3 group, n = 20) while the patients recruited in the third 
group angiography-guided PCI and 6-month follow-up OCT imaging 
(A6 group, n = 20).

Treatment device

All the recruited patients will be implanted with Excrossal (JW 
Medical Systems, Shandong, China) stent, a novel next-generation 
sirolimus-eluting stent with a cobalt-chromium alloy and a 
biodegradable polymer. The dose of sirolimus in this device is reduced 
to 1/3 of the former product used while the polymer consists of 
biodegradable polylactic acid. Following stent implantation, the 
polymer coating degrades into lactic acid, which expedites vascular 
healing process while the low dose sirolimus elution provides the 
advantage of accelerating endothelialization without affecting the rate 
of restenosis (15, 16).

Treatment and follow-up procedures

In the OCT-guided group, OCT imaging will be performed before 
PCI to appropriately size stent implantation and following stenting to 
assess the final results and guide further optimization if needed. A 

final run will be performed at the end of the procedure to confirm 
optimal results and exclude common causes of stent failure reported 
in the literature (17). Patients will be given DAPT (oral aspirin 100 mg 
once daily, clopidogrel 75 mg once daily, or ticagrelor 90 mg twice 
daily) and will be put on secondary prevention medications according 
to the recommended ESC guidelines.

Post discharges all patients will have a follow-up appointment or 
will be contacted by phone at 1 month, 3 months, 6 months, and 1 year. 
Subjects assigned to O3/A3 arms will undergo coronary angiography 
and OCT imaging at 3 months, while those assigned to A6 arm will 
have invasive assessment and OCT imaging at 6 months after the 
index procedure (Figure 1). The schedule of enrolment, interventions, 
and assessments is outlined in Figure 2. The data of each center will 
be  summarized and checked by an independent data 
monitoring committee.

Blood sample measurement

Blood samples (4–5 mL) will be collected from all subjects prior 
to the procedure and at 12–24 h after the procedure. Blood samples 
will be also collected at 3 and 6 months follow up. The samples will 
be centrifuged at 3,000 r/min for 10 min, and the serum obtained 
will be isolated and stored at −80°C. Serum levels of total cholesterol 
(TC), low-density lipoprotein (LDL-C), high-density lipoprotein 
(HDL-C), and triglyceride (TG) will be  measured by automatic 
biochemical analyzer, the pentraxins 3 (PTX-3), vascular cell 
adhesion molecule 1 (VCAM-1), and matrix metalloproteinase 9 
(MMP-9) by enzyme-linked immunosorbent assay, and the high-
sensitivity C-reactive protein (hs-CRP) detected by the immune 
turbidity method.

QCA and OCT data acquisition and analysis

Intracoronary nitrate will be administered prior to diagnostic 
angiography in all the recruited patients unless contraindicated due to 

TABLE 2 Exclusion criteria.

1. Acute ST segment elevation myocardial infarction within the past 1 month.

2. Chronic total occlusive lesion, severe left main stem stenosis, lesions with 

length > 40 mm, bifurcation lesion requiring double stenting, target vessel 

diameter > 4.5 mm, and vessels unsuitable for OCT imaging such as severely 

tortuous vessels and vessels with severe dissection, current infection or any active 

inflammatory diseases.

3. Non interpretable OCT images.

4. Severe calcific lesions that require treatment with debulking techniques.

5. In stent restenosis lesions.

6. Hemodynamic instability such as cardiogenic shock, or left ventricular ejection 

fraction <40% (by echocardiography or left ventriculography).

7. Renal impairment: eGFR < 60 ml/(min·1.73 m2) or serum creatinine>2.5 mg/dL 

(178 μmol/L), or patients on hemodialysis.

8. Bleeding tendency, history of active peptic ulcer, history of cerebral hemorrhage 

or subretinal hemorrhage, history of stroke within the past half year, or 

contraindications for antiplatelet or anticoagulant treatment.

9. Allergy to antithrombotic medications, contrast agent, or Cobalt Chromium.

10. Life expectancy less than 12 months.

11. Participation in other clinical trial.

12. Poor compliance, unable to provide written informed consent.

13. Heart transplantation.

14. Undergoing chemotherapy or immunosuppressive therapy.

15. Elective surgery requiring stopping anti-platelet therapy within half a year post 

stent implantation.

16. Platelet count lower than 100 × 109/L, or more than700 × 109/L, and white blood 

cell lower than 3 × 109/L, liver diseases (such as hepatitis).

OCT, optical coherence tomography; eGFR, estimated glomerular filtration rate

FIGURE 1

Study flow chart. NSET-ACS, non-ST elevation acute coronary 
syndrome; OCT, optical coherence tomography; FLU, follow up; 3 
M, 3-month; 6 M, 6-month; and 12 M, 12-month.
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low blood pressure. Antithrombotic therapy will be  administered 
according to the local protocol prior to insertion of a guidewire in the 
coronary arteries.

In the angiography-guided group, stent implantation will 
be  performed and optimized with angiography guidance 
according to local standard practice based on operator’s visual 
assessment (stent to artery ratio, 1:1). At the end of the procedure, 
an OCT examination will be performed for research purposes. 
The collected images will not be available to the operators and 
these images will be stored and transferred to a dedicated core-lab 
for image analysis.

In the OCT-guided groups, PCI will be performed under OCT 
guidance according ILUMIEN III: OPTIMIZE PCI algorithm. The 
overall procedural approach for OCT-guided stent implantation and 
post-implant optimization also follows this algorithm (18). In short, 
the stent size is chosen based on OCT measurement, and post-dilation 
performed under OCT guidance to achieve fully stent struts 
apposition and satisfactory stent area (19).

Optical coherence tomography images will be acquired in the 
culprit vessel and non-culprit vessels using a commercially 
available C7 or OPTIS imaging system (Abbott, Santa Clara, 
United  States). The imaging catheter will be  advanced at least 
10 mm distally to the culprit lesion and will be pulled-back using 
an automated pull-back device under contrast media injection for 
blood clearance. A second pull-back will be performed in case of 
long lesions so as the catheter to cover the entire segment 
of interest.

Repeat coronary angiography and OCT imaging will be  also 
performed at 3- or 6-month follow-up according to the study protocol. 
The angiographic and OCT imaging data collected at baseline and 
follow-up will be anonymized and transferred to an independent core 
laboratory for further analysis.

Study endpoints

The primary endpoint of the study is the incidence of stent strut 
coverage (%) at 3- or 6-month follow-up.

The secondary endpoints of the study include angiographic, OCT, 
and clinical and biomarker outcomes that are listed in Table 3.

Statistical considerations

The sample size of this study is based on the previously published 
literature and the corresponding research hypothesis. This study 
intends to demonstrate that the incidence of strut coverage in the 
OCT-guided group is higher than that of angiography-guided group 
at 3-month follow-up (hypothesis 1). The second hypothesis of this 
study is that the incidence of stent strut coverage in the OCT-guided 
group at 3 months is similar to the incidence of strut coverage in the 
angiography-guided group at 6 months (non-inferiority analysis). If 
the above hypothesis is confirmed then an additional analysis will 
be performed that aims to demonstrate that the incidence of covered 
struts is higher at 3 months in the OCT-guided group compared to the 
rate of strut coverage noted at 6 months in the angiography-guided 
PCI (hypothesis 3). In order to control for the type I error, the test 
significance levels of hypothesis 1 and 2 are set at one-sided 0.025. 
Since hypothesis 3 is a sequential test carried out on the basis of 
hypothesis 2, the test significance level is set at one-sided 0.05.

The sample size calculation is based on the assumption that each 
patient will receive on average 1 stents, and that each stent will have a 
length of 24 mm. OCT analysis will be performed at 0.4/0.6 mm interval 
and that 7.9 struts in each cross section will be detected. Based on these 
assumptions, it is estimated that 474 strut results will be obtained from 
each patient. We estimate that we will need 7,305 strut estimations in 

FIGURE 2

Time schedule of enrolment, interventions, and assessments of the study. ECG, electrocardiogram; CCS, Canadian cardiovascular society; OCT, optical 
coherence tomography; and QCA: quantitative coronary angiography.
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each group to prove with 95% power the primary endpoint of the study. 
Based on the above assumptions, we estimate that 16 patients should 
be recruited in each group. Considering a 20% drop-off rate, we estimate 
that 20 patients should be included in each group (Table 4).

Continuous variables will be described as means and SDs if they 
are normally distributed or median and interquartile range in the case 
of asymmetric data distribution. Categorical variables will 
be presented as numbers and percentages. Comparisons of numerical 
variables are conducted with the Student’s t test or Mann–Whitney’ U 
test as appropriate, categorical variables and outcomes were compared 
by using the chi-squared test or Fisher exact test. A statistical package 
(SPSS 21.0) will be  used for analysis. Two-tailed p  < 0.05 will 
be considered statistically significant.

Discussion

Dual antiplatelet therapy is recommended following stent 
implantation, but the optimal duration remains controversial in ACS 

patients, the current ACC/AHA and ESC guidelines recommend 
DAPT for 12 months after PCI (2, 3). However, prolonged DAPT is 
associated with worse outcomes in high bleeding risk populations. A 
consensus from the Academic Research Consortium for High 
Bleeding Risk (ARC-HBR) defined 14 and six clinical criteria as major 
or minor criteria, respectively. If patients meet at least one major or 
two minor criteria, they are considered to be at high bleeding risk (20). 
According to the ARC-HBR criteria, 40% patients in real-world PCI 
registry are at high bleeding risk (21). These patients are often 
excluded from or underrepresented in clinical trials about stents and 
antiplatelet therapy. The development of advanced stent platforms and 
the optimal stent deployment—even with the use of intravascular 
imaging guidance—is expected to enable shorter duration of DAPT 
in high bleeding risk ACS patients undergoing PCI. Several studies 
have shown that shorter-term DAPT in ACS patients implanted with 
next-generation DES is non-inferior to the standard or longer 
duration of DAPT. More specifically the “all-comer” ITALIC 
randomized controlled trial demonstrated that after the implantation 
of next-generation DES, 6-month DAPT followed by aspirin 
monotherapy is non inferior to 24-month DAPT in terms of all-cause 
mortality, myocardial infraction (MI), target vessel revascularization 
(TVR), stroke, and major bleeding in a low risk profile for ischemic 
events population (22). Similarly, the randomized OPTIMA-C trial 
(NCT03056118) showed that the MACE rate at 12-month follow-up 
was not different in patients receiving 6-month DAPT and those 
treated for 12-month DAPT after implantation of next-generation 
DES (23). The multicenter REDUCE trial enrolled 1,496 patients 
admitted with an ACS treated with the next-generation COMBO stent 
who were randomized to 3-month (n = 751) or 12-month (n = 745) 
DAPT. The primary endpoint was a composite of all-cause mortality, 
MI, ST, stroke, TVR, and bleeding and its incidence was similar in the 
two groups (8.2 vs. 8.4%, p non-inferiority<0.001) at 1- or 2-year 
follow-up (11.6 vs. 12.1%, p = 0.76) (24).

There is compelling evidence that strut coverage is a predictor 
of ST (25). The next-generation DES with thinner struts, safer 
polymer profiles and improved drug kinetics appear to enable faster 
endothelialization and have known to reduce the incidence of ST 
compared to the first generation DES (25). The OCT sub-study of 
the OPTIMA-C trial revealed favorable strut coverage at 6 months 
after next-generation DES implantation (23), similarly the 
FUNCOMBO trial showed almost complete strut coverage of the 
next-generation DES in patients who presented with STEMI (26). 
Moreover, a small study reported that in the biodegradable polymer 
Synergy stent strut coverage was 94.5% at 3 months and 96.6% at 
6 months (27) whereas the TARGET All Comers study showed a 
similar incidence of strut coverage in biodegradable polymer 
Firehawk and durable polymer XIENCE stent group (99.9 ± 0.3 vs. 
100 ± 0.1%, p = 0.26) (28). Conversely, the biodegradable polymer 
BuMA Supreme stent was found to be superior to the XIENCE stent 

TABLE 4 Parametric assumptions for hypothesis.

Experimental group 
coverage

Control group 
coverage

Non-inferiority 
margin

Sample size (stent 
struts)

Hypothesis 1 93.6% 92% Not applicable 6,781

Hypothesis 2 95% 95% 1.3% 7,305

Hypothesis 3 96.5% 95% Not applicable 3,912

TABLE 3 Endpoints of the trial.

Primary endpoint

The degree of stent struts neointimal coverage (%) at 3 and 6 months

Secondary endpoint

OCT endpoint: Assessed at 3 and 6 months

1. Average and minimal stent diameter, area, and volume.

2. Average and minimal lumen diameter, area, and volume.

3. Average and minimal strut coverage thickness.

4. Strut malposition rate.

5. Vascular repair index.

Clinical endpoints: Assessed at 1, 3, 6, and 12 months

1. Major adverse cardiac events (MACE) composite of cardiac death, target vessel 

myocardial infarction (TV-MI), and clinical ischemia-driven revascularization.

2. Cardiac death.

3. Non-fatal MI.

4. All revascularization.

5. Target lesion revascularization.

6. Target vessel revascularization.

7. ARC-defined stent thrombosis (early, late, very-late, definite, probable, and 

possible stent thrombosis).

Molecular biology endpoints: Assessed at baseline, 3 and 6 months

1. Lipid levels (total cholesterol, low-density lipoprotein, high-density lipoprotein, 

ratio of low-density lipoprotein to high-density lipoprotein, and triglyceride).

2. Molecule indicators (hs-CRP, PTX-3, VCAM-1, and MMP-9).

ARC, academic research consortium; hs-CRP, high sensitive C-reactive protein; PTX-3, 
pentraxin-3; VCAM-1, vascular cell adhesion molecule-1; and MMP-9, matrix 
metalloprotein-9.
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in terms of strut coverage at both 1 month and 2 months in the 
PIONEER-II OCT trial (29). However, stent implantation in these 
studies was mostly performed under angiography guidance. The 
DETECT-OCT (NCT01752894) trial was the first that highlighted 
the value of OCT imaging in optimizing stent apposition and in this 
way accelerating strut coverage. In this trial, the percentage of 
uncovered struts at 3 months was lower in the OCT-guided group 
(7.5%) than in the angiography-guided group (9.9%; p = 0.009) (8). 
However, the DETECT-OCT trial mainly included patients 
suffering from stable angina and did not include the group of 
patients undergoing OCT at a longer follow-up period. This study 
was designed to provide additional insights as it aims to include 
NSTE-ACS patients, and include the group of patients that will 
undergo OCT imaging at 6 months to examine late strut coverage 
in patients undergoing angiography guided PCI.

Additionally, clinical studies have found that MACE after PCI 
not only comes from in-stent restenosis or ST in ACS patients but 
also due to progression of mild to moderately graded disease in the 
non-culprit vessels as it is a well-known factor that patients 
presenting with ACS often have multivessel disease (30, 31). A study 
involving nearly 13,000 ACS patients showed that over 80% of 
ischemic events occurring after 30 days were unrelated to the culprit 
lesion that was stented, but were rather spontaneous, or de novo 
events in a non-culprit vessel (32). Intravascular imaging research 
revealed that non-culprit lesions in ACS patients are often 
vulnerable plaques, with characteristics such as thin-cap 
fibroatheroma and those with heavy lipid load. The progress and 
rupture of these vulnerable plaques in non-culprit vessels can also 
result in adverse events like thrombosis after PCI (33, 34). Therefore, 
understanding the evolution of plaque in non-culprit vessels is of 
great significance to prevent future adverse cardiac events and may 
potentially influence decision making in the use of DAPT duration. 
Thus, our study innovatively performs OCT examination in both 
culprit and non-culprit vessels at baseline and follow-up, to explore 
vulnerable plaque progression in non-target vessels, measure the 
changes in the thickness of the fibrous cap over lipid-rich plaques, 
and examine changes in macrophages accumulations and in the 
lipid content and in the vulnerable plaques, and their transformation 
at various time points. Furthermore, plaque progression is usually 
accompanied with lipid infiltration and inflammatory response. The 
positive correlation of cholesterol levels, proinflammatory 
cytokines, and atherosclerotic evolution is well established (35). 
Stent implantation is associated with vessel wall injury and 
endothelium disruption while it is well known that strut polymer 
and drug elution can trigger a pro-inflammatory and 
hypersensitivity reaction leading to the formation of 
neoatherosclerotic lesions (34). There are however limited data 
about the association between vulnerable plaque progression in 
native segments and neointima proliferation and neoatherosclerotic 
lesion formation in segments treated with stents. The present study 
has been designed to provide additional insights and explore the 
implications of the lipid profile and systemic inflammation assessed 
by circulatory biomarkers on neointima characteristics and 
atherosclerotic disease progression in native segments.

This study has several limitations. Firstly, only three centers in 
Huaihai economic zone are participated in this study. Therefore, the 
findings of this analysis may not be relevant to other populations. 
Secondly, “different operators” experience may impact the 

procedure outcomes, which is the source of uncontrolled bias. 
Finally, several studies revealed that the early strut coverage of 
biodegradable polymer DES is not similar with other next-
generation DES (36, 37), which implies the results of our study may 
not be  simply generalized to other DES with different 
design concept.
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The ReInforcement of adherence
via self-monitoring app
orchestrating biosignals and
medication of RivaroXaban in
patients with atrial fibrillation and
co-morbidities: a study protocol
for a randomized controlled trial
(RIVOX-AF)
Minjae Yoon1, Jin Joo Park1, Taeho Hur1, Cam-Hao Hua2,
Chi Young Shim3, Byung-Su Yoo4, Hyun-Jai Cho5, Seonhwa Lee6,
Hyue Mee Kim7, Ji-Hyun Kim8, Sungyoung Lee2

and Dong-Ju Choi1* for the RIVOX-AF investigators
1Division of Cardiology, Department of Internal Medicine, Seoul National University Bundang Hospital,
Seoul National University College of Medicine, Seongnam, Republic of Korea, 2Department of Computer
Science and Engineering, Kyung Hee University, Yongin, Republic of Korea, 3Division of Cardiology,
Department of Internal Medicine, Severance Hospital, Yonsei University College of Medicine, Seoul,
Republic of Korea, 4Department of Internal Medicine, Yonsei University Wonju College of Medicine,
Wonju, Republic of Korea, 5Department of Internal Medicine, Seoul National University Hospital, Seoul
National University College of Medicine, Seoul, Republic of Korea, 6Division of Cardiology, Department of
Internal Medicine, Cardiovascular Center, Keimyung University Dongsan Hospital, Daegu, Republic of
Korea, 7Division of Cardiology, Department of Internal Medicine, Chung-Ang University Hospital, Seoul,
Republic of Korea, 8Cardiovascular Center, Dongguk University Ilsan Hospital, Goyang, Republic of Korea

Background: Because of the short half-life of non-vitamin K antagonist oral
anticoagulants (NOACs), consistent drug adherence is crucial to maintain the
effect of anticoagulants for stroke prevention in atrial fibrillation (AF). Considering
the low adherence to NOACs in practice, we developed a mobile health platform
that provides an alert for drug intake, visual confirmation of drug administration,
and a list of medication intake history. This study aims to evaluate whether this
smartphone app-based intervention will increase drug adherence compared with
usual care in patients with AF requiring NOACs in a large population.
Methods: This prospective, randomized, open-label, multicenter trial (RIVOX-AF
study) will include a total of 1,042 patients (521 patients in the intervention group
and 521 patients in the control group) from 13 tertiary hospitals in South Korea.
Patients with AF aged ≥19 years with one or more comorbidities, including heart
failure, myocardial infarction, stable angina, hypertension, or diabetes mellitus, will
be included in this study. Participants will be randomly assigned to either the
intervention group (MEDI-app) or the conventional treatment group in a 1:1 ratio
using a web-based randomization service. The intervention group will use a
smartphone app that includes an alarm for drug intake, visual confirmation of drug
administration through a camera check, and presentation of a list of medication
intake history. The primary endpoint is adherence to rivaroxaban by pill count
measurements at 12 and 24 weeks. The key secondary endpoints are clinical
composite endpoints, including systemic embolic events, stroke, major bleeding
requiring transfusion or hospitalization, or death during the 24 weeks of follow-up.
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Discussion: This randomized controlled trial will investigate the feasibility and efficacy of
smartphone apps and mobile health platforms in improving adherence to NOACs.
Trial registration: The study design has been registered in ClinicalTrial.gov (NCT05557123).

KEYWORDS

atrial fibrillation, NOAC, drug adherence, mobile application, mobile health
Introduction

For the management of patients with atrial fibrillation (AF),

stroke prevention with oral anticoagulants is central to guideline-

recommended management (1–3). Previous large randomized

controlled trials for AF have demonstrated improved safety and

comparable effectiveness of non-vitamin K antagonist oral

anticoagulants (NOACs) compared with warfarin (4–8). Also, in

contrast to warfarin, NOACs have minimal drug or food

interactions and predictable effectiveness with fixed dosing

without the need for laboratory monitoring. Because of these

benefits, NOAC use is expanding globally (9, 10), and the

current guidelines favor NOACs over warfarin for stroke

prevention in AF (1, 2).

However, there are issues with the relatively short half-life of

NOACs. When doses are missed, there is a higher risk of a

prothrombotic state (11). Therefore, during NOAC therapy,

constant medication compliance is crucial to sustain the

anticoagulation’s effect on stroke prevention (12, 13). Failed

persistence or poor drug adherence to NOACs may increase the

risk of stroke, which may result in rising overall health care costs

(14–17).

Recently, Desteghe et al. showed that telemonitoring with or

without feedback resulted in higher NOAC adherence (18).

However, monitoring and feedback by health care providers

have high costs and require more infrastructure and manpower

and, thus, are challenging to incorporate in an actual clinical

setting. Currently, smartphones are available to most of the

general population at affordable costs. With the advent of

mobile technology and advances in artificial intelligence (AI),

mobile-based feedback algorithms may be promising strategies

to improve medication adherence with easy distribution (19).

Although there are some debates over their efficacy,

smartphone applications (apps) are currently acknowledged as

an effective method for improving drug adherence (20–28).

Smartphone apps can transmit push alarms or notifications to

remind the patient to take their medication, which may

function to increase drug adherence (29). There are some

previous studies regarding mobile apps for improving drug

adherence of NOACs (30, 31). However, these studies had a

small number of participants and limited application functions.

Considering the low drug adherence of NOACs in patients

with AF in the real world (13, 17, 32), we developed a mobile

health platform to provide an alert for drug intake, visual

confirmation of drug administration, and a list of medication

intake history. This study aims to evaluate whether this

smartphone app-based intervention will increase drug
0277
adherence compared with usual care in a large population of

patients with AF requiring NOACs.
Methods and analysis

Study design

The ReInforcement of adherence Via self-monitoring app

Orchestrating biosignals and medication of RivaroXaban in

patients with Atrial Fibrillation and co-morbidities (RIVOX-AF)

study is a prospective, randomized, open-label, nationwide,

multicenter trial to evaluate the efficacy of smartphone apps

(MEDI-app) in improving drug adherence to NOACs in patients

with AF. Thirteen tertiary university hospitals in South Korea

will participate in this study. Enrollment began in March 2022, is

currently ongoing, and is expected to be completed in late 2023.

The study design has been registered at ClinicalTrials.gov

(NCT05557123).
Study population

We will enroll patients with AF aged 19 years or older with one

or more comorbidities, including heart failure, myocardial

infarction, stable angina, hypertension, or diabetes mellitus.

Patients can be enrolled 3 months after myocardial infarction or

percutaneous coronary intervention. Rivaroxaban (Rivoxaban,

Samjin Pharm, Seoul, Korea) will be administered to the

participants at an open-label dosage of 20 mg once daily. Patients

using other NOACs can be enrolled after swiching to Rivoxaban.

The dosage will be reduced to 15 mg or 10 mg once daily if

creatinine clearance is 15–49 ml/min or at the physician’s

discretion. Since smartphone usage is essential in this study,

participants should be proficient in the use of smartphones and

be able to understand and follow Korean instructions for using

the program. Patients with severe chronic kidney disease

(creatinine clearance <15 ml/min), moderate or severe mitral

valve stenosis, or a history of mitral valve replacement or repair

will be excluded. The detailed inclusion and exclusion criteria are

listed in Table 1.

At baseline, sex, age, and comorbidities will be evaluated in all

participants. The CHA2DS2-VASc score for stroke risk prediction

will be calculated by the summation of all assigned points: one

point each for congestive heart failure (C), hypertension (H), age

between 65 and 74 years (A), diabetes mellitus (D), vascular

disease (V), and female sex (Sc) and 2 points each for a history
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TABLE 1 Inclusion and exclusion criteria.

Inclusion criteria:
1. Patients with AF aged 19 years or older with one or more comorbidities including
heart failure, myocardial infarction, stable angina, hypertension or diabetes
mellitus (Patients can be enrolled 3 months after myocardial infarction or
percutaneous coronary intervention).

2. Patients with AF who are taking or initiating newly-prescribed rivaroxaban
3. Patients who can use a smartphone and are fluent in Korean
4. Patients who voluntarily consent to participate in this clinical trial

Exclusion criteria:
1. Creatinine clearance less than 15 ml/min
2. Moderate or severe mitral stenosis
3. Previous history of mitral valve replacement or mitral valve repair
4. Previous history of alcohol or drug abuse
5. Patients who are judged as both legally and psychologically inadequate to

participate in the clinical study by the investigator
6. Patients who have participated in clinical studies with other investigational drug

products within 4 weeks prior to screening
7. Patients unwilling to participate in the clinical study

AF, atrial fibrillation.

Yoon et al. 10.3389/fcvm.2023.1130216
of stroke/transient ischemic attack/thromboembolism (S2) or age

≥75 years (A2) (1, 33).
Patient recruitment and randomization

Any patient who comes to the clinic for AF management will

be considered a potential participant. After a comprehensive

interview, eligible participants will be asked to provide written

consent for participation in the trial. A baseline survey covering

demographics and cardiovascular comorbidities will be given to

eligible participants (Table 2). These data will be collected by a

research nurse, who will re-interview the patient and refer to the

doctor’s notes. Then, using a web-based central randomization

service (http://matrixmdr.com), eligible participants will then be

randomly assigned to either the intervention group (MEDI-app)

or the conventional treatment group in a 1:1 ratio. It will not be
TABLE 2 Standard protocol items: Recommendation for interventional trials

Enrolment Alloc

TIMEPOINT Day -28 to 0 Visit 1

ENROLMENT:
Eligibility screen X

Informed consent X

Allocation X

INTERVENTIONS:
Intervention (MEDI-app)

Control (Conventional Treatment)

ASSESSMENTS:
Baseline characteristics X

Drug adherence X

Secondary endpoints

Frontiers in Cardiovascular Medicine 0378
possible to blind the participants to group allocation owing to

the nature of the intervention.
Intervention (smartphone app-conditioned
feedback) and follow-up

We developed a mobile application (MEDI-app) to improve

NOAC adherence in patients with AF. Participants in the

intervention group will install the study app provided by a

research nurse on their smartphones (Figure 1). Because the app

is not an open application available to the public, the control

group cannot access the application. The workflow, operating

system, and display of the smartphone application are shown in

Figures 1, 2. The patient can use facial recognition to log in to

the app (Supplementary Figure S1). The design, development,

and utilization details of the physician-oriented web and patient-

oriented smartphone app are described in the online

Supplementary material.

The research coordinator will enter the information on

rivaroxaban administered to the patient into the mobile

application and will set the alarm initially. The participants will

be able to change the time of the alarm for rivaroxaban. When

the alarm sounds at a pre-specified time, the patient will be

reminded to take rivaroxaban. The app also determines whether

the patient takes the medication through medication and action

recognition software (Supplementary Figure S2). To elaborate,

the first step is medication recognition, which determines

whether the patient is taking the correct pill. A deep learning

model of medication recognition will be exported after the

completion of the training phase to perform real-time inference

on the server from a picture captured by the camera on the

patient’s smartphone to match the name, shape, and color of

the pill. In the second step, the app will visually confirm if the

patient has taken the pill through action recognition via the

smartphone camera by watching the patient put the medicine

into their mouth through the camera.
(SPIRIT) check list.

STUDY PERIOD

ation Post-allocation Close-out

(day 0) Visit 2 (12 weeks) Visit 3 (24 weeks)

♦——————————————————————————♦
♦——————————————————————————♦

X X

X X
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FIGURE 1

System architecture and structural workflow.
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If the patients do not confirm taking the medication at the

scheduled time, the app will send an alert message to ensure that

the patients take the medicine until 2 h after the set drug intake

time. If the patient does not comply with the pill intake

procedure within these 2 h, it is assumed that the patient did not

take the pill, and the app will send non-intake data to the server

accordingly. As an alternative, patients can also confirm that they

have taken the medicine by pressing the intake button within a

day, rather than using action recognition via the camera. This

information can be updated on the server. Data regarding the

time of rivaroxaban intake will be stored daily, and patients can

check the list of drug adherence per week or month on a

calendar through the app. The dashboard system is designed to

show the physicians the history and number of days that the

participants confirmed taking their medication (Supplementary

Figure S3). In this study, the app will be initially configured only

for the rivaroxaban dose, frequency, and pill supply.

The control group will receive only standard care which is

recommended in the guidelines, including education on the

disease and the importance of medication compliance by

physicians at each scheduled visit. No other specific interventions

will be performed. Follow-up visits will be scheduled at 12 (visit

two) and 24 (visit three) weeks after randomization (Figure 3).
Study outcomes

The primary endpoint of the study is adherence to rivaroxaban

at 12 and 24 weeks. Drug adherence will be evaluated with the “pill

count” measurements. The patients brought the remaining tablets

to each scheduled visit, and trained and certified research nurses
Frontiers in Cardiovascular Medicine 0479
counted the number of returned drugs and calculated drug

adherence as follows:

Drug adherence ¼
number of pills dispensed� number of pills returned

number of days between dispensing date and follow � up date

In addition, we will evaluate the concordance of drug adherence by

pill count measurements and app-calculated indices.

The key secondary endpoints are clinical composite endpoints,

including systemic embolic events, stroke, major bleeding requiring

transfusion or hospitalization, or death during the 24 weeks of

follow-up. Other secondary endpoints include (1) major adverse

cardiac and cerebrovascular events and hospitalization, (2)

thromboembolism (stroke, transient ischemic attack, pulmonary

embolism), (3) major bleeding requiring hospitalization or

transfusion, or (4) minor bleeding. To evaluate the feasibility of

the smartphone app, additional analysis will be conducted

regarding the frequency of smartphone app use.
Sample size and statistical analysis

To date, no large studies have evaluated the use of a

smartphone app to improve adherence to NOACs using pill

count measurements. Thus, precise sample size calculation is

not possible. We assumed that drug adherence would be 91% in

the control group and 95% in the intervention group with a

standard deviation of 17%, considering previous studies

(30, 34, 35). With a two-tailed alpha of 0.05, power of 0.95,

and a dropout rate of 10%, 1,042 patients (521 patients in
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FIGURE 2

Operating system and sample display of the smartphone app. Workflow of facial login, medication recognition, action recognition, and drug adherence
are shown.

FIGURE 3

Study design of RIVOX-AF. Patients taking rivaroxaban will be randomized to either an application-conditioned feedback group or a conventional
treatment group. Follow-up visits will be scheduled at 12 (visit two) and 24 (visit three) weeks after randomization.

Yoon et al. 10.3389/fcvm.2023.1130216
the intervention and 521 patients in the control groups) are

required.

Categorical variables will be reported as frequencies

(percentages), and continuous variables will be expressed as

means ± standard deviations or medians with interquartile

ranges. Categorical variables will be compared using Pearson’s

chi-square test or Fisher’s exact test, and continuous variables
Frontiers in Cardiovascular Medicine 0580
will be compared using Student’s t-test or the Mann–Whitney

U test.

Intention-to-treat analyses will include all randomized patients.

Efficacy endpoints will be mainly analyzed using the full analysis

set, which includes all randomly assigned participants who

underwent at least one assessment of the primary endpoint. We

will also perform a per-protocol sensitivity analysis, including all
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patients who completed the study protocol. In the subgroup

analyses, we will evaluate the differential effects of the

intervention on the primary outcomes with respect to sex, age

and other comorbidities.

All tests will be two-tailed, and a P-value <0.05 will be

considered statistically significant. Statistical analyses will be

performed using R version 4.2.0 (The R Foundation for

Statistical Computing, Vienna, Austria).
Discussion

This randomized controlled trial will investigate the feasibility

and efficacy of smartphone apps and mobile health platforms in

improving adherence to NOACs. Additionally, current study will

also evaluate the benefits of app-based interventions in the

reduction adverse clinical events related to AF. We believe that

this prospective, randomized, large, multicenter trial will be

helpful in developing public health strategies to improve NOAC

adherence through smartphone use.

Poor drug adherence to NOACs may increase the risk of stroke,

which may result in rising overall health care costs (14–17).

Therefore, consistent drug adherence is important to maintain

the effect of anticoagulation during NOAC therapy. Recently,

Thakkar et al. demonstrated that mobile phone text messaging

improves medication adherence in chronic disease (36). Also,

Desteghe et al. showed that telemonitoring with or without

feedback resulted in higher NOAC adherence (18). However, text

messaging, telemonitoring, and feedback by health care providers

require time, financial expenditure, and personnel and, thus, are

challenging to incorporate in a real clinical setting. Today,

smartphones are available to most of the general population at

affordable costs. With the advent of mobile technology and

advances in AI, mobile-based feedback algorithms may be

promising strategies to assist in the self-management and

improvement of drug adherence in chronic diseases, including

AF, using cost-effective and accessible methods. We believe that

our approach of using a smartphone app would be an efficient

way to improve drug adherence at a minimum cost.

There have been some previous studies on mobile apps for

improving drug adherence to NOACs (30, 31). However, these

studies had a limitation. The studies by Labovitz et al. (30) and

Turakhia et al. (31) enrolled only small numbers of patients, 28

and 139 patients, respectively. In addition, their smartphone app

functions were different from ours; our mobile app and mobile

health platform functions include an alarm for drug intake,

visual confirmation of drug administration through a camera

check, and presentation of a list of medication intake history

using AI and action recognition. The study by Turakhia et al.

(31) failed to determine the primary and secondary drug

adherence outcomes. We believe that these heterogeneous and

diverse functions of mobile interventions could affect the benefits

and outcomes of mobile apps, especially for improving

medication adherence.

This study’s objective differs from that of the ongoing trial at

our institution. In the Adhere-App study (35), patients received
Frontiers in Cardiovascular Medicine 0681
an alarm to take their medication and measure heart rate (HR)

and blood pressure (BP) according to a pre-specified schedule on

the smartphone app. The automatic BP machine is connected to

the smartphone via Bluetooth, and the measured BP and HR are

automatically updated on the smartphone app. The Adhere-App

study is designed for the context of active participation in vital

sign measurement; using a smartphone app-based feedback

system could help patients become more aware of their

underlying condition. In turn, this may affect their self-care

habits and increase drug adherence. In the current RIVOX-AF

study, we aim that smartphone app-based intervention including

an alert for drug intake, visual confirmation of drug

administration, and a list of medication intake history would

increase drug adherence
Limitations and strengths

This study has several limitations. First, the results of our trial

may not be applicable to patients who are not capable of using

smartphones, such as the elderly, because we will only enroll

participants who have smartphones and are able to use them. As

a large proportion of patients with AF are elderly and have

difficulties using smartphones, excluding them from participation

may lead to bias and study limitations. Second, the participants

who consent to participate in the study may be more concerned

with their own health. As a result, their medication adherence

may be greater than that of the general AF population. Third,

our sample size calculation may not be accurate because no prior

large-scale trial has evaluated the use of smartphone apps to

improve NOAC adherence. It is also possible that our estimates

of drug adherence may overestimate the actual adherence,

considering the findings of a previous study (17). In addition, the

sample size has been calculated to determine differences in drug

adherence; it is not powered to reveal any differences in adverse

clinical events. Fourth, the follow-up period of this study was

limited to 24 weeks. Although longer follow-up periods may

provide a more reliable data on adherence, the follow-up period

in our study was decided on the basis of manpower and cost.

Despite these limitations, this study is a nationwide,

multicenter randomized control trial with a relatively large

number of participants compared with previous studies (30, 31).

Additionally, in our study, drug adherence will be evaluated by

the “pill count” method, in which the number of returned drugs

will be counted. Drug adherence by pill count may be more

accurate than the drug score (37, 38), and this is a strength of

our study compared with previous studies. In addition, we will

evaluate the concordance of drug adherence by pill count

measurements or app-calculated indices.
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Threshold values of brachial
cuff-measured arterial stiffness
indices determined by comparisons
with the brachial–ankle pulse wave
velocity: a cross-sectional study
in the Chinese population
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Shanghai Jiao Tong University, Shanghai, China, 2Physical Examination Center, Shanghai Sixth People’s
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Center “Digital biodesign and personalized healthcare”, Sechenov First Moscow State Medical University,
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Background: Arterial Velocity-pulse Index (AVI) and Arterial Pressure-volume Index
(API), measured by a brachial cuff, have been demonstrated to be indicative of
arterial stiffness and correlated with the risk of cardiovascular events. However,
the threshold values of AVI and API for screening increased arterial stiffness in
the general population are yet to be established.
Methods: The study involved 860 subjects who underwent general physical
examinations (M/F=422/438, age 53.4± 12.7 years) and were considered to represent
the general population in China. In addition to the measurements of AVI, API and
brachial-ankle pulse wave velocity (baPWV), demographic information, arterial blood
pressures, and data from blood and urine tests were collected. The threshold values of
AVI and API were determined by receiver operating characteristic (ROC) analyses and
covariate-adjusted ROC (AROC) analyses against baPWV, whose threshold for
diagnosing high arterial stiffness was set at 18 m/s. Additional statistical analyses were
performed to examine the correlations among AVI, API and baPWV and their
correlationswith other bio-indices.
Results:Theareaunderthecurve(AUC)values inROCanalysis forthediagnosiswithAVI/
API were 0.745/0.819, 0.788/0.837, and 0.772/0.825 (95% CI) in males, females, and all
subjects, respectively. Setting the threshold values of AVI and API to 21 and 27 resulted
in optimal diagnosis performance in the total cohort, whereas the threshold values
should be increased to 24 and 29, respectively, in order to improve the accuracy of
diagnosis in the female group. The AROCanalyses revealed that the threshold values of
AVI and API increasedmarkedlywith age and pulse pressure (PP), respectively.
Conclusions:With appropriate threshold values, AVI and API can be used to perform
preliminary screening for individuals with increased arterial stiffness in the general
population. On the other hand, the results of the AROC analyses imply that using
threshold values adjusted for confounding factors may facilitate the refinement of
diagnosis. Given the fact that the study is a cross-sectional one carried out in a
single center, future multi-center or follow-up studies are required to further
confirm the findings or examine the value of the threshold values for predicting
cardiovascular events.

KEYWORDS

arterial stiffness index, brachial cuff, arterial velocity-pulse index, arterial pressure-volume

index, threshold value, brachial-ankle pulse wave velocity
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1. Introduction

Arterial stiffness is a measure of the mechanical properties

of the arterial wall, which determines the systolic and pulse

pressures, thereby affecting the dynamic tension of arteries and

the systolic load of the left ventricle (1). The stiffness of large

elastic arteries increases progressively during aging as a

consequence of wall thickening, changes in wall composition,

and elastin degeneration (2). Many risk factors such as diabetes

mellitus, hypertension, obesity, smoking, and kidney disease can

accelerate arterial stiffening (3, 4). The value of arterial stiffness

in predicting the risk of cardiovascular events has been

extensively proven in both clinical and community-based

cohorts (5–8). Moreover, the benefits of using arterial stiffness

indices to guide the treatment of hypertension have also been

demonstrated (9).

Over the past few decades, various non-invasive techniques for

measuring arterial stiffness have been proposed. Among them,

pulse wave velocity (PWV) measurement is widely accepted

as the “standard” method due to its clear biophysical meaning

(10–12). Two commonly used global PWV metrics are carotid-

femoral PWV (cfPWV) and brachial-ankle PWV (baPWV)

(10, 13). In eastern Asia, baPWV has been more widely used

than cfPWV, enabling the accumulation of a large amount of

data on the clinical implications of baPWV. Moreover, there are

other arterial stiffness indices, such as carotid intima-media
TABLE 1 Strengths and limitations of various arterial stiffness indices.

Indices Strengths
baPWV • baPWV indicates the average stiffness of central and peripheral arteries in the u

lower limbs (13) and is well-validated, providing good reproducibility (20).
• baPWV has been demonstrated to be independently correlated with adve
cardiovascular events (20, 21) or the prognosis of chronic diseases like m
syndrome, type 2 diabetes, and kidney dysfunction (22–24).

cfPWV • cfPWV is considered the gold standard for arterial stiffness (10) and main
the stiffness of central arteries (13).

• cfPWV has been shown to be a strong predictor of cardiovascular events
cause mortality (25) and has been extensively validated in various popul
including the elderly, diabetic patients, and patients with chronic kidney
(26–28).

Carotid
IMT

• Carotid IMT is an intermediate phenotype for early atherosclerosis and ca
surrogate marker for atherosclerosis (14).

• Carotid IMT is associated with various cardiovascular risk factors and pr
cardiovascular disease (CVD) (29), and is an independent predictor of
cardiovascular events such as stroke and myocardial infarction (15).

AIx • AIx is a measure of systemic arterial stiffness that is derived from the as
aortic pressure waveform (16).

• AIx can predict clinical events independently of peripheral pressures and
shown to hold significant predictive value for cardiovascular events and
mortality in various populations (17, 31).

CAVI • CAVI measures the stiffness of the arterial tree from the aorta to the ankle
is independent of blood pressure changes during the measurements (33).

• CAVI has been widely applied to assess high-risk populations, such as tho
of developing or who have already developed coronary artery disease,
cerebrovascular disease, diabetes mellitus, and chronic kidney disease (18
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thickness (Carotid IMT), augmentation index (AIx), and cardio-

ankle vascular index (CAVI), that have been proved to have

potential clinical value (14–19). However, their applications in

routine clinical practice remain challenging due to technical or

economic reasons. Table 1 summarizes the strengths and

limitations of various existing arterial stiffness indices. In this

context, economically feasible and easier-to-use devices are

desired. Such devices may facilitate routine screening for

increased arterial stiffness in larger populations, thereby guiding

the implementation of preventive interventions for individuals at

an increased risk of cardiovascular disease (35, 36).

PASESA AVE-2000 (DAIWA Healthcare, Shenzhen, China)

offers a fully automatic and rapid measurement of arterial

stiffness, which can be easily implemented by clinicians or even

by patients themselves. The compact and economical design of

the device, which uses a single oscillatory brachial cuff to

noninvasively measure physiological signals, makes it ideal for

routine clinical use. The device provides two arterial stiffness

indices, Arterial Velocity-pulse Index (AVI) and Arterial

Pressure-volume Index (API), which respectively reflect the

stiffness of the central arteries and brachial artery. The potential

clinical value of AVI and API has been confirmed by many

clinical studies. For example, AVI and/or API have been found

to be significantly correlated with major adverse cardiac events

during follow-up of outpatients (37), associated with the

Framingham cardiovascular disease risk score in both outpatients
Limitations
pper and

rse
etabolic

• Some patients may feel uncomfortable due to long measurement time
and postural requirement.

• The equipment is pricey and necessitates skilled handling by
professionals.

ly reflects

and all-
ations,
disease

• Some patients might feel uneasy or embarrassed about exposing the
inguinal area during the measurement of femoral pressure waveforms
(13).

• The measurement of cfPWV is technically challenging, and requires
expertise and complex equipment.

n act as a

evalent

• Carotid IMT assessment is a time-consuming and operator-dependent
procedure (30), requiring training, experience, and standardized
techniques.

• Carotid IMT assessment can only be used to evaluate the carotid
arteries, and cannot provide information on other areas of the vascular
system.

cending

has been
all-cause

• There is no standardized methodology for measuring AIx.
• Arterial tonometry devices required to measure AIx are expensive and
not widely available.

(32) and

se at risk

, 19).

• CAVI cannot be accurately measured in patients with aortic stenosis,
peripheral artery disease, or atrial fibrillation (34).

• CAVI measurements should only be performed by trained medical
professionals while the patient is in the supine position.
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and the general population (38, 39), and predicative of early

coronary artery atherosclerosis in patients with suspected

coronary disease (40) and cardiovascular risk in hypertensive

patients (41). These studies demonstrated the clinical

implications of AVI and API, but did not provide threshold

values for identifying subjects with abnormally high arterial

stiffness in the general population. Therefore, the main purpose

of this study was to fill this gap. For this purpose, we collected

data from adult participants who underwent a general health

check at the physical examination center. The study cohort was

comprised of individuals aged in a large range, including both

healthy subjects and patients with cardiovascular diseases, and

was therefore considered to be representative of the general

population in China. The threshold values of AVI and API for

diagnosing high arterial stiffness were determined by using

baPWV as the reference. The results demonstrated that given

proper threshold values, AVI and API could be utilized to

identify individuals with increased arterial stiffness. On the other

hand, the threshold values were gender-dependent and

considerably affected by certain confounding factors.
2. Methods

2.1. Study population

A total of 860 subjects, who were aged between 20 and 91 years

and visited the physical examination center of Shanghai Sixth

People’s Hospital for a general health check, were recruited. The

study was approved by the ethics committee of the hospital. Each

participant provided written informed consent after receiving

detailed information about the study’s goals and procedures.

Before data collection, each participant completed a written

questionnaire about their medical history, including

hypertension, major cardiovascular diseases, type 2 diabetes

mellitus, any other cardiovascular-related abnormalities, and
FIGURE 1

Examples of cuff oscillation waves (measured when the cuff operating pre
differentials used to calculate AVI: (A) data of a middle-aged subject, (B) data o
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medications. Notably, participants without any reported diseases

on the questionnaire were categorized into a disease group if

their health check results indicated the presence of

cardiovascular-related diseases. In this study, healthy subjects

were those who did not suffer from hypertension, type 2 diabetes

mellitus, dyslipidemia, obesity, or other cardiovascular diseases

based on the questionnaire and health check report.
2.2. Measurements of AVI, API and baPWV

The measurements of AVI, API and baPWV were conducted in

a separate room with a controlled environmental temperature of

approximate 25°C. Each participant was asked to rest for at least

10 min before the measurements were taken. Firstly, AVI and

API were measured together with brachial systolic pressure,

diastolic pressure, and heart rate, in a sitting position using a

commercial medical device (PASESA AVE-2000, DAIWA

Healthcare, Shenzhen, China). Subsequently, the participant was

asked to rest in a supine position for at least 5 min, and then

baPWV was measured using BP-203RPEIII (Omron, Dalian,

China). The reliability and validity of the baPWV device have

been confirmed by a previous study (20). In this study, a baPWV

of >18 m/s, as recommended in the guidelines for non-invasive

vascular function tests (42), was adopted as the threshold for

diagnosing high arterial stiffness. Hereafter, we briefly introduce

the measuring principles of AVI and API.

AVI is calculated by analyzing the oscillation waves measured

by a brachial cuff operating under high-pressure conditions

(higher than the brachial systolic pressure). Figure 1 illustrates

the cuff oscillation waves and their first-order differentials

measured in a middle-aged subject and an old subject,

respectively. It can be observed that the second valley of the

differentiated cuff oscillation wave in the old subject is lower

than that in the middle-aged subject, whereas the peak is

comparable between the two subjects. AVI is defined as the ratio
ssure is higher than the brachial systolic pressure) and their first-order
f an old subject. P1, the first peak; V1, the first valley; V2, the second valley.
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FIGURE 2

Procedure of deriving a pressure-vascular volume characteristic curve frommeasured time series cuff pressure: (A) baseline cuff pressure and cuff oscillation
wave, (B) envelope curve and the estimation of brachial blood pressures, (C) local slopes of the cuff pressure-arterial volume characteristic curve, (D) arterial
transmural pressure-volume characteristic curve. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean blood pressure.
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of the magnitude of the second valley (|V2|) to that of the peak (|P|)

multiplied by a constant (A).

AVI ¼ A� jV2j=jPj (1)

API is calculated by analyzing the time series cuff oscillation

waves monitored during the decrease of cuff pressure from a

supra-systolic pressure level to a value lower than the diastolic

pressure (43). The measuring principle is based on the

biomechanical mechanism that the shape of the transmural

pressure-area (or volume) curve of an artery is mainly

determined by the stiffness of arterial wall when the transmural

pressure is varied over a wide range. To construct this curve

using noninvasively measured cuff signals, the following

procedure was implemented: (1) digitally filter the original cuff

pressure data to extract the time series baseline cuff pressure and

oscillation component (i.e., oscillation waves) (Figure 2A);

(2) construct the envelope curve based on the amplitudes of

oscillation waves and estimate brachial blood pressures

(Figure 2B); (3) calculate the local slopes of the cuff pressure—

arterial volume characteristic curve (Figure 2C); and

(4) reconstruct the arterial transmural pressure—volume
Frontiers in Cardiovascular Medicine 0487
characteristic curve by numerically integrating the slopes

obtained in step 3) (Figure 2D). Finally, an arctangent function

was used to fit the curve.

f (x) ¼ a arctan (bx þ c)þ d (2)

where the reciprocal of b was taken as an indirect measure of the

vascular wall stiffness under low transmural pressure conditions.

API is defined as

API ¼ X � 1=b (3)

where X is a constant used to scale up the magnitude of API.

For a more detailed introduction of the measuring principles of

AVI and API, please refer to the Supplementary Material.
2.3. Other measurements

All participants had their height and weight measured, and

their body mass indices (BMIs) were calculated to evaluate
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obesity. Blood samples were collected for laboratory examinations

of indices considered to be related to diabetes mellitus or

cardiovascular diseases, including fasting plasma glucose (FPG),

glycated hemoglobin (HbA1c), total cholesterol (TC),

triglycerides (TG), high-density lipoprotein cholesterol (HDL-C)

and low-density lipoprotein cholesterol (LDL-C). The lipoprotein

ratios (TC/HDL-C, LDL-C/HDL-C) were also calculated. In

addition, urine samples were analyzed for microalbumin (UMAlb).
2.4. Statistical analysis

Baseline characteristics were presented separately for the male,

female and pooled groups in form of either median and

interquartile range or percentage. Statistical analyses were

implemented in SPSS 24. Comparison of percentage values was

performed using the Chi-square test. When comparing the

quantitative data between the male and female groups, the

student’s t-test was employed if the data conform to a normal

distribution, otherwise, the Mann–Whitney U-test was

performed. Pearson or Spearman rank correlation analysis was

applied to evaluate the correlations among AVI, API, baPWV

and their correlations with other variables based on the results of

normality test. The stepwise multiple linear regression analyses

were carried out to evaluate the independent associations of AVI,

API, baPWV with other bio-indices. Moreover, receiver-operating

characteristic (ROC) curve analyses and covariate-adjusted ROC

(AROC) analyses (44) were carried out to seek for the threshold

values of AVI and API, where the sum of sensitivity and

specificity was used as the criterion for evaluating diagnosis

performance. Statistical significance was defined as p < 0.05.
3. Results

3.1. Characteristics of participants

Table 2 shows the diagnostic criteria for diseases and the disease-

specific distributions of participants. The proportions of hypertension

and type 2 diabetes in the study cohort were comparable to the

prevalence of these diseases in Chinese adults as reported in the
TABLE 2 Distributions of diseases in the studied population.

Diseases n (%) Diagnostic criteria
Hypertension 265 (30.8%) Systolic blood pressure (SBP) > 140 mmHg,

diastolic blood pressure (DBP) > 90 mmHg,
or history of drug treatment for hypertension

Type 2 diabetes
mellitus

99 (11.5%) Fasting plasma glucose (FPG)≥ 7.0 mmol/L,
oral glucose tolerance test: two-hour plasma
glucose ≥11.1 mmol/L, glycated
haemoglobin (HbA1c) ≥ 6.5%, or history of
treatment with insulin or an oral
hypoglycemic agent

Major cardiovascular
diseases

25 (2.9%) History of diagnosed or treated
cardiovascular diseases including but not
limited to stroke, coronary heart disease,
heart failure, or peripheral arterial disease
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“2019 Report on Cardiovascular Health and Diseases in China and

a national cross-sectional study on diabetes” (45) (hypertension:

30.8% vs. 33.5%; type 2 diabetes: 11.5% vs. 12.8%). Hence, the

subjects involved in our study are roughly representative of the

general Chinese population. The 860 participants constituted a

pooled group, which was further divided into the male and female

groups. The characteristics of participants in the three groups are

presented in Table 3. There were no significant differences in

demographic data between the male and female groups, except for

BMI, DBP, MAP and HR. Serum lipid indices differed significantly

between the male and female groups, with females having higher

TC and HDL-C, and lower TG and lipoprotein ratios (TC/HDL-C,

LDL-C/HDL-C). Overall, the proportion of females with

dyslipidemia was much smaller than that of males. In addition,

males had a significantly higher prevalence of hypertension and

type 2 diabetes mellitus compared to females. If the subjects with

hypertension were divided into the treated and untreated

subgroups, SBP [139.96 ± 19.20 vs. 146.78 ± 17.69 (mmHg), p =

0.002], MAP [100.04 ± 16.49 vs. 104.41 ± 12.89 (mmHg), p = 0.031]

and the three arterial stiffness indices [baPWV: 16.63 ± 3.23 vs.

17.74 ± 3.69 (m/s), p = 0.005; AVI: 21.81 ± 7.95 vs. 26.46 ± 8.64, p <

0.0001; API: 29.79 ± 8.06 vs. 32.69 ± 7.44, p < 0.0001] were all

slightly lower in the treated subgroup, indicating the role of

antihypertensive treatment in reducing arterial stiffness.
3.2. Differences of AVI, API and baPWV
between male and female groups

The Mann–Whitney U-test was performed to compare AVI, API

and baPWV between the male and female groups in different age

brackets. The mean values and standard deviations (SDs) of the

arterial stiffness indices grouped by sex and age brackets are

presented in Figure 3. AVI, API and baPWV all increased with

age. In the age bracket of <40 years, the mean values of AVI and

API in the female group were significantly lower than those in the

male group (AVI: p < 0.0001, API: p = 0.03), and the mean values

of baPWV in the female group remained lower than those in the

male group until the age increased over 50 years (<40 years: p <

0.0001, 40–49 years: p < 0.0001). In the age brackets of >50 years,

all the arterial stiffness indices increased more rapidly with age in

the female group, leading to obviously higher AVI, API and

baPWV in older females.
3.3. Results of correlation analysis and
regression analysis

In this study, since all datasets did not exhibit a strict normal

distribution, the Spearman correlation analysis was performed in

conjunction with Bonferroni correction for p-value thresholds to

examine the pairwise correlations among AVI, API and baPWV,

and their correlations with other bio-indices in the male, female

and pooled groups, respectively. Figure 4 presents the results in

the form of a heat map where gradually changing colors denote

the strength of correlation while the white color indicates the
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TABLE 3 Characteristics of the studied subjects.

Male (n = 422) Female (n = 438) Pooled (n = 860) p Value

Demographic data
Age (years) 53.00 (45.00–62.00) 53.00 (46.00–62.00) 53.00 (45.00–62.00) 0.461

Gender (m/f %) 100.00/0.00 0.00/100.00 49.07/50.93 0.440

BMI (kg/m²) 24.39 (22.56–26.61) 22.99 (21.08–25.15) 23.66 (21.77–25.97) <0.001***

SBP (mmHg) 127.00 (115.00–138.00) 124.00 (110.00–138.00) 125.00 (113.00–138.00) 0.079

DBP (mmHg) 78.00 (71.00–85.00) 73.00 (65.00–82.00) 76.00 (68.00–84.00) <0.001***

MAP (mmHg) 94.33 (86.00–102.33) 90.00 (80.67–100.67) 92.67 (83.33–102.00) <0.001***

HR (bpm) 78.00 (71.00–85.00) 72.00 (67.00–81.00) 72.00 (66.00–80.00) 0.029*

Laboratory data
FPG (mmol/L) 5.11 (4.82–5.62) 5.11 (4.80–5.48) 5.11 (4.80–5.52) 0.195

HbA1c (%) 5.50 (5.40–5.80) 5.60 (5.40–5.80) 5.50 (5.40–5.80) 0.571

TC (mmol/L) 4.84 (4.23–5.44) 4.93 (4.36–5.60) 4.89 (4.31–5.52) 0.020*

TG (mmol/L) 1.74 (1.21–2.46) 1.31 (0.93–1.86) 1.49 (1.04–2.18) <0.001***

LDL-C (mmol/L) 3.07 (2.58–3.67) 3.13 (2.56–3.71) 3.10 (2.57–3.68) 0.549

HDL-C (mmol/L) 1.15 (0.94–1.37) 1.41 (1.19–1.68) 1.28 (1.05–1.55) <0.001***

TC/HDL-C 4.18 (3.45–4.97) 3.50 (2.91–4.28) 3.83 (3.10–4.65) <0.001***

LDL-C/HDL-C 2.68 (2.06–3.29) 2.23 (1.71–2.84) 2.44 (1.86–3.11) <0.001***

UMAlb (+/− %) 11.14/88.86 9.36/90.64 10.23/89.77 0.390

Clinical diagnosis
Hypertension (treatment) (%) 34.83 (62.59) 26.94 (55.08) 30.81 (59.25) 0.012* (0.002**)

Type 2 diabetes mellitus (%) 14.69 8.45 11.51 0.004**

Cardiovascular disease (%) 3.79 2.97 3.37 0.504

Dyslipidemia (%) 52.61 34.02 43.14 <0.001***

Obesity (%) 12.09 8.90 10.47 0.128

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean blood pressure; HR, heart rate; FPG, fasting plasma glucose; HbA1c, glycated

haemoglobin; TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; UMAlb, urine

microalbumin. Data are presented in form of median (IQR) or percentage.

*p < 0.05.

**p < 0.01.

***p < 0.001 vs. male group.
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lack of a statistically significant correlation between two indices.

Herein, the statistical significance was defined as p < 0.00263

(0.05/n, where n denotes the number of selected variables in

Bonferroni correction).
FIGURE 3

Changes in arterial stiffness indices with age differentiated by sex: (A) AVI, (B) A
of arterial stiffness indices in different age groups. The numbers of males and f
years, n= 116/116; 50–59 years, n= 113/130; 60–69 years, n= 96/100; and ≥
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AVI and API were both positively correlated with baPWV, and

the correlations were especially strong in the female group. AVI,

API and baPWV were most strongly correlated with age, PP, and

age & SBP, respectively (r > 0.6) in the pooled population, and
PI, and (C) baPWV. The plotted data are the means and standard deviations
emales in the five age groups are as follows: <40 years, n= 56/49; 40–49
70 years, n= 41/43. *p < 0.05, **p < 0.01 vs. male group.
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FIGURE 4

Heat map of the correlations among arterial stiffness indices and their
correlations with other bio-indices.
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the strong correlations were more evident in the female group. The

stepwise multiple regression analysis was carried out to further

identify the associated factors of AVI, API and baPWV for the

male, female and pooled groups, respectively. The results showed

that SBP, age, HR and FPG were positively associated with

baPWV in all groups, gender and TG were positively associated

with baPWV in the pooled group, whereas UMA1b was

associated with baPWV only in the male group. Age, MAP and

HR were the main relevant factors of AVI, and FPG was

associated with AVI only in the male group. PP, BMI and age

were significantly associated with API in the male group, whereas

PP, age, SBP and HDL-C were significantly associated with API

in the female group (Table 4).
3.4. Results of ROC analysis and AROC
analysis

In order to determine the optimal threshold values of AVI and

API for diagnosing high arterial stiffness, we took the results of

diagnosis with baPWV as the reference to perform ROC analysis.

In consideration of potential sex differences, the threshold values

of AVI and API were determined separately for the male, female

and pooled groups. Figure 5 plots the results of ROC analyses

with optimized threshold values of AVI and API, and the

quantitative data are summarized in Table 5. The values of AUC

(95% CI) for diagnosis with AVI/API were 0.745/0.819, 0.788/

0.837, and 0.772/0.825 in males, females, and all subjects,

respectively. In all groups, the larger AUC values of API indicate

its better diagnosis performance than AVI, which can also be

judged from the ROC curves plotted in Figure 5. In addition,
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the threshold values of AVI and API were both larger in females

than in males, which led to mildly improved diagnosis

performance for the female group. Furthermore, we carried out

covariate-adjusted ROC (AROC) analysis (44) to investigate the

influences of confounding factors (those identified by the

multiple regression analysis for AVI or API). We set two

confounding factors associated most closely with AVI or API as

covariates and analyzed the data of the pooled group only.

Figure 6 shows that the threshold values of AVI and API

changed markedly with the variations in covariate values.

Specifically, the threshold value of AVI increased markedly with

age and moderately with MAP, whereas the threshold value of

API increased evidently with PP and mildly with BMI.
4. Discussion

Increased arterial stiffness, an important risk factor for

cardiovascular diseases, remains under-diagnosed in the general

population. Despite the existence of well-validated devices for

measuring arterial stiffness indices such as baPWV or cfPWV,

these devices are usually costly, require professional operations,

and take over 10 min to complete measurement, which

significantly hampers their wide use in routine medical practice.

The present study attempted to determine the threshold values of

arterial stiffness indices (i.e., AVI and API) measured by a cuff-

based device (PASESA AVE-2000) in the general Chinese

population by referring to the diagnosis results with baPWV.

The threshold values of AVI and API giving rise to optimal

diagnosis performance (evaluated by AUC values in ROC

analysis) in the entire cohort were found to be 21 and 27,

respectively, with corresponding AUC values of 0.767 and 0.825.

If evaluated separately for the female and male groups, the

diagnosis performances could be slightly improved in the female

group if the threshold values of AVI and API were increased to

24 and 29, respectively. These results imply that AVI and API

measured by the cuff-based device have the potential to be used

as substitutes for baPWV in the assessment of arterial stiffness.

In particular, since the device is portable and easy to use like a

general blood pressure device, it may be employed to perform

large-scale screening for individuals with high arterial stiffness in

daily medical activities. Given the well-established value of

arterial stiffness in predicting cardiovascular events, early

diagnosis of high arterial stiffness would help initiate early

preventative interventions (e.g., changes in lifestyle or medical

treatment) that have been widely recognized as cost-effective

strategies for reducing the risk of cardiovascular diseases (46, 47).

AVI and API may also be used as complementary bio-indices for

ambulatory PWV and ambulatory blood pressure (ABP), which

can be measured outside the hospital and have been proved to

have specific value in evaluating antihypertensive treatment

or identifying individuals with an increased cardiovascular risk

(48, 49), to strengthen the reliability of diagnosis.

Previous clinical studies have demonstrated the potential of

threshold values of AVI and API for stratifying the

cardiovascular risk of patients. For instance, setting the threshold
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TABLE 4 Results of stepwise multiple regression analysis for arterial stiffness indices with respect to bio-indices.

baPWV

Pooled Male Female

Adjusted R-squared value 0.623 0.518 0.699

Variables β SE p β SE p β SE p
SBP (mmHg) 0.065 0.004 <0.001 0.049 0.006 <0.001 0.069 0.005 <0.001

Age (years) 0.116 0.007 <0.001 0.107 0.009 <0.001 0.121 0.010 <0.001

HR (bpm) 0.051 0.006 <0.001 0.056 0.009 <0.001 0.049 0.009 <0.001

FPG (mmol/L) 0.241 0.054 <0.001 0.196 0.072 0.006 0.339 0.083 <0.001

Gender (m:1/f: 0) 0.387 0.143 0.007 NS NS NS NS NS NS

TG (mmol/L) 0.127 .056 0.024 NS NS NS NS NS NS

UMA1b (+:1/−: 0) NS NS NS 0.739 0.331 0.026 NS NS NS

AVI

Pooled Male Female

Adjusted R-squared value 0.370 0.307 0.438

Variables β SE p β SE p β SE p
Age (years) 0.285 0.022 <0.001 0.245 0.027 <0.001 0.299 0.034 <0.001

MAP (mmHg) 0.178 0.020 <0.001 0.110 0.028 <0.001 0.213 0.028 <0.001

HR (bpm) −0.141 0.021 <0.001 −0.105 0.028 <0.001 −0.206 0.031 <0.001

FPG (mmol/L) NS NS NS 0.432 0.216 0.046 NS NS NS

API

Pooled Male Female

Adjusted R-squared value 0.431 0.310 0.498

Variables β SE p β SE p β SE p
PP (mmHg) 0.177 0.027 <0.001 0.232 0.025 <0.001 0.142 0.037 <0.001

BMI (kg/m2) 0.382 0.068 <0.001 0.446 0.091 <0.001 NS NS NS

Age (years) 0.078 0.020 <0.001 0.081 0.025 0.001 0.117 0.031 <0.001

Gender (m:1/f: 0) −1.675 0.426 <0.001 NS NS NS NS NS NS

SBP (mmHg) 0.074 0.020 <0.001 NS NS NS 0.117 0.026 <0.001

HR (bpm) −.043 0.018 0.017 NS NS NS NS NS NS

HDL-C (mmol/L) NS NS NS NS NS NS −2.666 0.816 0.001

β, regression coefficient; SE, standard error.
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value of AVI to 27 was found capable of predicting major adverse

cardiac events (MACEs) in outpatients in Japan (37). In Japanese

patients suffering from heart failure with preserved ejection

fraction (HFpEF), AVI > 30 was predictive of high E/e′ ratio and

high levels of high-sensitivity cardiac troponin T (hs-cTnT) (50).
FIGURE 5

Results of ROC analyses on the diagnosis performances of AVI and API in diff
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With respect to API, patients with API > 32 were found to suffer

from a significantly increased risk of MACEs during a mean

follow-up period of 769 ± 275 days (37). Similarly, a study on

Chinese hypertensive patients with HFpEF (41) demonstrated

that an increase in AVI over 27 or API over 31 was associated
erent groups: (A) male, (B) female, and (C) pooled.
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TABLE 5 Threshold values of AVI and API and the corresponding results of ROC analysis on the diagnosis performance.

AUC (95% CI) SE Threshold Sensitivity Specificity PPV NPV Accuracy p

Male
AVI 0.745 (0.672, 0.817) 0.037 21 0.673 0.749 0.273 0.942 0.739 <0.0001

API 0.819 (0.747, 0.891) 0.037 27 0.865 0.683 0.278 0.973 0.705 <0.0001

Female
AVI 0.788 (0.729, 0.857) 0.035 24 0.724 0.755 0.311 0.947 0.751 <0.0001

API 0.837 (0.766, 0.898) 0.031 29 0.807 0.750 0.326 0.963 0.757 <0.0001

Pooled
AVI 0.767 (0.717, 0.817) 0.026 21 0.718 0.700 0.260 0.944 0.702 <0.0001

API 0.825 (0.779, 0.872) 0.024 27 0.862 0.649 0.264 0.970 0.676 <0.0001

SE, standard error; AUC, area under curve; PPV, positive predictive value; NPV, negative predictive value.
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with an increased risk of total cardiovascular events during follow-

up. In our study, the relatively low threshold values of AVI and API

may be explained by the following reasons: (1) we used baPWV >

18 m/s as the criterion for judging high arterial stiffness, which is

associated with but not equivalent to the risk of cardiovascular

events, and (2) our study was focused on the general population

whose heath conditions are overall better than those of the

outpatients investigated by previous studies. Nevertheless,

adopting relatively conservative threshold values for AVI and

API may facilitate the identification of individuals with potential

cardiovascular risk from the general population for whom early

preventive interventions would be especially necessary and

beneficial.

Our study demonstrated that AVI and API differed evidently

between females and males, especially with respect to their

changes with age and the threshold values. While the threshold

values of AVI and API in the male group were the same with

those determined for the entire cohort, they were 3 and 2 units

higher respectively in the female group. Accordingly, the

diagnosis performance in the female group was slightly improved

if higher threshold values of AVI and API were used (see

Table 5), which implies that adopting gender-specific threshold
FIGURE 6

Threshold values of AVI and API in the pooled group after adjustment for major
and PP and BMI for API.
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values for AVI and API may facilitate more accurate

identification of females with abnormally high arterial stiffness.

The results may be explained by the different sensitivities of AVI,

API and baPWV to age between females and males. As shown in

Figure 3, AVI and API increase more rapidly with age in

females than in males, especially when ages are higher than 50

years. Such gender differences are also observed for baPWV, but

are relatively small. Mechanisms underlying the observations are

complex and may involve multiple factors. Hormones, especially

estrogen, play an important role in modulating arterial stiffness.

Estrogen has been found to stimulate the release of nitric oxide,

thereby contributing to improving the elasticity of blood vessels

and reducing arterial stiffness (51, 52). However, the protective

role of estrogen is markedly attenuated in postmenopausal

women (aged over 45–55 years) (53) due to decreased estrogen

secretion, causing arterial stiffness to increase rapidly with age

(54, 55). It has been found that isolated systolic hypertension

(ISH) preferentially affects old women (56), which may also

contribute to the increase of arterial stiffness via its roles in

promoting vascular thickening and fibrosis (57). In addition,

aged women are more susceptible to the decrease in muscle mass

and accumulation of visceral fat, both of which have been proved
covariates: (A) AVI, (B) API. The major covariates were age and MAP for AVI,
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to be associated with increased arterial stiffness in postmenopausal

women (58, 59). These factors underline the need to take gender-

related characteristics into account when diagnosing and managing

arterial stiffness.

Many bio-indices were found to be correlated with AVI and API,

which could be confounding factors compromising the validity of

the threshold values of AVI and API determined by the general

ROC analysis. To address the issue, we performed covariate-

adjusted ROC (AROC) analyses on the pooled group, with major

confounding factors identified by the multiple regression analysis

being set as the covariates. The results revealed that age and PP

were the two confounding factors that most evidently affect the

threshold values of AVI and API, respectively. Specifically, the

higher the age and PP were, the higher the adjusted threshold

values of AVI and API became. The influence of age on the

threshold value of AVI can be explained by the high sensitivity of

AVI to age as indicated by the data presented in Figure 3A. As

for PP, it significantly affects the threshold value of API because

PP is a variable directly involved in the calculation of API (43).

Therefore, adopting confounding factor-adjusted threshold values

for AVI and API may be beneficial to the refinement of diagnosis.

For instance, using higher threshold values for aged individuals

with naturally high arterial stiffness and individuals with high

brachial PP due to physiological rather than pathological factors

can reduce the risk of misdiagnosis that might lead to unnecessary

interventions or treatments. Despite the potential benefits, using

threshold values adjusted for various confounding factors to

perform diagnosis for large populations in routine medical practice

could be challenging, as it significantly increases the complexity

and time required for data collection and classification. In fact,

current clinical guidelines or expert consensuses often recommend

the use of a single threshold value for each physiological index,

such as blood pressure or arterial stiffness.

The study has some potential limitations. Firstly, it was

conducted in a single center and involved a relatively small

population. In particular, the diagnostic accuracy of AVI and API

using the threshold values was not validated in an independent

sample, and hence the generalizability of our findings to other

populations remains unclear. Secondly, the study, as a cross-

sectional one, could not address the usefulness of the threshold

values in predicting future cardiovascular events. To address the

limitations, future multi-center or follow-up studies on larger

populations would be required. Thirdly, in comparison with

baPWV, cfPWV and carotid intima-media thickness (IMT) can

provide a more specific assessment of central arterial stiffness, and

hence may be better comparators of AVI. However, their

measurements were not available in the physical examination

center where we collected the data, and this limitation might be

addressed in our future studies by introducing cfPWV devices and

collaborating with clinicians in the ultrasound department.

Fourthly, we fixed the threshold value of baPWV at 18 m/s for

diagnosing high arterial stiffness. However, different threshold

values of baPWV have been proposed in the literature (60–63).

Therefore, it remains debatable whether choosing a different

threshold value for baPWV might yield a more reasonable

determinant for the threshold values of AVI and API.
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5. Conclusions

The threshold values of AVI and API measured by a cuff-based

device for diagnosing high arterial stiffness in the general Chinese

population have been established through comparisons with

baPWV. The performances of diagnosis (evaluated by AUC)

were basically acceptable (AUC > 0.76 with AVI, and AUC > 0.82

with API) in the pooled group, which could be further improved

if gender-specific threshold values were applied to the female

group. In the meantime, the study revealed that age and PP had

significant influences on the threshold values of AVI and API,

respectively, indicating the potential of using confounding factor-

adjusted threshold values to refine diagnosis. On the other hand,

the findings of the study are limited by the relatively small

sample and absence of follow-up data, which would be addressed

by future multi-center or follow-up studies on larger populations.
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Cardiovascular diseases (CVD) are still the leading cause of death worldwide. The
improved survival of patients with comorbidities such as type 2 diabetes,
hypertension, obesity together with the extension of life expectancy contributes to
raise the prevalence of CVD in the increasingly aged society. Therefore, a
translational research platform that enables precise evaluation of cardiovascular
function in healthy and disease condition and assess the efficacy of novel
pharmacological treatments, could implement basic science and contribute to
reduce CVD burden. Heart failure is a deadly syndrome characterized by the
inability of the heart to meet the oxygen demands of the body (unless there is a
compensatory increased of filling pressure) and can manifest either with reduced
ejection fraction (HFrEF) or preserved ejection fraction (HFpEF). The development
and progression of HFrEF is mostly attributable to impaired contractile performance
(systole), while in HFpEF the main problem resides in decreased ability of left
ventricle to relax and allow the blood filling (diastole). Murine preclinical models
have been broadly used in research to understand pathophysiologic mechanisms of
heart failure and test the efficacy of novel therapies. Several methods have been
employed to characterise cardiac systolic and diastolic function including Pressure
Volume (PV) loop hemodynamic analysis, echocardiography and Magnetic
Resonance Imaging (MRI). The choice of one methodology or another depends on
many aspects including budget available, skills of the operator and design of the
study. The aim of this review is to discuss the importance of several methodologies
that are commonly used to characterise the cardiovascular phenotype of preclinical
models of heart failure highlighting advantages and limitation of each procedure.
Although it requires highly skilled operators for execution, PV loop analysis
represents the “gold standard” methodology that enables the assessment of left
ventricular performance also independently of vascular loading conditions and
heart rate, which conferee a really high physiologic importance to this procedure.
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Introduction

The ability of the left ventricle (LV) to contract and propel blood to the rest of the organs

is defined as systolic function. The percent of blood ejected from the left ventricle during

cardiac cycle (ejection fraction, EF) is commonly measured to assess contractility

performance of the heart. Diastolic function encompasses for relaxation and filling of
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cardiac chambers to enable an adequate blood volume and

maintain normal cardiac output. Myocardial relaxation

significantly influences early ventricular filling, as well as passive

end-diastolic ventricular stiffness, which impacts on late

ventricular filling.

Heart failure with impaired systolic function (HFrEF) is

frequently accompanied by left ventricular diastolic dysfunction,

whereas heart failure with impaired diastolic function (HFpEF)

also occurs in the absence of (or eventually precedes) severe

systolic dysfunction. In the presence of either preserved or

minimally depressed ejection fraction, diastolic dysfunction is the

main determinant in patients with HFpEF. Conditions found to

be associated with isolated HFpEF include hypertensive cardiac

hypertrophy, atrial fibrillation, diabetes mellitus, obesity,

metabolic syndrome and aging (1, 2).

Abnormal relaxation and/or increased myocardial stiffness of

LV could cause diastolic dysfunction and eventually lead to

elevated left ventricle filling pressures and manifestation of HF

symptoms. Assessment of diastolic dysfunction is needed to

characterize the phenotype of HFpEF, which currently accounts

for nearly half of the HF patients, and its prevalence continues to

rise due to the increasingly aged society and survival of patients

with comorbidities such as type 2 diabetes, hypertension, and

obesity (3). Although the prevalence of HFpEF keeps rising, the

therapeutic and prevention options are limited or not effective,

due to a lack of clear mechanism or pathophysiological

understanding, patient heterogeneity, and underdiagnosis (4–7).

Preclinical animal research is the cornerstone of the

development of preventive and treatment strategies for

cardiovascular disease. A broad variety of preclinical HF models

have been extensively employed in basic cardiovascular research

to investigate novel pathophysiologic mechanism or test the

effect of novel therapies (8, 9). Myocardial infarction (MI) or

transverse aortic constriction (TAC), induced by permanent

ligation of coronary artery or banding of ascending aorta to

induce pressure overload respectively, represent established

models of HFrEF (10–15). In absence of a direct myocardial

injury, the impaired contractile performance of the heart has also

been described in models of rheumatoid arthritis where chronic

inflammation was associated with systolic dysfunction (16) while

the acute phase of rheumatoid arthritis is characterized by

impaired myofibrils cross-bridges formation in response to

elevated intracellular Ca2+ (17). Several transgenic models have

been used to identify important causes of heart failure or its

progression and to identify putative targets for therapy (8, 9).

Epigenetic factors play also a key role in cardiac remodelling and

left ventricle dysfunction is observed in female offspring of obese

mothers exposed to high androgen levels (18). Several

cardiometabolic disease have been used as HFpEF models

presenting impaired ventricle blood filling function rather than

decreased contractility (19, 20). It is important to consider that

all conditions that are frequently associated with HFpEF (e.g.,

hypertension, diabetes mellitus, obesity, kidney failure and aging)

can be easily recreated in animal models (21) and

cardiometabolic dysfunction might remain hidden and can only

be revealed through a proper cardiovascular phenotype
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characterization. Therefore, in preclinical studies it is important

to assess both systolic and diastolic cardiac function in all these

models in order to have a comprehensive view of novel

pathophysiological mechanism responsible of heart failure.

Moreover, understanding the utility of different methodological

approach and correct interpretation of cardiovascular outcomes

will be necessary to establish a standardized translational

research platform that allow precise evaluation of cardiovascular

function in different pathophysiological stage of disease and

evaluate efficacy of pharmacological treatment.

The scope of this review is to provide a detailed overview of

state-of-the-art methodologies used in preclinical research for

cardiovascular phenotype characterization aimed to implement

the insights in this field and reduce cardiovascular disease burden.

Echocardiography, magnetic resonance imaging and Pressure

Volume (PV) loop analysis are all valid tools to proper

characterize the cardiovascular phenotype of preclinical models.

However, the choice of one method or another depends on

resources, skills of the operator, time available and study design

(Table 1, comparison of different procedures). In this article we

will discuss the advantage and disadvantages of different

procedures, with focus on PV loop analysis, which represents the

“gold-standard” method for the assessment of ventricular systolic

and diastolic performance independently of ventricle load

condition.
Echocardiography screening

Cardiovascular function is routinely assessed by

echocardiographic ultrasound imaging in patients, while murine

myocardial characterization requires high spatial and temporal

resolution in order to maintain a physiological state. Small

animal size (mouse, ∼20 g), orientation of the heart, and high

heart rates (HRs, 400–600 beats/min) are some of the challenges

that have been overcome lately via high-frequency transducers

(up to 70 MHz), improved signal processing, and superior

imaging frame rates (700 frames/s), providing superior resolution

(∼30 μm) and image uniformity throughout the field with novel

post-acquisition analysis, although considerable training in

hands-on imaging is required.

Echocardiography screening allows non-invasive assessment of

systolic function and cardiac morphology, however diastolic

function evaluation through echocardiography becomes

challenging due to the high heart rate (400–600 bpm) and the

difficulty to orient the echo probe in mice using four chambers

view of the heart. Detailed protocol for accurate

echocardiography screening in murine models has been described

in recently published guidelines by Zacchigna et al. (22).

The ultrasound imaging of the heart is a non-invasive method

to screen for cardiac disfunction, that can be executed in relatively

less time compared to other methodologies. However, it requires an

advanced and costly echocardiography machine that include Pulse

Wave and Tissue Doppler modules in order to trace the movement

of targets (blood cells in Pulse Wave Doppler or myocardium in

Tissue Doppler) for characterization of diastolic functions. This
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TABLE 1 Comparison between different methodologies used to assess cardiac performance.

PV loop Echocardiography MRI
Cost (euros) 30–40 thousand 300–400 thousand 1–3 million

Size Portable, small size (it requires a laptop for the
software)

Portable and easy to move as it stands on wheels Not portable, requires a dedicated room
due to big size of the equipment

Time of execution
per mouse (minutes)

30–120 20–40 90–120

Advantages/Pros Provides information of pressure and volume
changes in real time.
Allows assessment of load-independent systolic
and diastolic function, i.e., end systolic and end
diastolic pressure volume relationship.
Allows measurements of several hemodynamic
parameters pre and post drug administration
within the same mouse.

Allows simultaneous measurements of physiologic
parameters.
Allows measurements of heart dimensions: chambers,
pericardium, valves, strain.
Non-invasive procedure.
It can be used for serial measurements.

Allows measurements of cardiac
fibrosis and tissue perfusion in vivo.
Allows measurements of physiologic
parameters and heart dimensions
(chambers, pericardium, valves, strain).
High spatial resolution and high
accuracy and reproducibility.
Non-invasive procedure.
It can be used for serial measurements

Disadvantages/Cons Invasive, terminal procedure, it does not allow
serial measurements.
Requires good surgical skills of the operator.
Cannot give direct information about heart
dimension.
Possible artifacts due to outflow track
obstruction or catheter entrapment in papillary
muscles.
Heart rate should be between 400 and 600 bpm
and mean blood pressure should be more than
90 mmHg to ensure physiological relevance.

Technical variability due to type of anaesthesia used and
skills of the operator.
Acclimation is needed for serial measurements of the same
mouse.
Variability due to operator skills and type of anaesthesia
used Pulse wave doppler artifacts due to high HR or lower
transducer frequency (i.e., fusion of E/A waves).
Load dependent data.
Heart rate should be between 400 and 600 bpm to ensure
physiological relevance.

Time consuming procedure.
Not commonly used to assess diastolic
function.
Cardiac gating necessary.
Signal to noise ratio limitation, risk of
motion artifacts.
Uses contrast agents.
Load dependent data.
Heart rate should be between 400 and
600 bpm to ensure physiological
relevance.

Pironti 10.3389/fcvm.2023.1228789
latter requires an accurate four chambers projection during the

echo imaging, which is definitely not easy to obtain due to the

small size of the animals. Most of the echocardiography imaging

is performed using a 2-D view of the heart (B-Mode) or single

axis scanning (M-mode) displayed over time for assessment of

cardiac dimension, visualization of anatomic structures or

evaluation of systolic functional parameters (e.g., LV fractional

shortening). The limitation of LV volumes and EF calculation

using M-mode is linked to the assumption of a spherical or

ellipsoid shape of the heart (referred as D3 formula or Teichholz

formula, described below), which is not accurate and leads to

greater errors in pathological models with aggravated heart

remodelling (i.e., MI or TAC).

Alternatively, speckle-tracking echocardiography (strain

imaging) is used to track the motions of the myocardium by

analysing B-mode images of the “speckles” that deforms over

time through a postprocessing computer algorithm (23). This

technique is also referred as deformation imaging since it tracks

the motion of the heart by calculating the amount of its

deformation over time, which can be expressed as velocity (first

derivation of the strain rate) and implement the functional

information. In clinical studies strain imaging is commonly used

due to the higher sensitivity for changes in myocardial

contractility and regional wall motion (24). Technological

implementation of modern ultrasound machines enabled the use

of speckle tracking echocardiography also in preclinical studies

(25, 26). An aspect that requires more investigation in preclinical

studies is the assessment of the twisting and untwisting rates

during systolic contraction and diastolic relaxation respectively.

In fact, the base and the apex of the heart rotate in opposite

directions due to the arrangement of myofiber sheets within the

epicardium and endocardium wall resulting in the upward swing
Frontiers in Cardiovascular Medicine 0398
of the apex during systole which leads to accumulation of strain

energy that is released during isovolumic relaxation.

Hypertrophy, fibrosis and wall stiffening that mostly characterize

hypertrophic cardiomyopathy causes myofibers disarray and

impaired twisting properties and elastic recoil (27), therefore

implementation of current methodologies with torsion analysis

could simplify the detection of early diastolic dysfunction in

murine preclinical models (28).
Systolic function

Bidimensional and line scan mono-dimensional (B and M

mode, respectively) echocardiography screening allows

assessment of LV chamber dimension and systolic function.

Short axis projection is commonly used to measure LV

dimension of interventricular septum (IVS) and posterior wall

(PW), which will give information about LV hypertrophy, while

LV diastolic dimension (LVD) and LV systolic dimension (LVS)

will indicate changes in dimension of LV chambers (increased in

dilatative cardiomyopathy).

Heart rate (HR) can be obtained from inputs coming from

ECG and breathing heating pad integrated device that provide

real time electrocardiogram information. Other parameters of LV

are calculated using the following equation:

- FS% fractional shortening: (LVD-LVS)/LVD *100

- EDV end diastolic volume: LVD3 (D3 formula) or 7*LVD3/(2.4+

LVD) (Teichholz formula)

- ESV end systolic volume: LVS3 (D3 formula) or 7*LVS3/(2.4+

LVS) (Teichholz formula)

- EF% ejection fraction: (EDV-ESV)/EDV * 100
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FIGURE 1

Cartoon depicting M-mode imaging of left ventricle short axis view.
Top: short axis view of left ventricle (LV), which motions (arrows) are
traced over time through a line scan (yellow dashed line). Bottom:
mono-dimensional view of LV while is beating. Examples of
measurements of left ventricle diastole (LVD), left ventricle systole
(LVS), interventricular septum (IVS) and posterior wall (PW) dimensions.

TABLE 2 Echo cardio reference parameters in mice for systolic function
and dimension of LV.

Healthy HFrEF HFpEF References
LVD
(mm)

3.6–4.2 ↑ ↑ ←→/↓ (11, 16)
(29)

LVS
(mm)

1.5–1.9 ↑ ↑ ↑ (MI)
↑ ↑ (TAC)
↑ (other DCM)

←→/↑ (16)
(11)

FS% 40–55 ↓ ↓ ↓ (MI)
↓ ↓ (TAC)
↓ (other DCM)

←→ (10, 11)
(12–15, 30)

IVS
(mm)

0.7–1.2 ↑/←→ (MI)
↑ ↑ (TAC)
←→/↓ (other DCM)

↑ (18)

PW
(mm)

0.6–1.2 ↑ ↑ (18)

HR
(bpm)

450–600 ←→ ←→/↓ (10)

Increase (↑ up arrow), decrease (↓ down arrow), or no change (←→ horizontal

arrows). LVD, left ventricle diastole; LVS, left ventricle systole; IVS, interventricular

septum; PW, posterior wall; HR, heart rate. Reference values obtained from

studies published that have used healthy mice and mice with HF.
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- SV Stroke volume: EDV-ESV

- CO cardiac output: SV * HR heart rate

Example of measures obtained with M-mode in short axis view of

LV is shown in Figure 1, while a list of reference parameters for

systolic parameters in healthy and diseased animal models are

listed in Table 2.

Diastolic function

Non-invasive evaluation of LV diastolic function is mostly

assessed through ultrasound imaging. Different echocardiographic

parameters provide information about different aspects of diastolic

function, its consequences and/or determinants. As in humans,

Pulsed-Wave (PW) Doppler can be used in rodents to measure
Frontiers in Cardiovascular Medicine 0499
transvalvular flow-velocity profiles, which are particularly useful in

assessing LV filling velocity, determined by the ratio between early

(E) and late (A) diastolic trans-mitral Doppler flow velocities

(E/A) and mitral E wave deceleration time (DT) (Figure 2, PW

doppler and Table 3 reference values). PW-Doppler provides also

information about the kinetics of LV systole, such as ejection time

(ET) and isovolumic contraction time (IVCT), or LV diastole such

as isovolumetric relaxation time (IVRT). The E/A ratio and the

E-wave deceleration time (DT) are commonly used in human

echocardiography to asses diastolic function of the heart.

Prolongation of the isovolumic relaxation time (IVRT) or the

mitral Doppler inflow E-wave deceleration time (DT) might reflect

an impairment of left ventricle relaxation (32, 33). The fusion of

the E- and A-wave is an indicator of diastolic dysfunction,

however it is very challenging to measure these values consistently

in mice since their high heart rates (>450 bpm) can cause

artefactual fusion of E- and A-waves. Deeper anaesthesia slows

down the heart rate in order to obtain a consistent measurement

of E/A ratio in the mouse heart. However, this is undesirable due

to the likelihood of associated cardiac depression. In fact, recent

guidelines recommend to maintain the HR at physiological levels

(>450 bpm) in order to avoid any cardio-depression effect and

have reliable and reproducible data (22). Therefore, the assessment

of these parameters through ultrasound imaging is unlikely to be

useful in mouse echocardiography without a skilful and expert

operator.

The ratio between early and late filling (E/A ratio) is usually

referred to the ventricular filling pattern on trans-mitral Doppler.

It is important to consider that E/A ratio is influenced not only

by myocardial relaxation and ventricular stiffness but also by the

left atrial pressure (34). Moreover, the left atrial pressure is itself

affected by left ventricular properties as it rises when the

ventricle becomes stiffer, therefore when left ventricle relaxation

is impaired, the E/A ratio decreases. Another issue is the

“pseudo-normalization” of the E/A ratio that rises again with the

progression of diastolic dysfunction due to the increase of left

atrial pressure, which makes even more complex the

interpretation of the data. Therefore, additional Doppler

pulmonary venous flow evaluation is required to validate LV

diastolic dysfunction (35).

Further increase in LV passive stiffness leads to a

predominantly early filling pattern with abrupt termination of

filling, which is defined as a “restrictive” pattern. This causes a

marked decrease in IVRT and DT along with an increase in E/A

ratio. Therefore, multiple parameters need to be measured for an

accurate interpretation of cardiac physiology. Left atrial pressure

is a very important hallmark to assess diastolic function,

therefore parameters that provide information about left atrial

properties are very useful. B-mode four chambers view is

commonly used to measure the area of left atrium (LA), which

increases when the pressure in left atrium is high.

Tissue Doppler imaging is used to integrate data obtained from

PW Doppler imaging and assess global and regional cardiac

function. Tracing the motion velocity of the mitral annulus

enables the measurement of e’ (peak early diastolic mitral

annular velocity), a’ (peak velocity in atrial systole), and s’ (peak
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FIGURE 2

Example of apical 4 chamber view of the heart (left) used to record pulse wave Doppler (top) and tissue Doppler (bottom). Typical measurements of mitral
blood flow with PW Doppler are: interventricular relaxation time, early and late mitral velocities (E and A waves), E wave deceleration time (DT), isovolumic
contraction time (IVCT), aortic ejection time (AET). Tissue Doppler imaging are used to measure peak systolic velocities (s’), Peak early diastolic mitral
annular velocities (e’) during early filling at septal or lateral corner of mitral annulus, Peak velocity in atrial systole (a’).

TABLE 3 Echo cardio reference parameters for diastolic function obtained
through PW and TD Doppler.

Healthy HFrEF HFpEF References
E/A 1.1–1.5 ↑ ↑ (19, 20)

(30, 31)

DT (ms) 16–31 ↓ ↓ (19, 20)

IVRT (ms) 16–19 ↓ ↓ (19, 20)
(32, 33)

E/e’ 19–38 ↑ ↑ (19, 20)
(30, 32, 33)

LA area (mm2) 0.4–2.5 ↑ ↑ (31–33)

Increase (↑ up arrow), decrease (↓ down arrow), or no change (←→ horizontal

arrows). (E and A waves) Early and late mitral velocities, (DT) E wave deceleration

time, (IVRT) Isovolumic relaxation time; (E/e′) ratio, mitral inflow E wave/tissue

Doppler mitral annulus velocity; (LA) left atrium. Reference values obtained from

studies published that have used healthy mice and mice with HF.
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systolic velocity) waves (Figure 2, Tissue Doppler trace). One

drawback of the Tissue Doppler imaging method is that the

analysis of radial function is limited to the anterior and posterior

walls, while measurement of the circumferential function is

limited to the septal and lateral walls, because Tissue Doppler

can only measure velocities parallel to the ultrasound beam.

Tissue Doppler imaging of mitral annulus provides another

important parameter, the E/e’ ratio (mitral inflow E wave/Tissue

Doppler mitral annulus velocity), which correlates with left atrial
Frontiers in Cardiovascular Medicine 05100
pressure, while the size of left atrium provides a useful indication

of chronically elevated left atrial pressure (36). PW and Tissue

Doppler echocardiography are performed using a four chambers

view, pointing the caliper (less than 20 degrees angle) at medial

mitral annulus (Figure 2, four chamber view) to obtain the

following parameters:

Parameters obtained with PW Doppler:

- Early and late mitral velocities (E and A waves)

- E wave deceleration time (DT)

- Isovolumic relaxation time (IVRT)

- Isovolumic contraction time (IVCT)

Parameters obtained with Tissue Doppler:

- Peak systolic velocities (s’)

- Peak early diastolic mitral annular velocities (e’) during early

filling at septal or lateral corner of mitral annulus.

- Peak velocity in atrial systole (a’)

Magnetic resonance imaging

Magnetic resonance Imaging (MRI) is another non-invasive

though expensive procedure that has been employed to establish

imaging parameters that can be adopted into clinical practice to

predict cardiovascular outcomes also in animal models of
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cardiomyopathy. This method provides high-quality resolution in

static organs although, the quality of cardiac dynamic imaging

might be challenged by the small size, the high heart rate and

signal noise from respiration. Simultaneous ECG and

respiration recording is commonly performed during MRI

procedures for gating and synchronization of imaging with

cardiac and respiratory cycles. Major limitations with the use of

MRI include the high cost of the instrument and contrast

agents, the massive size of the equipment, time and resource-

intensive protocols, lower temporal resolution, signal-to-noise

ratio limitations, which limit its more extensive use in

preclinical studies. The major advantage of this technique is the

accuracy in identifying tissue characteristics that correlate with

histopathological findings, which makes this non-invasive

procedure unique and very useful prognostic tool. In particular

MRI allows detection of moderate to severe diffuse fibrosis,

which makes MRI the only methodology available for in vivo

assessment of cardiac fibrosis. This could enable studies that

test new therapeutic strategies that can prevent, delay, or even

reverse the effects of cardiac remodelling. Moreover,

conventional two-dimensional cine images allow more accurate

measurements of LV volumes and mass as the endocardium

and epicardial areas calculations are performed in multi-planar

short and long axis to cover the whole LV. The following

parameters are commonly used to assess cardiac function and

anatomy through MRI:

- LVEDV, left ventricle end diastolic volume: Σ (endocardial area

over all slices at diastole) * thickness of the slice

- LVESV, left ventricle end systolic volume: Σ (endocardial area

over all slices at systole) * thickness of the slice

- SV, stroke volume: LVEDV-LVESV

- EF (%), ejection fraction: SV/LVEDV * 100%

- CO, cardiac output: SV * HR

- RS, radial shortening: short axis (endocardial diameter

at diastole − endocardial diameter at systole)/endocardial

diameter at diastole * 100%

- LS, longitudinal shortening: long axis (endocardial diameter

at diastole − endocardial diameter at systole)/endocardial

diameter at diastole * 100%

- LVWV, left ventricle wall volume: Σ (epicardial area over all

slices) * thickness of the slice − Σ (endocardial area over all

slices) * thickness of the slice

- LVM, left ventricle mass: LVWV * 1.05 (myocardial density =

1.05 g/ml)

Quantitative evaluation of cardiovascular function with MRI

imaging must consider the big gap in spatial resolution that

exists between rodents (5- and 10-fold higher) and humans

as the human heart size is 1,000-fold bigger with 5–10

times slower heart rate. The higher spatial resolution results

in losing 100–1,000% of inherent signal/noise ratio (SNR).

The signal-to-noise ratio and the image resolution is

determined by the range of magnetic field strengths of the

MRI scanners, which ranges between 4.7 and 9.4 T (for

small animals) and from 1.5 to 3.0 T (for large animals).

However, clinical 1.5 and 3.0 T scanners can be adapted for
Frontiers in Cardiovascular Medicine 06101
MRI imaging in small animals as described by Gilson and

Kraitchamn (37), since high-field systems are not readily

available at many institutions.

To ensure reproducibility and reliability of cardiovascular

imaging studies, investigators should consistently report type and

dose of anaesthesia, duration of the imaging procedure, and

monitored heart rate and body temperature, which decrease

while under anaesthesia during image acquisition. Temperature

monitoring can be done using an MR-compatible rectal probe.

Temperature maintenance can be accomplished by integrating a

low-flow water-based heating blanket or pad into the cradle or

by using heater fan over the animal.

It is possible to assess diastolic function using a temporal

resolution of 1 msec using high-temporal-resolution

cinematic magnetic resonance imaging (CINE MRI) (38),

although this procedure is user-dependent and it is

not commonly used in preclinical practice. Further

methodological details of MRI procedures can be found in

other excellent articles (39, 40).
PV loop analysis through invasive
catheterization of left ventricle

History of PV loop analysis

Invasive left ventricle catheterization to measure pressure and

volume has been introduced in dog’s hearts in the 70′ using ex

vivo settings (41) and later in the 90′ by Kass and colleagues in

humans (42, 43). Microminiaturization of conductance catheters

enabled the use of PV loop analysis for preclinical studies in vivo

(44). This technique is the most rigorous and comprehensive way

able to provide extensive information of systolic and diastolic

function either dependent or independent by LV load and it is

still considered the “gold standard” method to study cardiac

pathophysiology in preclinical settings. Despite its invasiveness,

this sophisticated methodology can be used to characterize

cardiovascular function in transgenic mice, to test the

hemodynamic effects of pharmacotherapies and studying

cardiovascular pathophysiological conditions using small animals

for genetic and pharmacological investigations (45). The main and

unique advantage of this method compared to other non-invasive

procedures (e.g., echocardiography, MRI) is that PV loop analysis

can provide measures of LV performance independently of

vascular loading conditions and heart rate.

Detailed protocols of PV loop analysis procedures have been

reviewed in other excellent articles (45–48). The aim of this

article is to overview the methodology for assessing systolic and

diastolic dysfunction in mice including calibration of the

equipment, surgical procedures and data interpretation.
PV loop description

Plotting hemodynamic changes of LV pressure on Y axis and

volume on X axis will give a rectangular shaped loop known as
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PV loop. An easy way to understand the cardiac cycle, which is

very helpful for educational purpose, is to draw a line from the

top left corner to the bottom right corner of the loop in order to

reveal two triangles where the one on the top right refers to the

LV systole, while the triangle on the bottom left represent the LV

diastole. To better interpret and understand the PV loop data we

will describe how pressure and volume change during cardiac

cycle starting from the end of LV diastole (Figure 3, PV loop

description). The point on the bottom right corner (blue circle)

represents the end diastolic point. The LV has completed the

blood filling phase and starts to contract causing indirectly the

closure of mitral valve which leads to an increase of pressure

without changes in volume (Isovolumetric contraction). When

the pressure in the ventricle exceeds the pressure in the aorta,

the aortic valve opens (top right corner) and the ejection phase

begins. This allows the LV to reach its peak in pressure during

systole. The relaxation phase starts at the end systolic point

(top left corner, red circle) when the aortic valve closes as the

LV pressure is now lower than aortic pressure. As the ventricle

begins to relax with all valves closed there is a reduction of

pressure without altering the volume (Isovolumetric relaxation).

The LV will start the blood filling phase when the pressure in

the LV is lower than the pressure in the atrium, which causes
FIGURE 3

Description of PV loop. End diastolic point (blue circle): the LV has comple
contraction: aortic and mitral valves are closed while the ventricle starts to
Ejection phase begins when the aortic valve opens. The end systolic point (r
to relax. Isovolumetric relaxation: all the valves are closed during ventricle
volume. Filling phase: the LV is filled with blood following opening of the mit
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the mitral valve to open. In human beating hearts it has been

demonstrated that the very rapid initial filling phase depends

on the elastic properties of the heart. Indeed, in healthy

condition the compression of the elastic element of the

ventricle together with three-dimensional twisting deformation

of the myocardium during systole, generate restoring forces

resulting in a rapid negative diastolic pressure upon relaxation,

while diseased and stiffed hearts manifest blunted

protodiastolic suction (49, 50). The cardiac cycle concludes at

the end of the filling phase (end diastolic point), when the

mitral valve closes.

The peak of maximal pressure and minimal pressure are

transposed for each cardiac cycle on Y axis to obtain values of

end systolic and end diastolic pressure (ESP, EDP

respectively). The difference between end diastolic volume and

end systolic volume (transposed on X axis) defines the stroke

volume of LV, which will be used to calculate cardiac ejection

fraction.

End systolic point and end diastolic point are important to

measure load independent cardiac function, e.g., the end systolic

and end diastolic pressure volume relationship (ESPVR, EDPVR)

obtained upon reduction in ventricle preload (described below in

preload reduction paragraph).
ted the blood filling phase and the mitral valve is closed. Isovolumetric
contract causing an increase of pressure without changes in volume.

ed circle): when the aortic valve closes and the relaxation phase begins
relaxation, which leads to reduction of pressure without altering the

ral valve.
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Surgical procedures for LV catheterization

Understanding the principle of this method involves two

parts: (a) master the surgical procedure for placement the

catheter in LV for pressure and volume measurements, (b)

analyse the data obtained. For surgical procedures, isoflurane

(1%–2%) has become the most popular anaesthetic for PV loop

and other for non-invasive cardiac physiology analysis in mice

(51), while the mixture of Ketamine and Xylazine has been

shown to be unsuitable for physiological measurement mostly

for the cardio depressant effect of Xylazine, which reduce HR

and LV function compared to isoflurane. The use of different

types of anaesthesia used in PV loop analysis contributes to the

large interlaboratory variability of data for hemodynamic

parameters (Table 4, hemodynamic parameters reference values in

healthy mice) (46, 48).
TABLE 4 Selected hemodynamic parameters in healthy anaesthetised
mice and their change in pathologic conditions.

Healthy HFrEF HFpEF References
HR (bpm) 470–640 ←→ ←→ (46, 48)

(32, 33)

ESP (mm Hg) 92–118 ↑ ↑ (in TAC)
←→/↓ (in MI
and other DCM)

↑ (46)
(19, 20)

EDP (mm Hg) 1–6 ↑ ↑↑ (46)
(19, 20)

ESV (µl) 7–21 ↑ (in TAC)
↑↑ (in MI and
other DCM)

↑/←→/↓ (46)
(52)

EDV (µl) 25–53 ↑ (in TAC)
↑↑ (in MI and
other DCM)

↑/←→/↓ (46)
(52)

SV (µl) 17–30 ↓ ↓ ←→/↓ (46)

CO (ml/min) 8–16 ↓ ↓ ←→/↓ (46)
(45, 51, 53)

EF % 55–72 ↓ ←→ (52)
(32, 33)

Ea (mmHg/µl) 3–7 ↑ ↑ (52)
(19, 20)

dP/dtmax (mmHg/s) 8,200–
14,200

↓ ←→/↓ (46, 48)

ESPVR slope, Ees or
Emax (mmHg/µl)

7–14 ↓ ↓ ←→ (54)

PRSW (mmHg) 58–99 ↓ ↓ ←→/↓ (46, 48)

dP/dtmax/EDV
(mmHg/s/µl)

580–799 ↓ ↓ ←→/↓ (46, 48)

−dP/dtmin

(mmHg/s)
(−)6,700–
10,500

↓ ↓ (46, 48)
(32, 33)

Tau (ms) 7–12 ↑ ↑ ↑ ↑ (54)
(32, 33)

EDPVR slope, β
(mmHg/µl)

0.04–0.12 ↑ ↑ ↑↑ (19, 29, 55, 56)

HR, heart rate; ESP, end systolic pressure; EDP, end diastolic pressure; ESV, end

systolic volume; EDV, end diastolic volume; SV, stroke volume; CO, cardiac

output; Ea, arterial elastance (index of ventricular afterload); EF, ejection fraction;

dP/dtmax, peak rate of pressure rise; Ees (Emax), end systolic elastance (slope of

end-systolic relationship); PRSW, preload-recruitable stroke work (slope of stroke

work-EDV relationship); (dP/dtmax)/EDV, slope of relationship between dP/

dtmax and EDV; −dP/dtmin, Peak rate of pressure decline; Tau, relaxation time

constant; EDPVR, β, slope of end diastolic pressure volume relationship (more

steep, increased stiffness). Reference values obtained from studies published that

have used healthy mice and mice with HF.
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Anaesthesia with isoflurane

The mouse is sedated in the induction chamber saturated with

2%–3% isoflurane. Once the mouse is asleep the sedation is

maintained through a mask connected to a respirator providing

anaesthesia mixture (1.5%–2% isoflurane). The hair from the

neck and the chest are removed using depilatory cream while the

skin is cleaned with water and prepared for surgery with 0.5%

chlorhexidine. Then a mid-sternal incision of the skin from the

neck to the sternum will expose the salivary glands. These will be

then separated in order to expose the trachea and confirm the

correct placement of the endotracheal cannula. The endotracheal

cannula can be custom made using an 18 G blunted needle.

Before inserting the cannula, the mask is removed and the

tongue is gently pulled to avoid obstruction during cannula

insertion. Finally, the cannula is connected to a respirator

providing gas anaesthesia mixture. For mice surgery, the

respirator should be set at a stroke rate of 120–140 breaths per

minute and a stroke volume (tidal volume) of 0.2–0.4 mm.
Cannulation of left jugular vein for saline
infusion

The left jugular vein is the most common access point used

to infuse fluids during PV loop analysis. The catheter can be

custom made by using a PE-20 tube connected to a 29 G

needle. Note that the needle will be inserted into the vein with

bevel of the needle facing up, while the PE-20 tube will serve

as connection to the adapter switch connected to other

syringes containing different solutions. Before placing the

catheter in the jugular vein, it is recommended to flush the

catheter with the first solution that needs to be infused to

check any possible obstruction of the catheter of the cannula.

After exposing the jugular vein by moving proximally the

salivary gland, the left jugular vein can be cannulated. In order

to infuse different solutions in the same animal the

cannulation tube is connected to a switch adapter so that more

syringes (e.g., containing saline, hypertonic solution or drug

that needs to be tested) can be connected to the same cannula

and inject different solutions. Upon jugular vein cannulation,

12.5% albumin in normal saline is infused at 5 μl/min, after an

initial 50-μl bolus to counteract the peripheral vasodilatation and

hypotension induced by anaesthesia. PV loop analysis can be

employed to assess any acute effects on cardiac physiology that a

wide variety of drugs may induce upon infusion.
LV catheterization

The catheter most commonly used for PV loop analysis in mice

is the Millar SPR 839 (size 1.4 French), which contains 4 electrodes

with pressure sensor centred between E2 and E3 (45). Before

starting any experiment, the catheter needs to be calibrated for

volume and pressure according to manufacturer’s instruction.
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Before catheterization, the catheter tip needs to be pre-soaked

in warm saline (37°C) for 30 min (at least) before use. This can

be done by inserting the tip through a 1-ml syringe containing

physiological saline solution placed on a heating pad.

There are two ways of inserting the catheter in left ventricle of

mice: the closed chest approach from the right carotid, or the open

chest approach directly from LV apex.
FIGURE 4

Catheter entrapment. Example of entrapment of catheter in papillary
muscle of LV. The end of the systole reveals a spike in LV pressure,
while stroke volume is relatively small.
Closed chest approach

The closed approach consists in inserting the catheter through

the right carotid, which will retrogradely reach the LV chamber.

The critical part of this approach is to overcome the loop of

aortic arch before reaching the LV, which is quite challenging

due to the small size of the vessels and the limitation to adjust

the catheter orientation within the ventricle. A potential problem

with retrograde insertion of the catheter is the risk of outflow

tract obstruction crossing the aorta, which becomes a significant

issue in smaller hearts. The diameter of the mouse aorta varies

from 0.8 to 1.2 mm while commercially available PV catheters

have a diameter about 1/3 of mouse aorta diameter (ranging

from 0.33 to 0.47 mm, 1.0 to 1.4 French respectively) (48). The

closed-chest approach is more suitable for more prolonged

experiments, because normal intrathoracic pressures are

maintained, there is less risk of bleeding and the animals are

more stable for a longer period of time. In a chronic heart failure

model induced by ligation of the left anterior coronary artery

characterized by the scar formation in the apex area the carotid

approach should also be used. However, catheter entrapment is a

common artifact of measurement that can be generated by direct

compression of the transducer by a papillary muscle or other

dynamic structure within the ventricle. This artifact can be

detected by the typical spike in pressure at the end of systole,

which often results in very small changes in LV volume during

cardiac cycle (see representative image Figure 4). This can

impact the analysis of PV loop data, because most methods for

determining systolic function use the maximum pressure

derivative. Therefore, data sets need to be examined closely for

catheter entrapment to ensure meaningful data.
Open chest approach

This protocol is commonly used for drug testing and it consists

in inserting the catheter in the LV via the apex, therefore it is easier

to confirm the proper placement of the catheter in the LV, and the

PV loop recording is more consistent while the whole procedure

can be executed in less time. The open chest approach is also

indicated if the carotid artery is severely atherosclerotic (e.g. in

ApoE mice fed with a high-fat diet), or when the aortic valve is

calcified (e.g., in advanced aging models) or in transverse aortic

constriction (TAC)-induced hypertrophy and heart failure

models. However, this procedure requires to cut the diaphragm

in order to expose the apex of LV, which leads to loss of thoracic

pressure impacting the venous return. Therefore, it is important
Frontiers in Cardiovascular Medicine 09104
to use consistently one surgical approach in order to obtain

reliable PV loop data.
Total peripheral resistance (TPR)

This parameter is very important for new drug that may also

affect peripheral resistance. Using the carotid approach to insert

the catheter provides the advantage of easily recording arterial

pressure from the carotid artery at the start or at the end of the

experiment, therefore total peripheral resistance (TPR) can be

calculated afterwards as follows: TPR = (mean arterial pressure–

mean venous pressure)/cardiac output.

Alternatively with the open chest approach, one of the

femoral arteries can be cannulated with a PE tube (P10)

and connected to another pressure transducer recording on

separate record channel. This allows to calculate the total

peripheral resistance (TPR) changes throughout the

experiment.
Protocol for open chest approach

This is a quick and reproducible approach to insert the

catheter in LV. In anesthetized and intubated animals

connected to a mechanical respirator, the xiphoid process is

exposed separating the skin from the ribs cage using blunt

forceps. To reduce the risk of bleeding the operator should

avoid to cut the ribs (particularly if a heat cauterization unit

is not available). It is recommended that the operator lifts up
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the xiphoid process of the mouse and cut the abdominal

muscles underneath the ribs to expose the diaphragm. This

latter can then be easily cut along the junction of the ribs

cage. This will prevent any major bleeding in order to access

the apex of the heart.

In order to have a clear view of the heart orientation, the ribs

can be lifted up using chest retractors. The pericardium is gently

removed from the heart with forceps.

The apex of the heart is stabbed wound with a 25 G needle

attached to a syringe to prevent any sudden drop in ventricle

pressure following the stabbing.

The orientation of the needle represents a critical point in

order to have a clear noise-free PV loop signal. In fact, the

needle needs to enter into left ventricle through the apex no

more than 2–4 mm deep maintaining the orientation of the

needle toward the base of the heart. Then the catheter tip can

be quickly inserted into the left ventricle using the access

point created by the needle. The catheter is pushed until the

proximal electrode on the catheter (E4) is just inside the

ventricular wall, while the orientation is parallel to the long

axis of the ventricle. The correct position of the catheter can

then be adjusted in order to obtain rectangular-shaped PV

loops. Baseline PV loops are recorded after stabilization of

the signal at steady state or following inferior vena cava

occlusions in order to vary the preloads. This latter is

particularly used to obtain various load-independent indices of

systolic and diastolic function (see inferior vena cava occlusion

below).

At the conclusion of the experiment, the catheter is gently

pulled back through the stab wound and the animal is

euthanized. The blood is collected in tubes with heparin and
FIGURE 5

IVC occlusion. Example of change in pressure and volume following preload r
smaller PV loops shifting to the left generated over a range of decreasing ventr
diastolic point, which will be used to calculate load independent parameters
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used for volume calibration with cuvettes (see volume

calibration below).

It is recommended to place immediately the tip of the

catheter into a syringe filled with saline solution (NaCl 0.9%)

to prevent clotting. Finally, the catheter should be cleaned

with detergent (e.g., Alconox) according to manufacturer’s

instructions as proper care of the catheter will considerably

prolong its useful life.
Preload reduction through inferior vena
cava (IVC) occlusion

Inferior vena cava occlusions can be performed in open-

chest respirated animals by lifting a suture placed around

the vessel, or compressing the vessels with a blunted

forceps. Load independent measures of contractility and

relaxation are obtained by reducing LV preload through

occlusion of IVC for few seconds. By reducing the preload,

there will be a reduction of pressure and volume in the

ventricle (Figure 5, on the left) and a decrease in the

amount of stretch of the ventricle prior to a contraction.

Occlusion of IVC will be displayed as a series of smaller

PV loops shifting to the left generated over a range of

decreasing ventricular preloads. Each of these loops have

their own end systolic point and end diastolic point (red

and blue points in loops in Figure 5) that will be used by

the software to calculate end systolic and end diastolic

pressure volume relationship (ESPVR, EDPVR) as load-

independent parameters of ventricle contractility and

relaxation, respectively.
eduction through inferior vena cava occlusion (left). On the right, series of
icular preloads. Each of these loops has its own end systolic point and end
such as ESPVR (red line) and EDPVR (blue line).
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Load independent parameters

The interpretation of end systolic and diastolic pressure volume

relationship (EDPVR and ESPVR) provides important information

about the heart performance independently of load conditions. The

maximal pressure that can be developed by the ventricle at any

given LV volume is referred as end-systolic pressure volume

relationship (ESPVR). This parameter is an improved index of

systolic function over other hemodynamic parameters like ejection

fraction, cardiac output, and stroke volume. The passive properties

of the myocardium (passive filling curve for the ventricle) are

described by the end-diastolic pressure volume relationship (EDPVR).
Volume calibration

The volume raw data are generally recorded as relative volume

units (RVU), which can be converted in microliters (μl) in two

steps: conversion of RVU to μl with blood cuvettes and

correction for the parallel conductance volume with saline

calibration. It is recommended to perform blood cuvette

calibration and saline calibration for each animal at the end of

each PV loop recording in order to have an accurate

measurement of volumes. However, due to the limited amount of

blood that can be collected from each mouse, it is also possible

to pool together blood from different animals and perform one

blood cuvette calibration at the end of each experimental day.
Step 1: convert the RVU in µl using blood cuvettes
Blood cuvettes are mock-up cylinders with known volumes that

are filled with heparinized warm blood (body temperature) placed

on the heating pad. The cuvettes are filled with blood using 22 G

blunted needle long enough to reach the bottom of the cylinder

(length 3.9 cm) avoiding formation of air bubbles. The catheter

is inserted in each cuvette, submerging the 4 electrodes and

keeping the position steady for 10–20 s, to record the changes

in conductance values RVU. A calibration curve will be

generated using 4–5 known cuvettes which will enable the

conversion of the data from RVUs into units of true volume

(μl) using PV loop analysis software. However, the

conductivity of the heart muscle that surrounds the LV blood

pool (parallel conductance) makes these estimated volume

signals still larger than expected. Therefore, intravenous

hypertonic saline calibration is performed (described below),

to account and correct for parallel conductance.
Step 2: hypertonic saline calibration
Hypertonic saline calibration is performed because data

generated from conductance catheters depend on the relationship

between volume and conductance. Changes in conductance are

measured by changes in current flowing from proximal to distal

electrode, which is mostly given by movement of blood pool.

However, the contribution of the ventricular wall, termed parallel

conductance, must be subtracted to obtain absolute LV volume

measurements (47). Indeed, the current applied to the excitation
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electrodes on the catheter does not go only through the blood,

but some of the applied current flows also into the surrounding

muscle, which is a conductor rather than an insulator, often

causing an overestimation of the blood volume within the

ventricle. Therefore, the heart muscle acts as a shunt to the

applied current, referred as parallel conductance, or in volume

calculations as parallel volume (Vp). To obtain a value for Vp, a

bolus 15–20 μl of hypertonic saline (NaCl 30%) is injected

through jugular vein into the animal at the conclusion of the

experiment. This will cause a visible shift to the right in PV

loops (increase volume conductance signal) without significant

decrease in the pressure signal amplitude. The parallel volume

(Vp) is calculated by solving a system of linear equations to

locate the intersection of two lines. The first line is represented

by the saline calibration data plotting end diastolic volume vs.

end systolic volume (ESV) for each cardiac cycle during the

phase where the volume signal appears to rise following the

hypertonic saline bolus. The other line derives from the equation

EDV = ESV, which represents equal end-systolic and end-

diastolic volumes or in other words as the equivalent of a heart

chamber devoid of blood. Then the PV loop software calculate

the parallel volume (Vp) of muscle tissue that corresponds to the

value at the intersection of the EDV = ESV line and the saline

calibration line. Further details of the method and its underlying

theory have been reported previously (45). It is recommended to

perform at least 2–3 saline calibrations in each animal to

minimize possible variability. The calculated Vp value from

saline injection together with the parameters derived from blood

cuvette calibrations will be used by the PV loop software (e.g.,

Lab Chart 8, Ad Instrument) to calculate the true volumes in

microliters.
Alpha calibration (optional)

It is possible to use other non-invasive procedures (i.e.,

echocardiography or MRI) to measure of LV volumes in order to

validate volume calibration performed with catheter (Alpha

correction) (45). This represents an optional step where the

alpha coefficient of Baan’s equation is calculated by dividing the

cardiac output (CO) or stroke volume (SV) recorded by PV loop

module by the CO or SV calculated by other non-invasive

methodologies. However, from a practical point of view the

calibration can be performed independently of other non-

invasive methodologies.
Duration of PV loop procedure

The whole procedure can last from 30 to 120 min depending

on time necessary for anaesthesia, surgery and calibrations for

one animal, however the experience and surgical skills of the

investigator and study design play a critical role in the proper

execution of this complex procedure. Starting with a few control

animals on the day of the experiment will ensure that everything

is optimized and working well before proceeding with
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measurements in pathological states or following pharmacological

treatment. Indeed, this could be useful to minimize potential

errors in case the catheter needs to be replaced in the middle of

the study by another one with slightly different properties.
Interpretation of hemodynamic
parameters obtained from PV loop
analysis

This sophisticated methodology enables simultaneous

measurements of both pressure (on Y axis) and volume (on

X axis) data in murine ventricle for each cardiac cycle both at

steady state and during preload changes (IVC occlusion).

Therefore, several hemodynamic parameters of systolic and

diastolic function can be derived from the analysis of pressure and

volume relationship. Generally, 10–12 cardiac cycles are selected

and analysed with PV loop software to obtain the hemodynamic

tables including systolic and diastolic parameters. We will describe

the parameters that are most commonly used in cardiovascular

preclinical studies and how they are calculated by the software.

The heart rate, expressed as beat per minutes (bpm), is

calculated by the software by either automatically counting the

cardiac cycles over time or by analysing the ECG signal recorded

on a separate channel of the PV loop analysis software.

End systolic pressure (ESP), end diastolic pressure (EDP),

expressed in mm of Hg, represent the maximal pressure and the

minimal pressure respectively, that have been recorded during

each cardiac cycle. End systolic volume (ESV) and end diastolic

volume (EDV) are calculated following volume conversion in

microliters (µl) (described above), indicate the volume of blood

during ventricle contraction and relaxation respectively.
Systolic parameters
Stroke volume (SV) indicates how much blood is pumped by

the ventricle following each contraction and it is obtained by

subtracting the end diastolic volume to the end systolic volume

(SV = EDV—ESV) and it is expressed in µl.

Ejection fraction (EF) represents the fraction of end diastolic

blood volume that is propelled by the ventricle during each

contraction. It is calculated dividing the stroke volume to end

diastolic volume (EF = SV/EDV). This parameter is expressed in

percent.

Cardiac output (CO) represents the amount of blood that is

propelled by the ventricle each minute. CO it is calculated by

multiplying the stroke volume to the heart rate (SV * heart rate).

The unit of measurement is µl/min.

The maximal rate of rise of left ventricle pressure (dP/dtmax) is

an index of contractility that relies on loading condition of the

ventricle.

Arterial elastance (Ea) it is an index of arterial vascular load

(LV afterload) and it is calculated by the ratio between end-

systolic pressure and stroke volume (ESP/SV). The unit of

measurement is mm Hg/µl.
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Stroke work (SW) refers to the work done by the ventricle to

eject a volume of blood. It refers to the area of the PV loop and

is calculated by mean arterial pressure times cardiac output

(MAP*CO).

Load independent systolic parameters (obtained
following preload decrease with IVC occlusion)

The dP/dtmax –end-diastolic volume relation provides a load-

independent contractility index, as preload dependence of dP/

dtmax is effectively reduced by using this regression.

End-systolic pressure volume relationship (ESPVR) describes

the maximal pressure developed by the ventricle at any given LV

volume and is a measure of cardiac contractility.

Maximal elastance (Ees or Emax) is equal to the slope of the

ESPVR curve. It is an index for chamber end systolic elasticity/

stiffness and can be a useful measure of contractile function,

particularly to assess acute changes.

Preload recruitable stroke work (PRSW) is another index of

load independent contractility, which is obtained by plotting

stroke work vs. end-diastolic volume for the set of load-altered

loops.

Diastolic parameters
The minimum rate of pressure changes in ventricle (dP/

dtmin) is the minimum derivative of change in diastolic

pressure over time. Left ventricle traces first derivatives dP/

dTmax and dP/dTmin give an indication of systolic and

diastolic function where a decrease indicates an impaired

function.

Isovolumic relaxation time constant (TAU, τ) represents the

exponential decay of ventricular pressure during isovolumetric

relaxation (pre-load-independent parameter).

Load independent diastolic parameters (obtained
following preload decrease with IVC occlusion)

End diastolic pressure volume relationship (EDPVR) is a load-

independent index of the passive filling properties of the ventricle

and the passive properties of the myocardium. The slope of

EDPVR is a measure of myocardial compliance (ventricle passive

filling), which is the reverse of ventricular stiffness.
Hemodynamic changes during heart failure

In diseased animals, the shape of the PV loops may not be

rectangular. In models of LV pressure overload (i.e., TAC), the LV

walls become thicker and LV chamber size decreases or remains

unchanged (52). The increased wall thickness can reduce

compliance of LV, therefore the slope of EDPVR increases. During

compensatory hypertrophy the systolic pressure is not suppressed

and the end-systolic pressure (Y-axis) is not changed.

In models of HFrEF the EF is drastically reduced and there are

clear signs of contractility disfunction (e.g., severe reduction of

stroke volume and cardiac output), accompanied by diastolic

disfunction (increased Tau and slope of EDPVR) (54). In models of

HFpEF the EF is preserved or there might be mild signs of
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contractility dysfunction, however diastolic disfunctions manifest as

decrease in dp/dtmin, while Tau and slope of EDPVR increase (19,

29, 55, 56). In particular, an increased stiffness of the myocardium

or a decreased compliance of LV will appear in PV loop analysis as

an increased slope of EDPVR, which can be observed in both

HFrEF or HFpEF models. Examples of PV loops in healthy and

diseases models are depicted in Figure 6. In dilated

cardiomyopathies (i.e., MI), ESV and EDV increase and LV pressure

can remain unchanged, therefore the ESPVR and EDPVR are

shifted to the right. Alternatively, when end-systolic pressure

decreases and end-diastolic pressure increases the PV loop appears

smaller (shorter) and rightward shifted (45, 51, 53). Upward shift in

the EDPVR is observed in dilated cardiomyopathy associated with

fibrosis and diastolic dysfunction. Chronic changes in Ees from

heart disease can be a consequence of cardiac remodelling such as

hypertrophy and fibrosis, and thus is not simply a reflection of

impaired “contractility”. In fact, Ea increases in HF models of

pressure overload, i.e., TAC model (52). Ventricular hypertrophy
FIGURE 6

PV loops in healthy and HF models. Examples of PV loops. In black PV loop of h
particular HFrEF model induced by MI (red) presents enlargement of the LV
(blue) presents increased ESP and EDP due to aggravated afterload, and incr
healthy control. The model of HFpEF (green) is characterized by preserved c
LV therefore the PV loop is slightly shifted to the top and presents increased
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and fibrosis are hallmarks of both HFrEF and HFpEF, where the

ventricular compliance is decreased as the myocardium is stiffer,

which results in higher ventricular end-diastolic pressures (EDP) at

any given end-diastolic volume (EDV). A ventricle with a reduced

compliance would have a smaller EDV due to impaired filling for a

given EDP. Nevertheless, the EDV may be very high but the EDP

may not be greatly elevated when ventricular compliance increases

such as in MI or other dilated cardiomyopathy with massive

ventricle dilation without appreciable thickening of the wall.
Discussion and troubleshooting

PV loop procedure can be summarized in three critical steps:

(1) ensure appropriate ventilation through insertion of

endotracheal tube (2) proper placement of the jugular vein

catheter to infuse physiologic solution or testing drugs (3) ensure

a proper placement of the PV catheter in the left ventricle.
ealthy model, then models of HFrEF present PV loop shifted to the right. In
chambers and impaired contractility, while HFrEF model induced by TAC
eased EDPVR therefore the loop is shifted on the top right compared to
ontractile function, but impaired relaxation of hypertrophied and fibrotic
EDPVR compared to healthy control.
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It is important to understand differences in respiratory rate

between conscious and ventilated mice in order to provide

adequate ventilatory support. In fact, conscious mice have rapid

shallow breaths, while ventilated mice will have much larger tidal

volumes, therefore a slower respiratory rate is required to ensure

appropriate alveolar ventilation. Indeed, cardiac function might

be altered by respiratory acidosis (caused by too little ventilation)

or respiratory alkalosis (in case of too much ventilation). This

problem is empirically solved by using the lowest respiratory rate

that eliminates respiratory effort from the anesthetized mouse.

Another common issue occurs following blood loss or

evaporation which results in decreased blood volume with

hemodynamic parameters below the normal levels. This problem is

minimised by administrating fluid to the animal. Hemodynamic

function can be influenced by the core body temperature which is

important to maintain constant during recording through a digital

feedback system. Moreover, to improve cardiac performance the

anaesthetic should be adjusted during the measurement period.

Despite the complexity, of the procedure due to the small size of the

mouse, PV loop analysis provides the most unique and complete

information of cardiac function that cannot be obtained through any

other non-invasive methodology. Therefore, LV catheterization in

murine models provides an important platform for the investigation

of complex pathophysiologic mechanisms that characterize cardiac

disease states such as heart failure and inherited cardiomyopathies.

However, microsurgical skills are necessary to successfully perform

these experiments as well as for all complicated procedures that

require practice.
Concluding remarks

The greatest advantage of non-invasive methodologies for

measuring cardiac function (echocardiography and MRI) is that

they can be repeated in the same animal and provide direct

quantification of absolute volumes and morphology. However,

they are limited by their application to steady-state conditions and

reliance on motion parameters that can be influenced by loading

conditions and thus lack specificity to the ventricle itself.

Contrarily the conductance catheter signal is proportional to

volume but must be appropriately calibrated to provide accurate

absolute volume measurements. Due to the high variability in the

physiologic parameters reported in literature it is recommended to

always use wild type control littermates to have a proper baseline

as reference values. Implementation of morphological information

of cardiac structure, histopathologic analysis of cardiac biopsies is

always recommended to have more direct evidences for cardiac

remodelling (i.e., hypertrophy, fibrosis, inflammatory cells

infiltration), which represent a hallmark of heart failure.

Left ventricle catheterization requires good surgical skills of the

operator, including proper endotracheal intubation for ventilator

and vessels cannulation. The cost of the equipment for PV loop

analysis is definitely cheaper than echocardiography machine or

magnetic resonance apparatus, that still requires expert operators

to run the imaging acquisition and data analysis. Moreover, PV

loop analysis gives more accurate and complete information
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about systolic and diastolic parameters of the heart for each

cardiac cycle. The major limitation of using an invasive LV

catheterization procedure refers to its invasiveness, which makes

this procedure not suitable for serial monitoring (contrary to

echo and other non-invasive methodology). Therefore, the

animal is usually sacrificed at the end of the experiment since

the surgical procedure is terminal. However, PV loop analysis are

suitable for evaluation of hemodynamic changes that occur in

the same animal before and after drug administration.

Considering the large variability of physiological parameters

observed in preclinical studies it is recommended to follow

standardized guidelines regarding type of anaesthetic or detailed

surgical procedure could potentially validate results across and

between laboratories. This will enable the creation of a big data

platform with cardiovascular physiological parameters. Clinical

practice has greatly benefitted by the analysis of clinical registries (57,

58), however similar epidemiological studies in preclinical settings

require more implementation and promotion. Preclinical registries for

heart failure could contribute to understanding the phenotype of

different models used in cardiovascular studies, or identifying new

models that can be used for future cardiovascular studies. In addition,

data from preclinical registry could be used to identify potential new

treatments or testing the repurpose of known drugs for cardiovascular

diseases. One step closer to this could be achieved by having highly

specialized professional figures employed by the research institution

serving as directors of preclinical cardiovascular units, responsible of

coordinating collaborative studies that investigate novel mechanisms

in cardiovascular pathophysiology. Another important aspect is the

shortage of economic resources required to cover the cost for

purchase and maintenance of equipment necessary to characterize

the cardiovascular phenotype of small animals used in preclinical

studies. Resources should be prioritized for groups that have

established expertise in cardiac pathophysiology field, which could

promote interdisciplinary collaborations with other research groups

specialized in different disciplines (e.g., metabolism, diabetes,

oncology, renal dysfunction, aging).
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