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Background: Severely burned children are at high risk of secondary intraabdominal

hypertension and abdominal compartment syndrome (ACS). ACS is a life-threatening

condition with high mortality and requires an effective, minimally invasive treatment to

improve the prognosis when the condition is refractory to conventional therapy.

Case presentation: A 4.5-year-old girl was admitted to our hospital 30 h after a severe

burn injury. Her symptoms of burn shock were relieved after fluid resuscitation. However,

her bloating was aggravated, and ACS developed on Day 5, manifesting as tachycardia,

hypoxemia, shock, and oliguria. Invasive mechanical ventilation, vasopressors, and

percutaneous catheter drainage were applied in addition to medical treatments (such as

gastrointestinal decompression, diuresis, sedation, and neuromuscular blockade). These

treatments did not improve the patient’s condition until she received continuous renal

replacement therapy. Subsequently, her vital signs and laboratory data improved, which

were accompanied by decreased intra-abdominal pressure, and she was discharged

after nutrition support, antibiotic therapy, and skin grafting.

Conclusion: ACS can occur in severely burned children, leading to rapid deterioration

of cardiopulmonary function. Patients who fail to respond to conventional medical

management should be considered for continuous renal replacement therapy.

Keywords: tachycardia, hypoxemia, shock, abdominal compartment syndrome, pediatric, severe burns,

continuous renal replacement therapy

CASE PRESENTATION

A 4.5-year-old girl was transferred to the emergency department of our tertiary care center, with
burns covering 40% of her body surface area from boiling water. She received no intravenous fluid
administration within 30 h post-scalding and complained of tachycardia, dizziness, weakness, and
oliguria. Her physical examination at admission showed that her blood pressure was 98/73 mmHg,
her body temperature was 37.3◦C, her pulse rate was 164 beats per minute, and her respiration rate
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was 25 breaths per minute. The pulse oxygen oximeter read 95%
on room air. The patient presented with clammy extremities and
an increased capillary refill time. While receiving appropriate
first aid and wound assessment, she was resuscitated immediately
using lactated ringer’s injection based on a potential diagnosis
of burn shock from her focused history taking, signs, and
symptoms. Then, the patient was quicikly and gently transferred
to the burn center of our hospital for further treatment.

Laboratory investigations revealed a serum creatinine level
of 97.3 µmol/L and an arterial blood serum lactate level of
5.2 mmol/L. These data indicated acute kidney injury induced
by hypovolemic shock and confirmed the fluid resuscitation
requirement. After resuscitation to correct dangerous deficits
in accordance with the Parkland Formula, the patient’s vital
signs, mental status, capillary refill time, and serum creatinine
level improved, and reached a target of 0.5–1.0 ml/kg/h−1 of
urine output, indicating adequate fluid resuscitation. Then, the
fluid rates were adjusted accordingly based on the monitoring
results. The patient’s condition improved as expected within the
first 2 days. When the patient showed signs of bloating on the
3rd day, a nasogastric tube was inserted, and gastrointestinal
prokinetic agents were administered to prevent abdominal
over distension. During the aggravation of bloating on the
4th day, the volume of fluid administration was increased
in accordance with the trend of decreased urine output. The
daily fluid balances are summarized in Figure 1. On the 5th
day of hospitalization, she developed hypoxemia, tachypnoea,
hypotension, and oliguria. Blood pressure was 75/53 mmHg,
body temperature was 37.2◦C, pulse rate was 155 beats per
minute, and respiration rate was 45 breaths per minute. The
PaO2/FiO2 ratio was 126 mmHg, with 10 L/min oxygen flow
delivered by nasal cannula. Her intra-abdominal pressure (IAP)
increased to and remained above 15 mmHg as measured
from the intrabladder pressure. The central venous pressure
increased to a level above 14 cmH2O, the extravascular lung
water index increased to >10 ml/kg, and the B-type natriuretic
peptide level was >35,000 pg/ml. The urine output was <0.3
ml/kg·h−1, with serum creatinine at 81 µmol/L. The patient
was unresponsive to furosemide. These findings indicated the
development of secondary abdominal compartment syndrome
(ACS), coupled with refractory fluid overload. The patient
was intubated and mechanically ventilated immediately, and
norepinephrine (1.6µg/kg·min−1) was administered to maintain
mean arterial pressure above 70 mmHg. A neuromuscular
blocking agent (cisatracurium besylate) was administered upon
sedation and analgesia to improve thoracic and abdominal
wall compliance. To manage the increased IAP, a percutaneous
catheter was inserted into the abdominal cavity for drainage with
ultrasound guidance, and 1,100ml of fluid was drained within
28 h. The IAP decreased to 11 mmHg, but the clinical condition
did not improve. Then, continuous renal replacement therapy
(CRRT) was performed with an ultrafiltration flow rate of 20–
25 ml/kg·h−1. After 40 h of hemofiltration, 5,080ml of fluid was
removed in total. IAP declined to 7 mmHg immediately and
then dropped to 5 mmHg. The patient’s vital signs subsequently
stabilized, the B-type natriuretic peptide level decreased to 5,204
pg/ml, and urine output increased to 1.3 ml/kg·h−1. CRRT was

terminated on Day 7, and mechanical ventilation was weaned on
Day 8. The trends of the laboratory tests and vital parameters are
presented in Figure 2. After recovering from ACS, the patient
continued to improve under routine enteral nutrition support
and antibiotic therapy. No significant infections were observed.
Skin grafting was performed on Day 17. The patient fully
recovered and was discharged from the hospital 34 days after
her admission.

DISCUSSION

ACS in children is defined as a sustained elevated IAP
(>10 mmHg) associated with new-onset or worsening organ
dysfunction (1). Secondary ACS occurs in the absence of injury
or disease in the abdominal or pelvic area. A study showed that
10–30% of patients with a burn injury, coveringmore than 20% of
the total body surface, develop secondary ACS, and the mortality
ranges from 40 to 100% (2–6).

The pathophysiology of secondary ACS is identical to that of
primary ACS. As the IAP increases, cardiac output is reduced as
a result of decreased central venous return and a consequently
diminished right ventricular end-diastolic volume. Initially, high
IAP increases systemic vascular resistance, and a “normal”
blood pressure may be observed. Paradoxically, intracardiac
filling pressures, such as pulmonary artery occlusion pressure
and central venous pressure, typically increase with a rising
IAP despite the reduced venous return and cardiac output.
Then, the increased after load will undermine the contractibility
of the cardiac muscle, tampering with the cardiac output. In
clinical settings, this will manifest as tachycardia and shock.
Beyond the heart, ACS also affects the lungs, kidneys, and other
organs. During ACS, the diaphragm shifts cranially, leading to
lower respiratory compliance, which increases the effort needed
for breathing and the mismatch of perfusion and ventilation.
Patients will present with elevated peak pressures, a decreased
P/F ratio, hypoxemia, hypercarbia, and atelectasis. IAH may
significantly compress the kidney and diminish renal perfusion.
Studies have shown that acute renal dysfunction may develop
even at relatively low levels of IAP. Renal dysfunction presents
as oliguria, progressing to anuria due to a reduced glomerular
filtration rate. In addition, ACS also leads to mesenteric,
gastrointestinal, and neurological complications secondary to
decreased cardiac output and direct compression from IAH
(7–10). The pathophysiology of ACS is illustrated in Figure 3.

The mechanism of secondary ACS can be related to visceral,
peritoneal, and retroperitoneal edema induced by inflammation
or fluid resuscitation (11), which are commonly reported
in burned children (12). Burn injury is characterized by
a hypermetabolic response with physiological, catabolic, and
immune effects. Burn areas larger than 15% of the total
body surface will lead to a systemic inflammatory response,
resulting in disruption of the endothelial glycocalyx, as well
as alterations in the structure and function of the extracellular
matrix (13–15). This will increase vascular permeability and
promote the leakage of plasma fluid to the extracellular space
and the interstitial compartment (16). Delayed or insufficient
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FIGURE 1 | Fluid balance in the first 10 days of hospitalization. Day 1 was defined as the time between hospital admission and the next morning (14 h).

FIGURE 2 | Trends of vital parameters during hospitalization. CVP, central venous pressure; IAP, intra-abdominal pressure; EVLWI, extravascular lung water index;

Lac, lactate, Cre, serum creatinine.
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FIGURE 3 | Pathophysiology of abdominal compartment syndrome.

fluid resuscitation may lead to burn shock, poor tissue perfusion,
multiple organ dysfunction, and death (17); moreover, fluid
overload also results in edema associated with organ dysfunction
(as depicted in Figure 4). However, commonly applied fluid
resuscitation strategies may be complicated by swelling of the
viscera due to inflammation and resuscitation per se. Excessive
fluid resuscitation, typically using too much crystalloid, may lead
to ACS and pulmonary edema (18). This is known as the concept
of “fluid creep,” (19) which is reported in 30–90% of severely
burned patients (20). Therefore, aggressive fluid resuscitation
must be balanced against the possibility of “fluid creep”-induced
secondary ACS. The life-threatening ACS in this patient could
have resulted from delayed fluid resuscitation, severe burns, and
fluid overload.

ACS in burn patients usually develops with three particular
events: ∼4 days post-injury, following a surgical procedure, and
during a period of sepsis. In our case, the child developed ACS
5 days following the burn injury. It is important to know that
a reduced urine output or a raised serum lactate may not be
because of hypovolemia, IAH could also be a potential cause.
Early detection of IAH allows physicians to intervene before the
development of ACS. A routine fluid responsiveness assessment
[such as passive leg-raising technique (21) and measurement of

the inferior vena cava diameters by ultrasound (22)] is helpful
for detecting hypovolemia. However, this would become complex
and challenging in the advent of ACS. In patients with persistent
oliguria and negative fluid responsiveness, IAP should be
measured, especially in the aforementioned three circumstances.
Current methods of IAP measurement and their reliability have
been comprehensively reviewed (1). In brief, bladder pressure (at
the end of expiration) is recommended for patients who require
ongoing monitoring. In addition, ultrasoundmay be a useful tool
for identifying compression and evaluating bowel movement and
abdominal and bowel contents, but its reliability and feasibility in
the diagnosis of ACS require further investigation.

Once the diagnosis of ACS is established, medical
management should focus on three key areas: management
of intraluminal contents, management of the abdominal wall,
and management of systemic fluid balance. A comprehensive
review of these medical management strategies has been
published previously (1). When medical management fails,
further advanced management should be considered (1, 23).
In general, emergency decompressive surgery is considered
but has high morbidity and mortality (24). Some evidence has
shown the effectiveness of percutaneous drainage in burned
patients with ACS, and this procedure is supported by the
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FIGURE 4 | Relation between fluid volume status and complications.

World Society of Abdominal Compartment Syndrome (1). In
our case, ultrasound-guided percutaneous catheter drainage was
successfully performed, with a significant decrease in IAP from
15 to 11 mmHg. However, the clinical condition of the patient
did not improve.

CRRT is commonly used for critically ill patients with acute
renal failure, fluid overload, and sepsis. In adult burned patients,
the effectiveness of CRRT has been reported in reversing septic
shock and improving acute renal failure (25). However, its effect
on pediatric burned patients is unknown. To the best of our
knowledge, this is the first case of the use of CRRT in a pediatric
burned patient with ACS. In our case, the patient was prescribed
a dose of 20–25 ml/kg·h−1 ultrafiltration for 40 h. The excessive
fluid was successfully removed, accompanied by a decrease in B-
type natriuretic peptide levels, and ACS was reversed. Our case
showed that, in pediatric burned patients, CRRT can be beneficial
by effectively removing inflammatory mediators, excessive fluid,
and accumulated metabolic products while minimizing the effect
on hemodynamics. Compared to decompressive laparotomy,
CRRT provides a less invasive and promising measure for
secondary ACS in severely burned children.

CONCLUSION

In severely burned children, secondary ACS can develop after
a few days of fluid resuscitation, which requires routine IAP

monitoring in these patients. In patients with refractory ACS,
CRRT could be considered when other medical treatments fail.
This report highlights the role of the interprofessional team in
managing severely burned patients.
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Background: The aim of this study was to evaluate exercise tolerance in non-
obstructive hypertrophic cardiomyopathy (HCM) by investigating the value of myocardial
work (MW) combined with strain peak dispersion.

Methods: A total of 65 patients with non-obstructive HCM and normal left ventricular
ejection fraction were enrolled and 60 healthy subjects were selected as controls.
The automated function imaging (AFI)-two-dimensional ultrasonic speckle-tracking
technology was used to obtain the values for peak global longitudinal strain (GLS),
longitudinal strain peak time dispersion (PSD), 18-segment systolic longitudinal peak
strain (LPS), 18-segment longitudinal strain peak time (TTPLS), global waste work
(GWW), global constructive work (GCW), global work index (GWI), global work efficiency
(GWE), and exercise metabolic equivalents (METS).

Results: (1) Values for LV-GLS (−17.77 ± 0.20 vs. −21.66 ± 0.42%) were lower
and PSD (95.10 ± 8.15 vs. 28.97 ± 1.50 ms) was prolonged in patients with HCM
(p < 0.01). (2) An increasing trend was shown in the basal segment < intermediate
segment < apical segment for both patients with HCM and controls, although each
segment had lower values in the HCM group. (3) TTPLS was prolonged in the HCM
group (p < 0.01). (4) GWE, GWI, and GCW were all lower (p < 0.01) and GWW was
higher in patients with HCM (p < 0.01). (5) Values of GWE were less than 92.5%, GWI
less than 1,200 mmHg, GCW less than 1,399 mmHg, these abnormal values are helpful
for the diagnosis of impaired exercise tolerance and poor prognosis (6) The METS and
LV-GLS of HCM in the asymmetric group were significantly lower than that in AHCM
group, but the PSD was significantly greater than that in the AHCM group. Values of
LPS-BL (−13.13% ± 2.51% vs −10.17% ± 2.20%) in the apical HCM group were
better than in the asymmetric HCM group (p < 0.05).
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Conclusion: GCW, GWI, and GWE can be safely measured by resting
echocardiography to evaluate exercise tolerance in patients with HCM who cannot
perform an exercise-based examination. Such measurements provide a basis for clinical
decisions regarding exercise and drug prescription.

Keywords: myocardial work, peak strain dispersion, exercise tolerance, hypertrophic cardiomyopathy, global
longitudinal strain (GLS)

INTRODUCTION

Many patients with non-obstructive hypertrophic
cardiomyopathy (HCM) and preserved ejection fraction
have no obvious symptoms at rest in the early stages, and most
patients seek medical attention due to limitations on daily
exercise or activities. HCM is one of the main causes of sudden
death in young people following activity (1), and previous
studies have estimated that its contribution to sudden cardiac
death may be as high as 10.3% (2). Such statistics illustrate the
urgent need for more sensitive and comprehensive techniques to
detect abnormal cardiac function in patients with HCM. Subtle
myocardial systolic and diastolic dysfunctions occur that are not
always detectable using standard echocardiographic parameters
such as left ventricular ejection fraction (LVEF). Previous
studies have shown that LV global longitudinal strain (LV-GLS),
measured using speckle-tracking echocardiography, is often
impaired and constitutes an adverse outcome predictor in HCM
patients with preserved LVEF. However, LV-GLS remains load-
dependent limiting the assessment of LV function under certain
hemodynamic conditions such as abnormal blood pressure.
A novel speckle-tracking echocardiographic technique evaluates
myocardial performance by constructing an LV pressure–strain
loop (PSL) and integrating non-invasively measured arterial
blood pressure and longitudinal strain. This approach allows the
detection parameters of the same cardiac cycle to be measured,
excludes the influence of heart rate (HR) inconsistency on the
analysis, and quantitatively analyzes and evaluates myocardial
function (3). The derived parameters from LVPSL can not only
reflect the global and regional LV function but also reflect the
synchronization and direction of LV contraction (4). Previous
studies (5–7) have confirmed that non-invasively and invasively
measured LVPSL have good consistency and correlation, the
myocardial work (MW) assessed using non-invasive LVPSL is
reduced and associated with LV fibrosis in patients with HCM.
However, the relationship between MW and exercise tolerance
in HCM is currently unknown. Therefore, the aims of this study
were (1) to describe the global and segmental indices of MW in
different HCM phenotypes and (2) to evaluate the relationship of
MW with exercise tolerance.

Research Subjects
A total of 65 patients (45 males, 20 females, mean age:
47.54 ± 1.93 years) with non-obstructive HCM, including 34
patients with apical hypertrophy and 31 patients with asymmetric
hypertrophy, diagnosed in Sichuan Provincial People’s Hospital
between January and December 2019, were consecutively
enrolled. The inclusion criteria were as follows: presence of

HCM diagnosed according to the 2017 Chinese Guidelines for
the Diagnosis and Treatment of Hypertrophic Cardiomyopathy
in Adults and the 2014 ESC Guidelines. The exclusion criteria
were as follows: obstruction of the left or middle left ventricular
outflow tract, hypertension, coronary heart disease, moderate or
higher aortic stenosis, or other distinct diseases causing cardiac
hypertrophy. A total of 60 age-matched healthy subjects who
were followed up in Sichuan Provincial People’s Hospital in 2019
were selected as controls. Clinical data and echocardiographic
parameters of all participants were collated.

Instruments and Methods
A GE Vivid E95 color Doppler ultrasound diagnostic apparatus
with 4V-D probe (frequency 1.5–4.0 MHz) (GE Medical Systems,
Milwaukee, WI, United States) was used. All subjects had
discontinued beta-blockers or calcium channel blockers for at
least 24 h. 2 experienced sonographers Physicians performed
echocardiography, by continuously acquire three-plane dynamic
images of the apex for at least 4 cardiac cycles (image frame
rate 60 frames/s), images were digitally stored and analyzed
offline using EchoPAC (203) workstation, and performed
the synchronous recording of electrocardiogram, measured
resting systolic and diastolic blood pressure. All patients
with HCM underwent symptom-limited treadmill exercise and
electrocardiogram (ECG) using Bruce protocol immediately after
resting standard transthoracic echocardiography. The study by
Mendes et al. (8) included participants (112 healthy adults)
with different levels of fitness, ages, and genders to increase
the representation of the population and found that metabolic
equivalents (METS) ≤6.8 had higher specificity and relatively
higher accuracy. The authors also reported a maximal reduction
in errors in activity intensity assessment, considered to be
associated with reduced exercise tolerance and poor long-
term prognosis. The study divided all subjects into group A
(METS ≤6.8) and group B (METS >6.8) and also sorted
them according to different hypertrophic segments apical
HCM (AHCM), or asymmetric HCM for further statistical
analysis (8).

SunTech Tango synchronized ambulatory blood pressure
monitor (SunTech Medical Instruments, Morrisville, NC,
United States) and Mortara X-Scribe tablet motion analysis
system (Mortara Instrument, Milwaukee, WI, United States)
were used to perform the symptom-limited treadmill exercise
and an ECG and blood pressure during and after exercise. Before
the examination, all subjects had discontinued beta-blockers
or calcium channel blockers for at least 24 h. Resting systolic
and diastolic blood pressure were measured, and a synchronous
electrocardiogram recording was taken. All participants

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 July 2022 | Volume 9 | Article 92767112

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


fcvm-09-927671 July 18, 2022 Time: 12:45 # 3

Su et al. Exercise Tolerance of HCM

signed informed consent after confirming that they had no
contraindications to exercise testing. The BRUCE protocol was
performed at the exercise stage. When subjects reached the target
HR or one of the following symptoms occurred, the exercise
stopped: (1) ST-segment elevation >1.0 mm in no pathological
Q-wave lead (except V1 or aVR), (2) systolic blood pressure
decreased >10 mmHg with other evidence of ischemia, (3)
moderate to severe angina pectoris, (4) CNS symptoms, such as
ataxia, dizziness, and syncope, (5) signs of hypoperfusion, such
as cyanosis and pallor, (6) persistent ventricular tachycardia,
and (7) technical difficulties in checking ECG or systolic blood
pressure (9). ECG, exercise blood pressure, and METS were
recorded. All subjects exercised to target heart rate (THR) if no
symptoms restricted exercise. THR was calculated according to
the following formula: THR = 220-age.

All parameter measurements and analyses were made in
accordance with the American Society of Echocardiography
(ASE) guidelines (10–12). Measurements were made along
the short-axis views orthogonal to the circumference of the
endocardium and epicardium, wherever maximal wall thickness
occurs, ensuring that the cut was not oblique to the long axes
of the LV. The criteria for the diagnosis of asymmetric HCM
include the following: interventricular septum or anterolateral
or inferior wall thickness ≥15 mm in one or more myocardial
segments. The criteria for the diagnosis of AHCM include
the following: apical wall thickness ≥15 mm in one or more
myocardial segments or when the ratio between apical and basal
wall thickness exceeds 1.3:1.

The following parameters were measured and calculated
during offline data analysis: (1) conventional parameters: left
ventricular end-diastolic volume (LVEDV), left ventricular end-
systolic volume (LVESV), and LVEF were measured using the
Simpson method. LV dimensions such as LV septal thickness
(IVS), LV posterior wall thickness (LVPW), and left atrial (LA)
diameter were measured from the parasternal long-axis view,
and maximum LV wall thickness was assessed from three short-
axis views from base to apex to identify the different phenotypes
of left ventricular hypertrophy (LVH); (2) myocardial strain:
2D strain imaging was performed by using three consecutive
cardiac cycles, and speckle-tracking analysis of the LV was
performed in three apical (4, 2, and 3 chambered) views. The
17 regions of interest were automatically created and manually
adjusted when necessary and then obtained the parameters
including GLS, longitudinal strain peak time dispersion (PSD),
17-segment systolic longitudinal peak strain (LPS), 17-segment
longitudinal strain peak time (TTPLS), the basal, mid, and apical
segment longitudinal systolic peak strain (LPS-BL, LPS-ML,
and LPS-AL), and longitudinal strain peak time [basal segment
(BLST), middle segment (MLST), and apical segment (ALST)]
and then calculated by averaging the peak longitudinal strain
and time of corresponding segments. (3) MW: a non-invasive
LVPSL was then constructed using the software (EchoPAC
203) and adjusted according to the duration of the ejection
and isovolumetric phases, which were defined by the opening
and closure of the mitral and aortic valves. During the LV
ejection period, the total work within the area of the LVPSL
during the LV ejection period represented the myocardial

global work index (GWI), the MW performed during segmental
shortening represented global constructive work (GCW), and
the MW performed during segmental elongation represented
global waste work (GWW) and calculated as the averages
of each LV segment values according to the 17-segment
model. Global cardiac efficiency (GCE) was an average of all
segmental values expressed as GCW/(GCW + GWW) × 100%.
(4) Exercise METS.

Statistical Methods
All statistical analyses were performed using the SPSS version
23.0 software (IBM SPSS Statistics, version 23). Continuous
variables are expressed as means ± standard deviations.
Comparisons between groups were made by two independent
samples t-tests, and a value of p < 0.05 was considered to
be statistically significant. Multivariate linear regression analysis
was used to identify independent factors indicating exercise
intolerance in patients with HCM. The sensitivity and specificity
of variables for the prediction of exercise intolerance were
identified by receiver operating characteristic (ROC) curves.

RESULTS

1. Among the 65 patients, 31 cases had mild mitral regurgitation,
11 had moderate mitral regurgitation, 2 had severe mitral
regurgitation, 28 had mild tricuspid regurgitation, and 10
had moderate tricuspid regurgitation. All subjects with HCM
included experienced non-obstructive HCM but 20 patients
had increased outflow tract velocity.

2. Comparison of general information and conventional
echocardiographic parameters (Table 1).

There was no significant difference in age, HR, blood pressure,
and ESV between the two groups (p > 0.05). Although E/e, e,
LA, and LAVI were statistically different in the control and HCM
groups, these values had no correlation with METS (p > 0.05).
Global work efficiency (GWE) (r = 0.278), GWI (r = 0.391),

TABLE 1 | Comparison of general information.

Variable Normal group HCM group P

Age (year) 46.75 ± 1.76 47.54 ± 1.93 0.079

EDV (ml) 108.89 ± 4.31 77.61 ± 5.17 0∗

ESV (ml) 26.02 ± 1.92 27.89 ± 1.90 0.376

EF (%) 73.33 ± 6.49 69.81 ± 5.99 0.014∗

SBP (mmHg) 125.21 ± 9.79 142.05 ± 1.30 0.342

DBP (mmHg) 75.32 ± 1.30 75.85 ± 1.06 0.729

BSA (m2) 1.78 ± 0.02 1.86 ± 0.03 0.027∗

HR (bpm) 74.82 ± 1.84 69.72 ± 2.07 0.079

E/e 8.87 ± 1.81 19.06 ± 1.07 0∗

e (m/s) 0.1 ± 0.001 0.05 ± 0.002 0∗

LA (mm) 31.40 ± 2.77 38.37 ± 5.57 0∗

LAVI (ml/m2) 26.9 ± 3.96 39.6 ± 1.69 0∗

*P < 0.05.
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FIGURE 1 | PSD AND PSS in HCM and Normal group.

TABLE 2 | Comparison of myocardial work and strain between normal
group and HCM group.

Variable Normal group HCM group P

BLST (ms) 359.86 ± 6.74 396.32 ± 9.99 0.007∗

MLST (ms) 344.28 ± 6.73 396.56 ± 13.87 0.002∗

ALST (ms) 339.59 ± 6.90 401.74 ± 14.55 0.001∗

PSD (ms) 28.97 ± 1.50 95.10 ± 8.15 0∗

LV-GLS (%) −21.66 ± 0.42 −17.77 ± 0.20 0.026∗

LPS-BL (%) −19.46 ± 0.21 −9.34 ± 1.03 0∗

LPS-ML (%) −20.86 ± 1.98 −11.52 ± 0.83 0∗

LPS-AL (%) −25.2 ± 0.73 −14.84 ± 1.37 0∗

GWE (%) 97.7 ± 0.16 87.46 ± 6.10 0∗

GWI (mmHg%) 2,014.5 ± 355.28 1,243.53 ± 424.52 0∗

GCW (mmHg%) 2,309.03 ± 425.77 1,375.3 ± 436.67 0∗

GWW (mmHg%) 39.93 ± 3.79 119.77 ± 13.19 0∗

*P < 0.05.

and GCW (r = 0.372) had positive correlation with METS (all
P-values < 0.05).

3 Comparison of strain and myocardial work

1. TTPLS: Compared with the normal group, the BLST
(396.32 ± 99.9) ms, MLST (396.56 ± 13.87) ms, and ALST
(401.74 ± 14.55) ms of the HCM group were significantly
prolonged, and the PSD of the HCM group was significantly
prolonged and higher than that of the normal group
(95.10 ± 8.15 vs. 28.97 ± 1.50) (p < 0.01) (Figure 1 and
Table 2).

2. LV-GLS in the HCM group was significantly lower than that
in the normal group (−17.77 ± 0.20% vs. −21.66 ± 0.42%)
(p < 0.05) (Figure 1 and Table 2).

3. LV-LPS: An increasing trend was shown in the basal segment
(LPS-BL) < intermediate segment (LPS-ML) < apical
segment (LPS-AL) for both patients with HCM and controls,
although each segment had lower values in the HCM group.
The LPS-BL, LPS-ML, and LPS-AL of the HCM group
were significantly lower than the corresponding segments of
the normal group (−9.34 ± 1.03% vs. −19.46 ± 0.21%),
(−11.52 ± 0.83% vs. −20.86 ± 1.98%), and (−14.84 ± 1.37%
vs. −25.2 ± 0.73%) (p < 0.01) (Table 2).

4. GWE (87.46 ± 6.10%), GWI (1,243.53 ± 424.52 mmHg%),
and GCW (1,375.3 ± 436.67 mmHg%) in the HCM group
were significantly lower than those in the control group
(p < 0.01), and only GWW (119.77 ± 13.19 mmHg%) was
significantly higher than that in the normal group (p < 0.01;
Figure 2 and Table 2).

5. In Table 3, a comparison of asymmetric HCM and AHCM
found that the METS and LV-GLS of HCM in the asymmetric
group were significantly lower than that in the AHCM
group, but the PSD was significantly greater than that in
the AHCM group. Values of LPS-BL (−13.13 ± 2.51% vs.
−10.17 ± 2.20%) in the AHCM group were better than
that in the asymmetric HCM group (p < 0.05). There were
no significant differences between the asymmetric HCM and
AHCM groups concerning values for LPS-ML, LPS-AL, GWE,
GWI, GCW, and GWW.

6. The HCM group was divided into group A (METS ≤ 6.8) and
group B (METS > 6.8) according to METS (8): the results
showed that the resting state GWE is less than 92.5%, GWI is
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FIGURE 2 | Comparison of GWE and GWI in HCM and Normal group.

TABLE 3 | Comparison of myocardial work and strain between asymmetric
and apical groups.

Variable Asymmetric HCM (N = 34) Apical HCM (N = 31) P

METS 8.91 ± 0.43 10.17 ± 0.12 0.007∗

SBP (mmHg) 128.37 ± 2.59 123.60 ± 3.12 0.204

DBP (mmHg) 76.07 ± 1.52 76.03 ± 1.94 0.988

GWE (%) 89.06 ± 1.05 88.13 ± 1.57 0.58

GWI (mmHg%) 1,395.3 ± 88.34 1,264.8 ± 84.43 0.227

GCW (mmHg%) 1,528.13 ± 93.72 1,427.97 ± 84.97 0.37

GWW (mmHg%) 119.53 ± 10.06 128.63 ± 16.95 0.642

LV-GLS (%) −17.55 ± 0.27 −18.43 ± 0.13 0.007∗

LPS-BL (%) −10.17 ± 2.20 −13.13 ± 2.51 0.022∗

LPS-ML (%) −12.48 ± 3.21 −14.02 ± 3.90 0.320

LPS-AL (%) −18.89 ± 2.76 −15.17 ± 3.65 0.355

PSD (ms) 115.93 ± 7.92 91.9 ± 8.34 0.033∗

BLST (ms) 403.20 ± 27.61 397.54 ± 37.20 0.861

MLST (ms) 405 ± 22.46 390.66 ± 47.75 0.668

ALST (ms) 381.56 ± 44.85 384.81 ± 24.35 0.885

*P < 0.05.

less than 1,200 mmHg%, and GCW is less than 1,399 mmHg%,
which were helpful for the diagnosis of impaired exercise
tolerance (Table 4 and Figures 3, 4).

DISCUSSION

Hypertrophic cardiomyopathy is an autosomal dominant
disorder with a high degree of heterogeneity in its clinical
presentation. Exertional dyspnea, chest pain, fatigue, and
presyncope or syncope are all common in patients with HCM.

Possible mechanisms include increased myocardial oxygen
consumption and demand after exercise, decreased myocardial
blood supply, abnormal vasomotor responses, and vascular
remodeling (13). Regardless of symptom status, the ACCF/AHA
guidelines recommend lifestyle optimization at the time of HCM
diagnosis. Low-intensity aerobic exercise is recommended to
achieve and maintain cardiovascular fitness (14). Therefore,
the assessment of exercise tolerance is particularly important
for patients with HCM. The main findings of this study may
be summarized as follows: (1) The left ventricular longitudinal
contractility, systolic synchrony, and myocardial function were
impaired in patients with HCM in whom the ejection fraction
had been preserved in the resting state. (2) Patients with HCM
showed decreased MW and work efficiency and increased
GWW. (3) Myocardial contractility, systolic synchronization,
and exercise tolerance were significantly lower in the patients
with asymmetric HCM than in the AHCM group. (4) Values of
GWW, GLS, GWI, PSD, GWE, and GCW have utility for the
estimation of the intensity range of exercise tolerance.

The sinus node normally sends a discharge impulse down
the ventricle through the bundle of His from the endocardium
to the epicardium which travels from the apex to the bottom
of the heart. Synchronous contraction of the myocardium
completes the “pump function.” The quantification of time
synchronization of electromechanical conduction (via PSD
measurement) on the basis of strain may be used to study
myocardial contractile function. Haland et al. (15) and Candan
et al. (16) showed that the reduction of LV-GLS and the
prolongation of PSD in HCM may be helpful for the early
identification of the condition requiring implantable cardioverter
defibrillator (ICD) treatment. Such measurements are useful
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TABLE 4 | Specificity and sensitivity analysis in HCM.

Variable AUC Cut-off
value

Sensitivity Specificity Asymptotic
significance b

GWE (%) 0.645 92.50% 0.898 0.375 0.043∗

GWI
(mmHg%)

0.784 1,200 0.6738 0.812 0.001∗

GCW
(mmHg%)

0.751 1,399 0.653 0.812 0.003∗

LV-GLS 0.517 / / / 0.843

*P < 0.05.

FIGURE 3 | ROC curve of GLS AND PSD.

to guide clinicians and inform targeted early-stage treatment
plans, thus improving patient outcomes. The cardiomyocytes in
patients with HCM show a disordered hypertrophic arrangement
with the appearance of fibrosis and increased cellular oxygen
consumption and metabolic coronary intima damage results (17,
18). Cardiomyocyte hypertrophy is accompanied by fibrosis,
effective cardiomyocytes per unit area decrease, and myocardial
oxygen consumption increases significantly after exercise; the
increase of intramyocardial vascular pressure per unit area and
a relative decrease of myocardial blood supply per unit area
reduce blood supply and result in decreased myocardial strain
and increased systolic heterogeneity among different myocardial
segments. This study found that patients with HCM, in whom
ejection fraction at rest was normal, had reduced segmental strain
and LV-GLS in combination with prolonged TTPLS and PSD.
These findings show that left ventricular contraction mechanics
and synchronicity have been significantly damaged, suggesting
that LVGLS and PSD measurements would detect abnormal
left ventricular systolic function in subclinical segments. Such
findings are consistent with the results of Panoulas et al. (19).

FIGURE 4 | ROC curve of myocardial work.

The occurrence of abnormal left ventricular mechanics in HCM
with preserved ejection fraction accounts for exercise intolerance.
Anatomical studies show that LV-GLS largely depends on the
subendocardial layer of the myocardium which is the most
sensitive to ischemia (20). A retrospective study involving more
than 3,000 patients with HCM showed that abnormal LV-GLS
is associated with adverse cardiovascular events and ventricular
arrhythmias, accounting, at least in part, for high rates of sudden
death in young patients with HCM (21). Increased PSD and the
deterioration of synchrony may be related to myocardial scarring
and HR. Abd-Elmoniem et al. (22) found that myocardial
scarring caused a loss of synchrony by reducing wave propagation
speed in the infarct and surrounding areas. Furthermore,
exercise increases the HR, shortens the diastolic period, and
causes increased myocardial oxygen consumption leading to an
imbalance between supply and demand. LPS is obtained by using
two-dimensional speckle-tracking imaging (2D-STI) technology,
the principle of which relies on spots in the region of interest for
use as tissue markers. The software automatically matches the
best mode to track and identify changes in the spatial position
of the spot signals in the region of interest, calculating the
strain of each myocardial segment to represent deformability
(23). This study found an increasing trend in the basal segment
(BL) < intermediate segment (ML) < apical segment (AL) for
both patients with HCM and controls. Each segment produced
lower values in the HCM group. Left ventricular contraction
proceeds from the apex to the bottom of the heart and BL in the
AHCM group > BL in the asymmetric HCM group (p < 0.05).
During the development of asymmetric HCM, the septum or
other ventricular walls are thickened and the ventricular septum
not only undertakes the function of left ventricular contraction
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but also connects the outflow tract and the mitral valve. This
process may be influenced by the abnormal hemodynamic impact
caused by the hypertrophic myocardium. Wall fibrosis and
exercise involvement are more obvious in the case of asymmetric
HCM when, especially after exercise, the HR increases and the left
ventricle presents a hyperdynamic state. There was no statistical
difference between ML and AL for the two groups. Although
hypertrophy affects the local myocardial segment, electrical and
mechanical effects on cardiomyocytes extend to adjacent regions
with delayed electrical activity and reduced mechanical activity.

In combination with decreased coronary perfusion, induced
myocardial ischemia and blood flow redistribution, and
decreased myocardial strain (24), where all aggravate the
impairment of synchrony, the co-existence of these types
of damage leads to mutual aggravation. Abnormalities of
electromechanical motion reduce the mechanical efficiency of
left ventricular ejection, increasing energy loss and ineffective
work and reducing overall work and efficiency (25–27). When
this situation is prolonged, myocardial contractile function
gradually deteriorates and may even lead to heart failure. Schrub
et al. (28) and Duchenne et al. (29) found that GWW increased
but GWE decreased when the left ventricular PSD was enlarged
in HCM and this may be related to the decreased metabolic
activity of the ventricular septum. This study also found PSD
in asymmetric HCM > PSD in AHCM (115.93 ± 7.92 vs.
91.9 ± 8.34; p = 0.033). Moreover, Aalen et al. (30) found that
HCM patients with reduced synchrony had a more sensitive
ventricular septum and lower exercise tolerance. This finding
was confirmed by METS in this study (asymmetric HCM:
8.91 ± 0.43 vs. AHCM: 10.17 ± 0.12; p = 0.007). Ma et al. (31)
also showed that the incidence of myocardial fibrosis and the
proportion of fibrotic myocardial mass were higher in patients
with asymmetric HCM than that in those with AHCM which
is similar to the current findings. MRI data required for the
verification of the degree and extent of myocardial fibrosis were
not available for this study. However, this can be inferred from
PSD, LV-GLS, and LPS values and the PSD for the asymmetric
group was found to be significantly larger than that of the
AHCM group. Myocardial fibrosis causes a loss of synchrony
by reducing wave propagation speed in fibrotic areas (22), and
previous studies have established the molecular basis to be
enhanced actin-myosin interaction that delays and weakens
cardiomyocyte contraction (32). Thus, as the intensity decreases,
the measured LV-GLS decreases. Only eight subjects with HCM
enrolled in this study had received cardiac MRI at the time of
writing, and statistical analysis could not be completed for the
whole sample. It is the intention of the authors to wait until
all patients have completed cardiac MRI before adding MRI
parameters to the comparison analysis. A statistical analysis of
the diagnostic capacity of MW parameters for exercise tolerance
was conducted separately in asymmetrical HCM and AHCM. We
found that only LV-GLS had statistical differences [area under
the curve (AUC) 0.739] in the asymmetric HCM group and only
GWI (AUC 0.852) in the AHCM group. Considering the small
sample size of METS (less than 6.8) in the respective groups,
statistical deviation is possible, precluding a discussion of the
diagnostic utility of exercise tolerance by an echocardiographic

parameter in the separate cases of asymmetrical and AHCM.
However, the enrollment of patients with HCM continues in
an attempt to expand the sample size. We hope that follow-up
studies can be performed and contributed to the discussion
of this component. In general, patients with HCM have worse
synchrony, increased GWW, and significantly decreased GCW,
GWI, and GWE, and those with asymmetric HCM had lower
strain, worse synchrony, and lower METS. Myocardial electrical
conduction and mechanical contraction start from the apex and
travel to the bottom of the heart. Segmental myocardial strain
in the healthy subject shows the trend: BL < ML < AL with the
BL being dominated by longitudinal contraction and the apical
segment by torsion. The heart of the patient with HCM shows a
similar trend but BL strain in the asymmetric HCM group was
significantly lower than that in the AHCM group (p < 0.05). The
balance between asymmetric HCM mechanics and intracardiac
hydrodynamics may be lost and hypertrophy of the BL may lead
to more turbulent inflow and outflow, resulting in greater energy
loss. However, further and more detailed histopathological
studies are required for verification. Schrub showed that the
GWE of the interventricular septum was the best predictor of
exercise capacity and that dispersion was related to the uneven
distribution of MW in patients with dilated cardiomyopathy
(DCM) (28). Marwick et al. demonstrated that in heart failure
with preserved ejection fraction, GCW better-reflected exercise
tolerance than GLS: when GCW increased significantly, exercise
tolerance improved (33). Selecting for METS greater than
or less than 6.8, this study found that AUC values for GWE
(0.645), GWI (0.784), and GCW (0.751) were all higher than that
for LV-GLS (0.517), in agreement with the above results. When
values of GWE were less than 92.5%, GWI less than 1,200 mmHg,
and GCW less than 1,399 mmHg, these are reference values
with utility in the diagnosis of impaired exercise tolerance
and poor prognosis.

LIMITATIONS

This study was limited to a single center. In order to exclude
differences caused by ethnicity of the geographical population,
the study collected matched healthy control participants from
the same area and hospital as enrolled patients with HCM. In
addition, the sample size was small and the conclusions require
further studies with larger sample sizes or multicenters to make
up for current deficiencies. Diastolic function can be reflected by
parameters such as E/e, e, and LAVI. Among the 65 patients with
HCM, 31 cases had mild mitral regurgitation, 11 had moderate
mitral regurgitation, 2 had severe mitral regurgitation, 28 had
mild tricuspid regurgitation, and 10 had moderate tricuspid
regurgitation. All subjects had non-obstructive HCM but 20
patients also had increased outflow tract velocity. Therefore,
the degree of mitral regurgitation, the increased outflow tract
velocity, the smaller cardiac chamber caused by ventricular wall
hypertrophy, the volume load of the left ventricle, and the high
hemodynamic state in the cardiac chamber may all affect E, e, E/e,
LA, LAVI, and other parameters for the evaluation of diastolic
function. The above parameters were found to have no significant
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correlation with METS at rest but this finding cannot rule
out the existence of a correlation between E, e, E/e, LA,
LAVI, the diastolic reserve function of HCM during the
exercising state, and METS. Therefore, relevant guidelines (10)
suggest that the diastolic evaluation of patients with HCM
should be combined with other influencing factors. This study
focused on MW, and further diastolic function parameters
which were analyzed in our follow-up study have not been
included in this report.

CONCLUSION

GWI, GWE, and GCW can be safely measured by resting
echocardiography to evaluate exercise tolerance in patients with
HCM who cannot perform an exercise-based examination. Such
measurements provide a basis for clinical decisions regarding
exercise and drug prescription.
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Chongqing University of Posts and Telecommunications, Chongqing, China, 2School of Medical
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Background: Cardiovascular disease not only occurs in the elderly but also

tends to become a common social health problem. Considering the fast pace

of modern life, quantified heart rate variability (HRV) indicators combined with

the convenience of wearable devices are of great significance for intelligent

telemedicine. To quantify the changes in human mental state, this article

proposes an improved di�erential threshold algorithm for R-wave detection

and recognition of electrocardiogram (ECG) signals.

Methods: HRV is a specific quantitative indicator of autonomic nerve

regulation of the heart. The recognition rate is increased by improving the

starting position of R wave and the time-window function of the traditional

di�erential threshold method. The experimental platform is a wearable

sign monitoring system constructed based on body area networks (BAN)

technology. Analytic hierarchy process (AHP) is used to construct the mental

stress assessmentmodel, theweight judgmentmatrix is constructed according

to the influence degree of HRV analysis parameters on mental stress, and

the consistency check is carried out to obtain the weight value of the

corresponding HRV analysis parameters.

Results: Experimental results show that the recognition rate of R wave of real-

time 5min ECG data collected by this algorithm is >99%. The comprehensive

index of HRV based on weight matrix can greatly reduce the deviation caused

by the measurement error of each parameter. Compared with traditional

characteristic wave recognition algorithms, the proposed algorithm simplifies

the process, has high real-time performance, and is suitable for wearable

analysis devices with low-configuration requirements.

Conclusion: Our algorithm can describe the mental stress of the body

quantitatively and meet the requirements of application demonstration.

KEYWORDS

heart rate variability, electrocardiogram, mental stress index, body area networks,

quantitative analysis
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Introduction

With the influence of people’s habits, diet, and environment,

the death rate of cardiovascular diseases such as hypertension,

coronary heart disease, and heart disease increases rapidly, and

the clinical manifestations are hemiplegia, cerebral infarction,

stroke, and even sudden death (1). Heart rate decreases with

age. Cardiovascular disease not only occurs in the elderly but

also tends to be younger (2). Heart rate variability (HRV)

refers to the variation of heartbeat cycle and is a research

hotspot in electrocardiogram (ECG) signal processing field in

recent years (3). It contains information about the regulation

of neurohumoral factors in the cardiovascular system and is

a specific quantitative indicator reflecting the regulation of

autonomic nerves in the heart (4). It is also the most accurate

and sensitive detection indicator to judge whether patients with

diabetes are accompanied by autonomic nervous system damage

(5). By studying the variation of heart rate, we can reflect

the influence of nervous system on cardiovascular activity. It

is of great clinical immune diseases (6), rehabilitation and

intensity design (7), surgical risk assessment (8), and intelligent

telemedicine (9). At present, three methods, namely, resting-

state HRV, task HRV, and variable HRV, are used to measure

HRV. The measurement of HRV in resting state mainly refers to

the way of collecting HRV in the quiet state. The measurement

of HRV in the task investigates the differences inHRV of subjects

under different task states. The variable HRV investigates the

change in HRV, such as the change in HRV before and after

a task or operation, in order to infer the effect or effect of

the task or operation. Luque-Casado’s research showed that the

cognitive workload under execution conditions changed with

the change in tasks (10). Sustained attention is a key process

affecting HRV, and there is a separation between subjective and

objective cognitive workload.

There are two main methods to analyze HRV, namely,

time-domain analysis and spectrum analysis. In time-domain

analysis, the time-domain parameters commonly used include

standard deviation of normal to normal (SDNN) and root

mean square successive difference (RMSSD). SDNN is generally

obtained by 24 h dynamic ECG, which reflects the regulation

ability of autonomic nervous system, and further reflects an

individual’s stress ability and resistance to pressure. RMSSD is

used to assess the regulatory function and activity of the cardiac

vagus nerve or parasympathetic nerve.

The spectral analysis of HRV transforms the time series of

R–R interval to the frequency by mathematical transformation

method, forms the spectrum curve, and analyzes the shape

of the spectrum curve. Spectral analysis is usually performed

at high frequency (HF, 0.15–0.40Hz) and low frequency (LF,

0.04–0.15Hz). HF describes parasympathetic nerve activity

level, whereas LF is a sympathetic nerve activity characteristic

indicator, and its ratio is negatively correlated with albumin

level (11).

HRV index can be used to identify sympathetic and

parasympathetic nerve activity, which can help patients with

cardiovascular disease to make accurate clinical warning and

take a good treatment plan. Penttila et al. (12) evaluated

the applicability of these four different parameters in cardiac

vagus outflow and demonstrated that these parameters are

more suitable for measuring cardiac vagal outflow during free

breathing. La Rovere et al. (13) quantified HRV by measuring

the SDNN R–R interval with a large amount of data, which

might contribute to post-infarction risk stratification. Rossi

et al. (14) applied ultra-short HRV to research the influence of

data loss caused by motion artifacts, which played a significant

role in obtaining reliable HRV signals. After controlling for

environmental and personal confounding factors, Tang et al.

(15) used a linear mixed-effects model to analyze the above

frequency-domain and time-domain parameters, and proved

that temperature changes on the day of onset might significantly

reduce cardiac autonomic nervous function. Yang et al. (16)

confirmed that lower HRV was associated with a higher risk of

all-cause and cardiovascular death in hemodialysis population,

and that lower SDANN and LF/HF were the predictors of both

all-cause and cardiovascular mortality.

HRV analysis is an important means to evaluate the state of

autonomic nervous system regulating the cardiovascular system.

Quantitative evaluation can directly reflect the mental state

of patients, which is helpful for the evaluation of psychiatric

treatment programs and detection of specific drug effects.

Sripanidkulchai et al. (17) studied the effects of standard

Kaempferia Parviflora (KP) extracted on physical fitness and

HRV parameters of adolescent sports school students in a

randomized double-blind controlled trial. The experiment

proved that KP extract had an anti-stress effect on HRV

parameters, which can promote its application in sports training

and exercise. Yoo et al. (18) evaluated the relationship between

stress measured by HRV and academic achievement of medical

students during their internship.

In this article, the recognition of R characteristic wave

for ECG signal, HRV parameter calculation, and mental stress

(MS) evaluation was studied. The detection and recognition of

the waveform is the prerequisite to judging the parameters of

ECG signal. The detection and recognition of QRS waveform

is the basis of ECG signal detection. If there is error detection

and missing detection phenomenon of QRS waveform, it will

certainly affect the judgment of P wave and T wave, and also

affect the result of disease classification of ECG signal. To solve

this problem, an improved difference threshold algorithm is

proposed to detect R wave. The traditional difference threshold

algorithm is improved in two aspects, starting point and

sliding window width, to improve the accuracy of R-wave

recognition. The evaluation model of MS is constructed by

analytic hierarchy process (AHP), and it is verified that the

algorithm can quantitatively describe the MS of the body

through comparative experiments.
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FIGURE 1

Flowchart of R-wave detection.

FIGURE 2

Schematic diagram of starting point selection area for R-wave

detection.

Materials and methods

Di�erential threshold R-wave detection
algorithm

QRS-wave group is the most unique and easily recognized

characteristic wave in ECG signal. The characteristics of R wave

in wave group are particularly obvious, and the change in rising

slope and falling slope is most obvious. Differential threshold

R-wave detection algorithm uses the slope characteristics of the

rise and fall of R wave to recognize the R wave of ECG signal.

In this article, an improved differential threshold algorithm is

proposed to improve the accuracy of R-wave recognition. The

whole detection process of the proposed algorithm is shown in

Figure 1.

The selection of initial position is very important to

accurately locate all R waves. As shown in Figure 2, the

starting point of R wave may occur in the following two

situations. In the first case, the starting point is in the

stationary part of ECG signal, which can quickly and accurately

locate R wave. The second case is that the starting point is

around the R wave, and when the maximum and minimum

values are compared after the first-order difference, the

maximum value will appear before the minimum value,

which may increase the miss and fallout ratio of the R-wave

recognition (19).

To prevent the second situation mentioned above, the initial

detection time of R wave should be avoided near the R wave.

First, the ECG data during the period [1:t] are intercepted to find

out the maximum ECG data Amax. Then, another period ECG

data during [t+1:2×t] is intercepted to find out the maximum

ECG data Bmax. Finally, the value of Amax is required to

compare with the value of 1.8 × Bmax. If Amax is greater, it

indicates that the initial position is near the R wave. 2× t will be

used as the initial position for R-wave recognition. Otherwise,

the initial position of R-wave detection is set as 1. After the

ECG signal detection point L is selected, a segment of ECG

signal Xwf is intercepted through the time-window functionWf,

and the signal sequence is searched to locate the position point

R1 corresponding to the maximum value. At the same time,

the first-order difference of Xwf will be carried out, and the

comparison between the differential signal and the original ECG

signal is shown in Figure 3.

After the differential signal dif(t) of signal segment Xwf is

calculated, theminimum andmaximum values of the differential

signal dif(t) are first located to correspond to the time points

tmin and tmax of ECG signal. Then, the position point R
′

corresponding to the maximum value of ECG signal in the time

period is found. Finally, a comparison is performed to judge

whether R1 and R
′

are the same point. If they are the same

point, then that point is the R-wave position. Otherwise, the

smaller one is the R-wave position. Once the position of the

first R wave is determined, as shown in Figure 4, the initial

point L is some distance away from that position, which means

that L = R + T1. The same process is then performed to

determine the location of the second R wave. The calculated

time interval between these two R waves is defined as the RR

interval (20).

Similarly, after the second R-wave position is determined,

the delayed T1 position is set as the initial point. Then, the

ECG signal sequence is intercepted according to the dynamic

time-window function Wf, and the position of R wave in this

segment of ECG signal is located. In this process, if R1 and R
′

are not at the same position, the absolute values of R1R and

R
′

R are, respectively, subtracted from the previous RR interval.

The position point with small difference is the position point of

R wave.
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FIGURE 3

Comparison between the original ECG signal and di�erential signal.

FIGURE 4

Schematic diagram of selecting the starting point for the latter R

wave.

Mental stress model construction based
on HRV signal

The HRV analysis is essentially a quantitative analysis of

sinus heart rate. When premature beats or severe arrhythmias

appear in the signals, HRV analysis will lose its significance.

Therefore, the RR interval sequence will be processed to some

extent in the actual analysis process as shown in Figure 5. First,

the absolute value of the difference between two adjacent RR

intervals is set as tRR, and the critical value is set as 0.12 s. If there

are 256 consecutive intervals, which are all less than the critical

value when scanning the RR interval sequence, these data will

be used as an HRV signal. Otherwise, it is necessary to estimate,

in turn, to throw out any RR intervals in the sequence that do

not satisfy the condition. Finally, the remaining RR intervals are

pieced together to form HRV signals (21).

When researchers evaluate body pressure, there is no clear

judgment standard so far, and most of them determine the

stress state of the subjects by observing too many indicators

of HRV. In the process of HRV analysis, no matter the time-

domain parameters, frequency-domain parameters, or non-

linear parameters, any single parameter cannot accurately

represent the MS changes of the body (22). Therefore, the AHP

is proposed to conduct quantitative evaluation in this article as

shown in Figure 6. By obtaining the body pressure index, testers

can intuitively understand their own pressure status.

In this article, some HRV analysis parameters are selected

as pressure evaluation indexes by analyzing the experimental

results. Among the time-domain parameters, SDNN, PNN50,

and HR are selected as pressure indicators. While TP, HF,

and LF/HF are frequency-domain parameter, VAI, HRD, and

HLE are non-linear parameter. The hierarchical structure of the

pressure model constructed according to the pressure index is

shown in Table 1. Here, G represents the target layer of the

model, Gi represents the criterion layer of the model, and Gij

represents the scheme layer of the model. The body pressure

value can be obtained by comprehensively weighing each level

index of the hierarchical model. This process represents the

MS in the form of mathematics, instead of the subjective

judgment before.

The judgment matrix is constructed using the 1–9 scale

method, which represents the ratio of the index and the

importance degree of the index to the upper index in the form of

numbers. The larger the ratio a/b is, the more important index a

is to the upper index relative to index b. In the judgment matrix

constructed using the 1–9 scale method, element aij represents

the ratio of the importance of the ith element and the jth element

to the upper index (23).
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FIGURE 5

(A) The R-wave recognition e�ect diagram; (B) the generated HRV signal diagram.

FIGURE 6

Schematic representation of the AHP.

TABLE 1 Pressure indicator architecture.

Target layer (G) Criterion layer (Gi) Scheme layer (Gij)

Body pressure index, G Frequency domain G1 LF/HF G11

TP G12

Time domain G2 SDNN G21

PNN50 G22

HR G23

Non-linear G3 HLE G31

HRD G32

VAI G33

The 1–9 scale method is used to construct the weight

judgment matrix according to the influence degree of each

parameter on MS (24). The weight judgment matrix of the

constructed criterion layer is as follows:

A=







1 4 5

1/4 1 3

1/5 1/3 1






(1)

The weight judgment matrices B1, B2, and B3 of frequency-

domain parameters, time-domain parameters, and non-linear

parameters of scheme layer Gij are respectively expressed

as follows:

B1 =

[

1 3

1/3 1

]

B2







1 1 3

1 1 3

1/3 1/3 1






B3







1 3 4

1/3 1 2

1/4 1/2 1






(2)

According to the above analysis, the weight value of each

element in setG = {G1,G2,G3} is expressed as β = {β1,β2,β3}.
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FIGURE 7

Schematic representation of the experimental test platform for HRV. (A) Overall structure diagram of the server, (B) schematic diagram of the

customer premises equipment, (C) data acquisition interface of upper computer, and (D) electronic medical record interface.

The weight value of each element in the parameter set G1 =

{G11,G12} in the frequency domain is expressed as λ1 =

{λ11, λ12}. The weight value of each element in the parameter

set G2 = {G21,G22,G23} in the time domain is expressed

as λ2 = {λ21, λ22, λ23}. Similarly, the weight value of each

element in the non-linear parameter set G3 = {G31,G32,G33} is

expressed as λ3 = {λ31, λ32, λ33}. The body pressure evaluation

model of the criterion layer, expressed as ZGi = f
(

Gij, λij
)

, is

constructed by combining the weight of each parameter. Here,

Gij is HRV analysis parameter value, and λij is the corresponding

weight value. The calculation method of criterion layer is

as follows:

ZG1 =

(

λ11 ×
G11

15
+ λ12 ×

G12

9000

)

× 100% (3)

ZG2 =

(

λ21 ×
200− G21

200
+ λ22 ×

60− G22

60
+ λ23

×

G23

100

)

× 100% (4)

ZG3 =

(

λ31 ×
G31

10
+ λ32 ×

0.4− G32

0.4
+ λ33

×

10− G33

10

)

× 100% (5)

After the value of the secondary model ZGi is calculated, the

body pressure value is calculated by combining the weight of the

criterion layer βi. The calculation formula of pressure index of

the target layer model is shown in the following formula:

Z =

k
∑

i=1

100βi × ZGi (6)

Results

Experimental test platform

The test platform in this article is a wearable signmonitoring

system constructed based on BAN technology. The overall

design structure block diagram of the system is shown in

Figure 7A. It includes a three-layer structure of customer-

premises equipment (CPE), cloud computing services, and

doctor-premises equipment (DPE). The ECG signal is collected

by the client and sent to a remote data center to obtain a

diagnostic report. On the one hand, the remote data center

receives the collected user data, calculates the HRV signal, and

transmits the calculation results to the doctor. On the other

hand, it receives the medical report transmitted by the doctor

and feeds it back to the client. The doctor side will present

the final HRV data calculation results, and the doctor can

control the patient’s status in real time for timely diagnosis

and treatment advice. The hardware circuit diagram of the
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CPE in this experiment is shown in Figure 7B. The device

simultaneously collects ECG and pulse signals of the human

body. The ECG signal is collected by CM5 bipolar chest lead,

with two lead wires as positive pole LA and negative pole RA.

The electrode is attached to the human body, and the ECG

signal is transmitted to the acquisition circuit board through

the lead wire. The ADS1292R chip amplifies the analog ECG

signal, converts A/D into digital signal, and sends it to the MCU

processing circuit through SPI interface. The microcontroller

assembles the collected ECG and pulse signals into frames,

sends them to the USB-serial circuit, and then the computer.

At this point, the synchronous collection of ECG and pulse is

completed. The data collection interface of the upper computer

is shown in Figure 7C. The HRV time-domain, frequency–

domain, and non-linear data can be presented by calculation.

Figure 7D is the doctor-side diagnosis and treatment interface,

which can intuitively display the patient’s current MS status

and query the historical changes of MS, and provide the best

diagnosis and treatment suggestions accordingly.

The test data are measured in cooperation with Southwest

Medical University. The ages of subjects are between 20 and

40 years, and the data are collected for 5min at a time.

The Institution Research Ethics Board of Southwest Medical

University approved this experiment, and all experiments

FIGURE 8

R-wave detection of ECG signal without noise interference.

FIGURE 9

R-wave detection of ECG signal with noise interference.
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are performed in accordance with relevant guidelines and

regulations. In addition, all volunteers who provide data have

agreed to use the data for publication and informed consent is

obtained from all subjects.

Verification of R-wave detection
algorithm

To verify the accuracy and anti-jamming ability of the R-

wave detection algorithm, the R-wave location simulation of

ECG signals under different conditions is carried out by using

this algorithm on the test platform. The positioning effect

diagram of ECG signal without noise interference is shown

in Figure 8, and the one with noise interference is shown in

Figure 9.

Real-time collection of 5min ECG data using the algorithm

presented in this article is used to identify R wave. The

simulation results show that the algorithm recognition rate of

R wave reaches 100%. To further verify the accuracy of the

algorithm, 30min ECG data from theMIT/BIH ECG database is

used to detect and identify R characteristic waves. Table 2 shows

the statistics of the recognition rate of the R-wave recognition

algorithm for partial ECG data randomly selected from the

MIT/BIH database. As shown in Table 2, the average R-wave

recognition rate of this algorithm for the electrical signals in the

center of the MIT/BIH database is ∼99.69%, which is mainly

caused by excessive noise interference in the signals.

The R-wave recognition algorithm proposed in this article

has the following advantages over the traditional R-wave

recognition algorithm. On the one hand, the algorithm improves

the R-wave recognition rate and avoids missing and wrong

detection of short-range ECG signals. On the other hand, the

algorithm is easy to implement and the computation is small,

so it is suitable for the analysis equipment with a high real-

time requirement.

Contrastive experimental verification of
mental states under di�erent conditions

In this article, a comparative experiment is carried out

according to the difference of motion state and environmental

factors. It is found that muscle tension and mental activity

could increase after exercise. In this experiment, HRV analysis

parameters are used to calculate and compare MS values to

verify the validity of the pressure model. Table 3 shows the

TABLE 3 Comparison of random experimental data and pressure

index before and after exercise.

No. State VAI HRD HLE HR SDNN PNN50 TP LF/HF

1 Before 1.11 0.07 5.01 81 54.20 4.70 1,365 0.29

After 0.73 0.07 7.48 99 35.26 1.90 1,929 10.45

2 Before 1.06 0.06 5.64 80 42.63 5.10 1,914 0.30

After 0.88 0.05 6.71 102 21.43 1.10 3,924 3.86

3 Before 1.39 0.06 5.80 73 34.01 9.80 1,700 0.51

After 0.89 0.06 6.35 95 24.36 1.90 2,042 7.28

4 Before 1.08 0.08 5.22 79 68.98 5.90 4,920 0.21

After 0.03 0.05 5.26 100 63.36 1.20 6,743 2.23

5 Before 1.27 0.07 5.76 80 46.17 7.90 1,675 1.26

After 0.91 0.07 6.21 98 30.12 2.80 2,485 2.05

TABLE 2 R-wave detection statistics of partial ECG data in the MIT/BIH database.

File No. No. of standard QRS Missing detection Fault detection Incorrect total Recognition rate

100 2,273 0 1 1 99.91%

102 2,187 0 2 2 99.91%

103 2,084 1 2 3 99.86%

104 2,229 1 5 6 99.73%

105 2,572 2 6 8 99.69%

107 2,137 0 5 5 99.77%

109 2,532 1 8 9 99.64%

123 1,518 2 1 3 99.80%

208 2,955 0 9 9 99.70%

210 2,650 5 8 13 99.51%

215 3363 5 7 12 99.64%

219 2,154 0 5 5 99.77%

230 2,256 2 1 3 99.87%

Total 30,910 19 60 79 99.69%
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FIGURE 10

Comparison of mental stress before and after exercise for

random sample.

comparison of experimental data of five randomly selected

subjects in the database in two environments. From Figure 10,

we can see the calculated quantitative indexes of MS before

and after exercise. It can be seen from the figure that the

MS value obtained by comprehensive calculation after exercise

is significantly increased compared with that before exercise,

which is in line with the objective fact, indicating that this model

can be used for stress assessment caused by exercise.

Drastic changes in the environment may stress the subjects.

The validity of the pressure evaluation model is verified by

comparing the pressure values of the test subjects under two

conditions. As we all know, virtual reality (VR) video has a

certain auxiliary effect on mental illness and is being used by

many psychiatrists to assist diagnosis and treatment. On account

of this reason, VR video is used in this article to create different

conditions for the subjects.

VR videos tested include soothing landscapes and a scary

movie. First, the subject’s MS is calculated and recorded while

the subject is relaxed by watching the soothing landscapes. Every

subject is then left alone in a dark room to watch a horror movie

clip. The corresponding MS in a state of anxiety and tension

is calculated and recorded. Table 4 shows the comparison of

experimental data of five randomly selected subjects in the

database in two conditions. Figure 11 shows the comparison of

MS values.

According to the results of the experiment, the subjects

are relaxed when watching the scenery videos, with almost no

psychological or physical stress. The value of the corresponding

MS is small, and the average value is ∼30. After watching the

scary video, the psychological activity of the subjects is greater

and even produces a sense of fear. As can be seen from Figure 11,

the value of MS increases significantly. Although there are

individual differences, the increase is generally more than 60%,

and the biggest change even reaches 106.7%. This quantitative

TABLE 4 Comparison of random experimental data and pressure

index before and after watching.

No. State VAI HRD HLE HR SDNN PNN50 TP LF/HF

1 Before 1.12 0.05 5.86 77 52.85 4.11 1,728 0.76

After 0.65 0.05 7.07 90 37.44 0.98 3,415 5.25

2 Before 2.52 0.06 5.12 70 32.29 0.78 2,992 0.35

After 1.11 0.06 7.48 97 21.58 0 4,469 3.88

3 Before 1.06 0.05 4.96 72 48.04 2.54 2,210 0.26

After 0.84 0.03 6.71 98 34.41 0 5,264 3.94

4 Before 2.61 0.11 5.63 80 51.7 9.59 2,426 0.9

After 1.05 0.06 6.68 87 44.42 0.78 3,262 6.5

5 Before 1.26 0.07 5.35 77 52.85 2.15 822 1.01

After 0.65 0.05 7.27 90 25.29 0.39 3,415 8.18

FIGURE 11

Comparison of mental stress before and after watching the

video.

description is capable of reflecting the changes of MS effectively

brought by different stimuli to the organism.

Error analysis of measurement data

Considering the influence of subjects, environment, and

measuring instruments, there will be some errors in the actual

measurement. To reduce the error, we calculate the average

of multiple measurements. Table 5 shows all error rates of

HRV parameters.

The result shows that the errors of SDNN in the time domain

range from 0.16 to 17.27%, PNN50 range from 0.53 to 26.36%,

HR range from 0.42 to 3.02%, and LF/HF range from 3.20 to

34.48%. Total power (TP) error is between 1.92 and 36.35%.

The errors of relative dispersion of non-linear parameters HRD,

Lyapunov index HLE, and vector angle index (VAI) are 0.19–

14.96%, 0.42–7.26%, and 0.57–12.68%, respectively. The error of

the final calculated MS index is between 0.57 and 9.68%, which

meets the requirements of application demonstration.
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TABLE 5 Error rate of HRV parameters.

No. SDNN pNN50 HR LF/HF TP HRD HLE VAI MS

1 2.94% 3.82% 1.29% 23.97% 4.28% 2.95% 0.59% 0.57% 4.71%

2 5.53% 15.41% 1.41% 16.35% 1.92% 5.56% 0.42% 1.16% 7.76%

3 4.35% 4.37% 1.62% 6.09% 7.19% 5.16% 3.72% 12.68% 1.98%

4 2.81% 3.82% 0.79% 24.00% 4.27% 6.72% 1.76% 1.65% 1.24%

5 3.42% 8.41% 1.27% 24.09% 4.73% 9.06% 0.55% 5.39% 2.97%

6 11.01% 8.27% 0.67% 18.79% 6.32% 4.83% 7.26% 9.65% 4.26%

7 6.52% 17.07% 2.12% 19.00% 5.05% 2.28% 1.34% 2.82% 5.71%

8 2.99% 26.36% 2.56% 18.89% 3.37% 3.00% 2.72% 9.93% 8.74%

9 2.98% 22.50% 3.55% 18.30% 2.33% 2.98% 3.20% 1.00% 9.68%

10 4.79% 20.03% 4.42% 28.22% 36.35% 6.25% 6.53% 11.80% 9.34%

11 17.27% 13.49% 1.92% 18.86% 23.27% 13.03% 1.59% 3.84% 0.57%

12 0.16% 19.08% 1.40% 6.57% 4.96% 0.19% 3.46% 8.85% 5.77%

13 3.96% 1.55% 2.53% 3.20% 3.29% 2.98% 1.25% 7.72% 1.77%

14 14.97% 16.17% 1.14% 20.64% 10.96% 14.96% 6.60% 8.21% 3.13%

15 3.96% 0.53% 1.63% 34.48% 13.33% 3.98% 1.55% 0.39% 5.26%

16 3.24% 0.70% 0.47% 29.74% 22.32% 5.68% 2.47% 3.02% 0.86%

17 13.18% 22.17% 1.15% 25.24% 23.61% 3.41% 2.81% 3.22% 2.58%

18 5.31% 13.46% 2.44% 6.78% 10.10% 5.31% 3.07% 3.32% 0.78%

19 6.09% 15.00% 3.02% 7.45% 6.75% 5.39% 3.18% 1.90% 1.72%

20 4.27% 19.99% 1.55% 19.15% 7.92% 3.41% 2.81% 1.61% 4.10%

Discussion

In this study, we construct the quantitative description

model of mental stress, propose an improved differential

threshold method to detect, and recognize R waves of ECG

signals accurately and reliably. Both these research findings

shed light on the accurate HRV measurement and quantitative

detection of mental stress, likely playing a role in the treatment

of mental illness.

By analyzing HRV time-domain and frequency-domain

indexes, researchers aim to quantitatively study the relationship

between HRV indexes and sympathetic nerve activity level and

special diseases. Penttila et al. (12) studied the applicability of

four different measures of HRV in the assessment of cardiac

vagal outflow. However, its research tended to be in the category

of free breathing and could not be directly quantified. Recent

research by Rovere (13) introduced Baroreflex Sensitivity (BRS)

for risk stratification after infarction on the basis of traditional

time-domain parameter SDNN. Based on 24 h Holter recording

and rate–pressure response to intravenous phenylephrine, they

unveiled that low values of either HRV (SDNN < 70ms) or

BRS (<3ms per mmHg) carried a significant multivariate risk of

cardiac mortality. However, the results of this study have great

limitations, especially for patients with low BRS. Furthermore,

as a time-domain parameter, SDNN has a great interference and

error in the measurement process. Yang et al. (16) confirmed

that the reduction in HRV was associated with a high risk of

all-cause and cardiovascular death in hemodialysis population.

Decreased SDANN and LF/HF were identified as predictors of

both all-cause and cardiovascular mortality, while the utility

of other HRV metrics requires further investigation. Tang’s

(15) study showed that temperature variability decreased both

frequency-domain and time-domain HRV parameters, which

is a possible predictor for adverse cardiac events. Consistent

with these results, we found that HRV index can effectively

predict the occurrence of some diseases, but also can be

used as the evaluation basis of some diseases. Through the

above experiments, we verified the changes of HRV indicators

under different emotions and different sports states, and gave

quantitative descriptions to intuitively evaluate the changes in

their diseases.

To truly estimate disease status throughHRV index, accurate

measurement and calculation of acquisition parameters are very

important. Rossi et al. (14) simulated missing values induced

by motion artifacts (from 0 to 70%) in an ultra-short-time

window by the random walk Gilbert burst model in 22 young

healthy subjects to obtain reliable HRV parameters from device.

Tang’s (15) study integrated eight measurement parameters in

time domain and frequency domain to ensure the reliability of

calculation results. Although there is extensive evidence that

multiparameter comprehensive measurement can effectively

reduce measurement error and improve data reliability, we show
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for the first time that the comprehensive index of HRV based on

weight matrix in Equation (6) can greatly reduce the deviation

caused by the measurement error of each parameter as shown in

Table 5.

This study has some limitations. One limitation is that the

all participants are adults. Future studies could be performed

in order to detect individual characteristics such as gender, age,

and individual habits. Another limitation is the lack of a broader

stimulus. Future studies could be performed in order to consider

stimulating factor such as sadness, shock, and weightlessness.

Conclusion

The quantitative analysis of HRV can reflect the regulation

of the autonomic nervous system to the cardiovascular system.

Not only can it help patients and doctors diagnose or predict

cardiovascular disease, but it can also be used to assess

psychological conditions such as stress. In this article, an

improved differential threshold method is used to detect

and recognize R waves of ECG signals. To improve the

recognition rate, the traditional difference threshold method

is improved through a novel algorithm for locating initial

position of R wave and improved time-window function.

The experimental results show that the recognition rate of

R wave in 5min ECG data collected in real time is >99%.

Compared with traditional characteristic wave recognition

algorithms, the proposed algorithm simplifies process, has

high real-time performance, and is suitable for wearable

analysis devices with low-configuration requirements. The

accurate recognition of ECG signal R characteristic wave goes

far toward obtaining an accurate HRV signal. The AHP is

used to construct the mental stress evaluation model in this

article. According to the influence degree of HRV analysis

parameters on mental stress, the weight judgment matrix

is constructed and the consistency is verified. Then, the

weight values of the corresponding HRV analysis parameters

are calculated. In the end, according to the value range

of the parameters selected by the model and the ratio

relationship between the parameters and mental stress, the

mental stress evaluation model is constructed. The validity

of the mental stress model is verified by comparing the

mental stress values of the subjects in different states and

different environments. The experimental results show that

the mental stress model can describe the mental stress of the

body quantitatively.
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Background: The objective of this study was to evaluate the quality of

anticoagulation by the time in therapeutic range (TTR) for patients with

12-week INR follow-up interval.

Materials and methods: From January 2018 to December 2020, a selective

group of patients who underwent mechanical valve replacement and followed

up at our anticoagulation clinic for adjustment of warfarin dose were

enrolled. The incidences of complications of anticoagulation therapy were

reported by linearized rates. TTR was calculated by the Rosendaal linear

interpolation method.

Results: Two hundred and seventy-four patients were eligible for this study.

The mean age of these patients was 52.8 ± 12.7 years, and 65.7% (180

cases) of them were females. The mean duration of warfarin therapy was

16.7 ± 28.1 months. A total of 1309 INR values were collected, representing

66789 patient days. In this study, the mean TTR was 63.7% ± 18.6%, weekly

doses of warfarin were 20.6 ± 6.0 mg/weekly, and the mean monitoring

interval for the patient was 53.6 ± 27.1 days. There were 153 cases in good

TTR group (TTR ≥ 60%) and 121 cases in poor TTR group (TTR < 60%). The

calculated mean TTR in both groups was 42.6% ± 22.1% and 74.8% ± 10.4%,

respectively. Compared with the TTR ≥ 60% group, the TTR < 60% group

exhibited a more prevalence of female gender (p = 0.001), atrial fibrillation

(p < 0.001), NYHA ≥ III (p < 0.001), and lower preoperative left ventricular

ejection fraction (LVEF, p = 0.032). In multivariate analysis, female gender

(p = 0.023) and atrial fibrillation (p = 0.011) were associated with TTR < 60%.

The incidence of major bleeding and thromboembolic events was 2.7% and

1.1% patient-years, respectively. There was one death which resulted from

cerebral hemorrhage. The incidence of death was 0.5% patient-years. The
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difference in anticoagulation-related complications between the TTR < 60%

group and the TTR ≥ 60% group was not statistically significant.

Conclusion: For patients with stable international normalized ratio monitoring

results who are follow-up at anticoagulation clinics, a 12-week monitoring

interval has an acceptable quality of anticoagulation. The female gender and

atrial fibrillation were associated with TTR < 60%.

KEYWORDS

warfarin, time in therapeutic range (TTR), international normalized ratio (INR),
mechanical heart valve (MHV), oral anticoagulant

Introduction

Patients with mechanical heart valve prostheses need to
receive oral anticoagulant therapy for life long, or they may
accompany with valve thrombosis and subsequent systemic
embolism (1). Warfarin, a common vitamin K antagonist,
has been demonstrated to be effective for the prevention
and treatment of those thromboembolic complications (2,
3). However, its limitations are also remarkable, including a
narrow therapeutic range, intra- and inter-patient variability
in dose response, and susceptibility to drug–drug and drug–
food interactions (1, 4). For this reason, it is important
to periodically monitor and adjust the dose to keep the
international normalized ratio (INR) in the target range as
long as possible.

The interval between INR monitoring and stable doses
of oral anticoagulants continues to be controversial (5). The
American College of Chest Physicians (ACCP) recommends
4 weeks as the maximum interval for patients’ follow-up. Other
studies suggest that it can be extended to 12 weeks for patients
with stable INR monitoring results and point out that every 4-
week follow-up may increase the possibility of testing results out
of the target range and the burden of anticoagulant treatment in
these patients (6–9). The clinical outcomes of 12-week intervals
of assessment have been found to be safe and to be equal to
assessments every 4 weeks in other studies (7, 9). Despite this,
there is still a lack of evidence supporting the longer monitoring
interval in the literature or in clinical practice.

Time in the therapeutic range (TTR), which estimates the
percentage of time a patient’s INR is within the therapeutic
treatment range or goal, is commonly used in the assessment of
anticoagulant quality (8, 10–14). Studies indicated that patient
with higher TTR is directly correlated with the reduction in
risk of thromboembolism complications and major bleeding
(15, 16). Lee et al. (14) showed that a 10% increase in time
spent out of TTR is related to a 10–12% decrease in the risk
thromboembolic events and a 29% decrease in the risk of
mortality. Therefore, the objective of this study was to evaluate

the quality of anticoagulation in our hospital by the TTR for
patients with 12-week INR monitoring interval and to identify
the predictors of poor TTR in patients with mechanical heart
valve prostheses.

Materials and methods

Patients

The retrospective research was conducted in Henan
Province People’s Hospital. From January 2018 to December
2020, a selective group of patients who received warfarin
treatment and followed up at our anticoagulation clinic
were enrolled. All of them had undergone mechanical valve
replacement. Patients were seen as qualified to participate in
the research if they meet the following criteria: (1) aged at
18 years old or above, (2) accepted warfarin treatment for at
least 12 months, and (3) had a stable dose for the previous
12 weeks. Patients were excluded from this study under the
following conditions: (1) monitoring interval > 13 weeks; (2)
ethnic minorities of China.

Referring to our anticoagulation clinic’s anticoagulant
criteria, the target range for INR in our hospital is 1.5 to
2.5. INR < 1.5 is defined as subtherapeutic range while
INR > 2.5 as supratherapeutic range. We adjust the dose and
monitoring intervals according to the protocol in Table 1. We
recommend 4 weeks as the maximum monitoring interval for
patients who underwent mechanical heart valve replacement
within postoperative 6 months. After 6-month intensive INR
monitoring, 12 weeks is recommended to the patient who keep
a stable dose for 12 weeks.

Time in therapeutic range

Time in therapeutic range (TTR) is defined as the
number of person-day within a pre-determined therapeutic
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TABLE 1 Dose adjustment protocol according to international
normalized ratio (INR) value in our anticoagulation clinical.

INR value Action

<1.5 Increasing the dosage of 0.625 mg/day

1.5–2.5 Maintain dose

>2.5 and ≤3.5 Omit one dose, and reducing the dosage of 0.625 mg/day,
weekly control until level stabilizes

>3.5 Omit three dose, and reducing the dosage of 0.625 mg/day,
weekly control until level stabilizes

Patient with INR >5 is referred to the emergency department. INR: international
normalized ratio.

TABLE 2 Clinical characteristics of patients.

Characteristics Value

Age, years 52.8 ± 12.7

Female, n (%) 180 (65.7%)

Diabetes mellitus, n (%) 32 (11.7%)

Hypertension, n (%) 41 (15.0%)

Smoking, n (%) 48 (16.8%)

NYHA ≥ III, n (%) 205 (74.8%)

Creatinine, µmoI/L 73.4 ± 17.8

Total cholesterol, mmol/L 3.2 ± 0.7

HbA1c, % 6.1 ± 1.0

Echocardiography

LVEDD, mm 48.1 ± 4.7

LVEF, % 59.5 ± 5.9

Operations

MVR, n (%) 137 (50.0%)

MVR and AVR, n (%) 94 (34.3%)

AVR, n (%) 43 (15.7%)

Number of INR values 4.8 ± 1.6

weekly doses of warfarin 20.6 ± 6.0

AVR, aortic valve replacement; MVR, mitral valve replacement; LVEDD, left ventricular
end-diastolic dimension; LVEF, left ventricular ejection fraction; NYHA, New York
heart association.

range divided by the total number of person-days on
warfarin (10, 17). TTR was calculated by the Rosendaal
linear interpolation method that assumes a linear relationship
exists between two INR values and allows one to allocate
a specific INR value to each day for each patient (10,
17). Enrolled patients were divided into the “poor” TTR
(TTR < 60%) group and the “good” TTR (TTR ≥ 60%)
group. The clinical characteristics of patients are shown in
Table 2.

Data collection

The approach to follow-up is to review the
electronic record system and conduct a telephone
interview. The clinical data of patients include

the type of mechanical valve, age, gender, INR
values, intervals of INR monitoring, duration of
anticoagulant management, warfarin dose, and
anticoagulation-related complications.

Anticoagulation-related complications included major
bleeding events, thromboembolic events, and death.
Major bleeding events were defined as bleeding that
should receive hospital treatment, such as cerebral
hemorrhage, gastrointestinal hemorrhage, and hematuria.
Other bleeding events, including epistaxis, gingival
bleeding, and ecchymosis, were classified as minor
bleeding events. Thromboembolic events include cerebral
vascular embolism, systemic embolism, and atrial
thrombosis. Death was evaluated by the medical record
or a death certificate for relationship with bleeding or
thromboembolism.

This retrospective study followed the tenets of Declaration
of Helsinki and was approved by the ethics review board of
Henan Province People’s Hospital. A waiver of consent was
received from them at the same time.

Statistical analysis

Continuous variables were described in the form of
means ± standard deviation (SD) and were analyzed
with Student’s t-test. Categorical data were reported
as rates and were analyzed with the chi-squared test.
Independent predictors for TTR < 60% were evaluated
with the logistic regression model. Variables with p < 0.20
in univariate analysis were incorporated into multivariate
analysis. A two-sided p < 0.05 was regarded as statistically
significant. The incidences of valve-related complications
were reported by linearized rates. All data were analyzed with
Statistical Package for Social Sciences (SPSS V17.0, Chicago,
Illinois, United States).

Results

Two hundred and seventy-four patients were eligible
for this study. As shown in Table 2, patients are classified
based on their clinical characteristics. The mean age
of these patients was 52.8 ± 12.7 years, 65.7% (180
cases) of them were female and 34.3% (94 cases) were
male. The mean duration of warfarin therapy was
16.7 ± 28.1 months. Operations of these patients were as
follows: 50.0% (137 cases) patients were performed mitral
valve replacement (MVR), 15.7% (43 cases) were performed
aortic valve replacement (AVR), and 34.3% (94 cases) were
performed MVR and AVR.

A total of 1309 INR values were collected, representing
66789 patient days, each patient with a mean of 4.8 ± 1.6
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TABLE 3 Univariate analyses of preoperative variables associated with TTR < 60%.

Characteristics TTR < 60% (n = 121) TTR ≥ 60% (n = 153) p

Age, years) 53.3 ± 11.2 51.9 ± 13.8 0.227

Female, n (%) 91(75.3%) 89(58.2%) 0.010

Diabetes mellitus, n (%) 18(14.9%) 14(9.1%) 0.143

Hypertension, n (%) 19(15.7%) 22(14.4%) 0.760

Smoking, n (%) 25(20.7%) 21(13.7%) 0.127

Atrial fibrillation, n (%) 88(68.6%) 82(53.6%) <0.001

NYHA ≥ III, n (%) 103(85.1%) 102(67.5%) <0.001

Creatinine, µmoI/L 75.5 ± 16.6 71.3 ± 19.1 0.331

Total cholesterol, mmol/L 3.2 ± 0.8 3.3 ± 0.6 0.757

HbA1c, % 6.3 ± 1.1 5.9 ± 0.9 0.291

Echocardiography

LVEDD, mm 47.8 ± 4.5 48.2 ± 4.8 0.679

LVEF, % 56.8 ± 6.1 60.5. ± 5.7 0.032

Operations 0.170

MVR, n (%) 66(54.5%) 71(46.4%)

MVR and AVR, n (%) 34(28.1%) 60(39.2%)

AVR, n (%) 21(17.4%) 22(14.4%)

Number of INR values, n 4.6 ± 1.7 5.0 ± 1.5 0.153

weekly doses of warfarin, mg 19.8 ± 6.7 21.2 ± 5.8 0.258

AVR, aortic valve replacement; INR, international normalized ratio; MVR, mitral valve replacement; LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular ejection
fraction; NYHA, New York heart association; TTR, time in the therapeutic range.

TABLE 4 Multivariate analysis of predictors of TTR < 60%.

Factors Odds ratio 95% CI p

Female 1.21 1.08–2.17 0.023

Atrial fibrillation 2.27 1.23–4.29 0.011

INR values. In this study, the mean TTR was 63.7% ± 18.6%,
weekly doses of warfarin were 20.6 ± 6.0 mg/weekly, and the
mean monitoring interval for the patient was 53.6 ± 27.1 days.
There were 153 cases in good TTR group (TTR ≥ 60%)
and 121 cases in poor TTR group (TTR < 60%). The
calculated mean TTRs for both group were 42.6% ± 22.1% and
74.8% ± 10.4%.

Univariate analyses of preoperative variables associated
with TTR < 60% are shown in Table 3. Compared with
the TTR ≥ 60% group, the TTR < 60% group exhibited
a more prevalence of female gender (p = 0.001), atrial
fibrillation (p < 0.001), NYHA ≥ III (p < 0.001), and
lower preoperative left ventricular ejection fraction (LVEF,
p = 0.032). The mean age in the TTR ≥ 60% group was
51.9 ± 13.8, and the mean age in the TTR < 60% group
was 53.3 ± 11.2; there was no statistical significance
(p = 0.2227). Although the prevalence rates of diabetes
mellitus (p = 0.143), hypertension (p = 0.760), and
smoking (p = 0.127) in the TTR < 60% group were even
higher, it was not statistically significant. In multivariate
analysis, female gender (p = 0.023) and atrial fibrillation

(p = 0.011) were associated with TTR < 60%. Multivariate
analysis of predictors of TTR < 60% is shown in
Table 4.

In this study, the average duration was 16.7 ± 28.1 months.
There were three major bleeding events during follow-up: two
cases of gastrointestinal bleeding and one case of cerebral
hemorrhage. The occurrence rate of major bleeding events
was 1.6% patient-years. There were two thromboembolic
events: one case of cerebral embolism and one case of atrial
thrombosis. The occurrence rate of thromboembolic events
was 1.1% patient-years. There was one case of death which
resulted from cerebral hemorrhage. The incidence of death
was 0.5% patient-years. The difference in anticoagulation-
related complications between the TTR < 60% group and the
TTR ≥ 60% group was not statistically significant (p = 0.090,
Table 5).

Discussion

In China, keeping high frequency (4-week intervals) of
INR monitoring after discharging from the hospital is a
significant challenge due to geographical restriction, limited
economic resource, and less medical knowledge (18). To
reduce patients’ burdens of anticoagulant therapy, a longer
interval of 12 weeks was used for patients with stable
warfarin doses (5, 7). Studies have shown that longer
intervals (> 4 weeks) for INR monitoring are non-inferior
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TABLE 5 Characteristics of warfarin treatment during the study.

Characteristics All patients (n = 274) TTR < 60% (n = 121) TTR ≥ 60% (n = 153) p

Number of INR values 4.8 ± 1.6 4.6 ± 1.7 5.0 ± 1.5 0.153

Weekly doses of warfarin 20.6 ± 6.0 19.8 ± 6.7 21.2 ± 5.8 0.258

Mean monitoring interval, days 53.6 ± 27.1 58.1 ± 33.7 51.8 ± 20.1 0.069

Anticoagulation follow-up times, months 16.7 ± 28.1 18.9 ± 31.4 15.3 ± 26.8 0.171

Anticoagulation-related complications, n (%) 6(2.2%) 4(3.3%) 2(1.3%) 0.687

Major bleeding events, n 3 2 1

Thromboembolic events, n 2 1 1

Death, n 1 1 0

INR, international normalized ratio; TTR, time in the therapeutic range.

to every 4 weeks in TTR with the incidence of anticoagulant
complications (7). Meanwhile, owing to the dietary habit
and pharmaceutical interferon, the short interval of 4 weeks
will more than likely result in more unnecessary dose
adjustment, which further destabilized the anticoagulant level
(18, 19).

In our study, the average TTR for patients with a 12-
week INR follow-up interval has reached to 63.7%. A majority
of the previous studies have reported that it ranges between
40 and 78% (11, 12, 20, 21), even under clinical trials
with point-of-care home monitoring or computer assisting
dose system (11, 22). According to the previous studies, the
anticoagulation-related complication is associated with TTR.
Yet, there is no specific benchmark of TTR being regarded
as completely safe (23, 24). In a study, a TTR of greater
than 65% indicated an effective anticoagulation strategy. There
existed a target threshold TTR (estimated between 58 and
65%) below which anticoagulation had little benefit (25).
Another study found a reduction in the risk of stroke in
patients with TTR over 60% and an improved survival rate
in patients with TTR over 40% (24). According to Lee and
colleagues (14), 90 patients who receive warfarin therapy with
atrial fibrillation had an average TTR of 60.6%. In a study
published by Hong and colleagues (26), 1,230 AF patients aged
70.1 ± 9.7 years were involved, and their mean TTR was
only 49.1%. To sum up, compared with these studies, TTR
in our study was acceptable. However, this result may be the
consequence of sampling difference. In this study, a stable
warfarin dose was administered to all participants for more
than 12 months. Patients of not monitoring regularly, taking
amiodarone, ethnic minorities, and younger than 18 years
old were excluded as they may have a significant effect in
anticoagulation quality.

This study has demonstrated that female gender and
atrial fibrillation are associated with TTR < 60%. Avarello
and colleagues (27) found a lower TTR in females than
males in a large population of anticoagulated patients
followed at a University hospital anticoagulant clinic. They
indicated female is an independent predictor of poor TTR.

Henderson and colleagues (28) reported female gender was
associated with a 10.1% decrease in TTR. Apostolakis et al.
(29) evaluated factors affecting quality of anticoagulation
control among patients with vitamin K antagonist. They
indicated that female gender were also more likely to have
poor TTR values.

Although the occurrence rate of major bleeding and
thromboembolic events was lower (1, 3), we do not think
the management of anticoagulants in our study is better
than others. Some studies showed that anticoagulation-
related complications occurred more frequently in the
first 6 months after surgery, especially bleeding events
(30, 31). Besides that, it may be associated with the
different criteria of bleeding and thromboembolic events
or patient’s medical knowledge (3, 30). Therefore, a low
incidence rate of anticoagulation-related complications was
found in our study, and it is not enough to evaluate the
quality of patients.

There are some limitations in this study. First, it is
a retrospective research and is a single-center study.
Second, the result of TTR in this study is sampled
from not a large number of patients. Third, the result
of TTR is based on patients who had at least two INR
values, and not all patients were included in the whole
observation period. This point may also influence the results
of TTR (20).

Conclusion

The study used TTR to evaluate the quality of
anticoagulation management. There reached an acceptable
result of TTR for patients with 12-week INR follow-up
interval in stable PT monitoring results. We also found that
female gender and atrial fibrillation were associated with
TTR < 60%. However, future well-designed prospective
studies with a large sample size and detailed analyses of
anticoagulation-related complications are still warranted to
confirm our findings.
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Endovascular interventional radiology (IR) is a minimally invasive procedure

for the treatment of vascular diseases. This procedure requires physicians to

be highly skilled at manipulating interventional devices under the guidance

of two-dimensional X-ray imaging. By offering a non-error-sensitive and

radiation-free environment, a virtual reality-based simulator provides a

promising alternative for surgical skills training and surgery planning. Building

a realistic and interactive simulator is a challenging task. To achieve better

realism, this paper proposes a novel method of simulating the heartbeat

for both standard and patient-specific anatomical data. A time-dependent

offset field approach is proposed to efficiently and stably simulate the

interactive behavior between the dynamic heart mesh and surgical devices.

For medical imaging simulation, we propose a GPU-based linear depth

subtraction method to approximate fluoroscopic images based on the

attenuation of the X-ray. On this basis, a topology-based flow map method is

proposed to simulate the propagation of the contrast medium in angiography.

Experimental results show that the proposed algorithm can simulate heartbeat

stably for meshes with varying geometrical shapes and complexities. In

efficiency, the dynamic heart mesh can interact with surgical devices stably

at 60 frames/s. Under the simulated fluoroscopic imaging effect, the injected

contrast medium can realistically visualize both dynamic and static vessels. In

a face validity by medical students and clinicians, the category of effectiveness

score 8.35 out of 10 on average, demonstrating that our simulator is useful in

surgical skills training and surgery planning.

KEYWORDS

virtual reality, interventional radiology, heartbeat simulation, angiography, skills
training, surgery planning
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Introduction

Background

In recent decades, endovascular procedures have gained
increasing popularity because of their advantages over
traditional open surgeries, such as minimum invasiveness,
short hospital stays, and fewer complications. However,
these procedures require physicians to be highly skilled at
manipulating surgical devices under the guidance of two-
dimensional X-ray imaging. In addition to achieving a complex
understanding of three-dimensional anatomy from two-
dimensional displays, physicians must spend years of practice
acquiring good hand-eye coordination (1). Traditional training
methods (e.g., apprenticeships on patients, using human
cadavers or live animals, and employing phantoms) are risky,
expensive, and restricted to limited morphological models (2).
Moreover, exposure to radiation during these training processes
harms trainees’ health.

Interactive virtual reality-based simulators provide a
promising solution that addresses all the above difficulties by
offering a non-error-sensitive and radiation-free environment
in which physicians can practice surgical skills repeatedly (3–5).
Research (6) has shown that experiences in simulator training
can increase medical students’ enthusiasm for interventional
radiology (IR). A recent study (7) demonstrated that patient-
specific procedure rehearsal can effectively improve surgical
performance and patient outcomes.

Challenges

Building a realistic interventional simulator for surgical
skills training and preoperative rehearsal is a challenging
task. Realism, real-time interaction, and the capability of
processing patient-specific data are the essential features of
such a simulator.

Heartbeat is the vital sign of a live person. Most simulators
(8) proposed in recent decades use static polygonal meshes
to represent the patient’s circulatory system. The absence of
heartbeat results in a lack of realism. However, real-time
heartbeat simulation is a challenging task. Most research
(9) on this subject focuses on the numerical analysis of
hemodynamic and cardiac electrophysiology instead of real-
time soft tissue deformation. Therefore, these simulation results
cannot be used in interactive applications. Moreover, the heart
meshes used in these works are crafted to preserve ventricles,
atriums, and valves for complicated mathematical modeling.
In contrast, the morphological details of the heart mesh in
interventional simulators are limited by the quality of patient-
specific computerized tomography (CT) images. Without extra
artificial intervention, only the outer surface of the heart and
its nearby coronary arteries can be reconstructed. Thus, most

of the existing modeling methods cannot be adopted in real-
time heartbeat simulation. Handcrafted animations are used in
some simulators (10, 11) to achieve higher fidelity, but they are
not applicable to patient-specific data. Some work (12) has used
4D (3D + time) CT images to create animated heart meshes.
Although better realism is achieved, the access requirement
for specific types of images limits this method’s feasibility.
As described, realistic and real-time heartbeat simulation for
patient-specific data is a challenging but essential task.

The collision detection and response between the dynamic
heart mesh and surgical devices is another challenging task
(13). Unlike other interactive applications (e.g., video games),
the primitive of collision detection in an IR simulator is
the triangular facet that composes vascular meshes. On the
one hand, the time variation of heart mesh vertices makes
collision detection computationally intensive, although many
optimization techniques (14) have been proposed to improve the
efficiency and accuracy of continuous collision queries. On the
other hand, the frequent change in boundary conditions makes
it difficult to keep the simulation of the surgical devices stable.

The realism of medical imaging simulation is another
criterion used to evaluate an IR simulator. Existing methods
(15, 16) use volumetric rendering techniques to simulate X-ray
imaging based on three-dimensional image data. Polygonal
mesh-based methods (17) that utilize the programmable
pipeline of a GPU are also proposed. In these methods,
centerlines or hierarchical tree structures are created for vascular
meshes to simulate digital subtraction angiography (DSA). With
the assumption that all vascular meshes are static, these methods
cannot properly handle a dynamic circulatory system involving
beating heat meshes.

Our contributions

In this paper, a simplified heartbeat model is proposed
to simulate real-time heartbeat for patient-specific data. The
interactive behavior of surgical devices and dynamic heart
meshes is simulated stably by the proposed time-dependent
offset field approach. A linear depth subtraction algorithm
is proposed and implemented in the GPU for the real-
time simulation of X-ray imaging. Based on the vascular
meshes’ topological adjacency information, a blood flow map is
generated to simulate the propagation of the contrast medium
under virtual fluoroscopy. Experimental results demonstrate
that the heartbeat can be simulated realistically and efficiently
for heart models reconstructed from patient-specific data and
that the simulated surgical devices interact with the dynamic
heart meshes stably in real-time. Face validity by medical
students and physicians indicates the feasibility of the proposed
simulator in surgical skills training and procedure rehearsal.

Our contributions can be summarized as follows:
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1) We propose an efficient and robust heartbeat simulation
method for standard and patient-specific anatomical
models to achieve higher fidelity in the IR simulator.

2) We propose a time-dependent offset field to simulate
the interactive behavior of the dynamic heart mesh and
surgical devices.

3) We propose a linear depth-based approach to simulate
fluoroscopy in the GPU and a topology-based
flow map method to simulate the propagation of
contrast medium in DSA.

Related work

Much work on the development of virtual reality-based
simulators has been done since Anderson et al. (18) first
proposed their interventional simulator in 1996. Then, Wang
et al. (19) proposed a simulator for percutaneous coronary
revascularization procedures. They represented the vasculature
with a centerline hierarchy model and simulated the behavior
of surgical devices with the finite element method (FEM).
Dawson et al. (10) also proposed a simulator, called ICTS,
for interventional cardiology training. In this simulator, a
multibody system is used to represent a catheter and guidewire.
A polygonal model associated with the X-ray attenuation
coefficient was used to simulate the fluoroscopic visual effect.
In the simulator proposed by Cotin et al. (20) an incremental
FEM is used to simulate the interaction between devices
and the vascular model. An optimization strategy based
on substructure decomposition is used to ensure real-time
efficiency. In medical imaging simulation, a volume rendering
method was proposed to approximate fluoroscopic imaging.
Also, Korzeniowski et al. (21) proposed their interventional
simulator in which a particle model (22) with adaptive
radius was used to simulate the propagation of the contrast
medium. Wang et al. (17) proposed a physics-based virtual
reality simulator to simulate a guidewire and catheter. An
RGB-encoded depth technique was used to approximate the
X-ray imaging effect. In addition, they built a hierarchy
tree of the vessels with centerline and radius information to
simulate the propagation of the radiology contrast medium.
Li et al. (23) built a personalized percutaneous coronary
intervention simulator. For simulating heartbeat, myocardial
fiber orientations are constructed to represent the cardiac
dynamic characteristics. In an interventional electrocardiology
training system proposed by Talbot et al. (12), 4D heart
images were used to create an animated heart mesh, and
a bounding volume hierarchy (BVH) proximity approach
was proposed to ensure the efficiency and continuity of
collision detection.

In addition to simulators proposed by research institutes
and universities, there are some commercial interventional

simulators (24). Mentice, Surgical Science (formerly Simbonix),
and CAE have released commercial interventional simulators:
the VIST series (25), ANGIO Mentor (26), and CathLabVR
(11), respectively.

Most existing simulators use static polygonal meshes or
hierarchical centerlines to represent the vasculature, limiting
the realism of the simulation. Although some works (10,
11) use handcrafted animation created with computer-aided
design software (Maya, Blender, etc.) to gain higher fidelity,
this is not a feasible solution for patient-specific procedure
rehearsal. Wu et al. (27) proposed a spatial distortion method
to approximate the motion of the heart and the surgical
devices inside. However, this method also distorts the heart’s
nearby anatomical models, resulting in severe artifacts. The
behavior of surgical devices within animated heart meshes is
simulated well in (12) based on a BVH that is updated in each
simulation step. However, this simulation requires access to the
patient’s 4D heart images. Similarly, the heartbeat simulation
in (23) also depends on the ECG and US data in addition
to CT images. These methods bring extra constraints on the
data source.

For medical imaging simulation, the volume rendering-
based method proposed by Muniyandi et al. (15) approximates
fluoroscopic images by tuning the parameters of the transfer
function. Its efficiency drops greatly as the volume size increases.
The X-ray simulation method proposed in (17) uses only
polygonal meshes to generate essential information for creating
fluoroscopic images. However, their DSA simulation algorithm
is dependent on hierarchical vascular centerlines, the extraction
of which from triangular meshes is another popular research
subject (28).

In contrast to Dawson et al. (10) and Talbot et al. (12), the
heartbeat simulation method proposed in this paper is built
upon a simplified heartbeat model using triangular meshes.
Without the requirement of having access to specific types
of original images, our method provides better efficiency and
flexibility for patient-specific procedural simulation. Instead
of constantly updating the BVH (12), the surgical device
behavior within the beating heart mesh is simulated with
a novel time-dependent offset field method. The reasonable
tradeoff between computational resources and memory space
ensures the realism, efficiency, and robustness of our simulation.
For X-ray imaging, our method is based on the linear
depth of the triangular meshes. Realistic fluoroscopic images
for both static and dynamic models are generated in real-
time. Unlike (17, 21), the proposed angiography simulation
method is based on the intrinsic topology information of
triangular meshes. Without requirements for a centerline or
tree structure representation of the vasculature, our method
is more flexible for handling vascular meshes with various
morphological features. Experiments and user evaluation results
show that our simulator can simulate interventional procedures
realistically in real time.
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Methodology

As illustrated in Figure 1, the workflow of our simulator
has two paths: one for surgical skills training and the other for
procedure rehearsal. Each path is divided into two consecutive
stages. The anatomical models are prepared at the pre-
simulation stage, while the surgical procedures are simulated at
the simulation stage.

Surgical skills training
A collection of clinical cases specialized for training certain

types of interventional surgical skills are built. The case files
include surgical devices, anatomical models, and optionally
patient CT and/or magnetic resonance image (MRI). The
simulator imports the digital resources of the selected training
case to initiate the simulation. Note that, the CT/MRI images
help trainees understand the anatomy’s morphological features
for educational purposes. These images are not necessary for the
surgery simulation itself.

Procedure rehearsal
Instead of being imported directly from prebuilt training

case files, the anatomical models used for patient-specific
procedure rehearsal must be reconstructed from the patient’s
CT/MRI image data. The binary masks for the anatomy of
interest are first segmented from the input raw images. Then,

the segmentation results are used to reconstruct the anatomical
triangular meshes. Before being imported for procedure
simulation, the reconstructed meshes must be optimized to gain
better performance. After selecting the proper surgical devices,
physicians can start the patient-specific procedure simulation to
rehearse the upcoming surgery.

In this section, we first describe the acquisition of anatomical
models for patient-specific data (see section “Anatomical mesh
acquisition”). Then, the methods for heartbeat simulation (see
section “Heartbeat simulation”), surgical device simulation (see
section “Surgical device simulation”), and fluoroscopic
simulation (see Section “Fluoroscopy simulation”) are
described in sequence.

Anatomical mesh acquisition

The triangular meshes used in our simulator are generated
from patient CT images. The process uses two consecutive
steps: image segmentation and 3D reconstruction. As a complex
task in medical analysis, medical segmentation takes original
CT/MRI images and outputs volumetric binary images for the
anatomy of interest. Many traditional and deep learning-based
methods of medical image segmentation have been proposed
over the last several decades (29). Based on our previous
work (30, 31), we use a global context network to produce

CT/MRI Images

Segmentation and 
Reconstruction

CT/MRI Images

Specific Patient

Organ Meshes

Anatomy Meshes

Bone Meshes

Vessel Meshes

Heart Meshes

Surgery SimulationTraining Cases

Case Files

Case Files
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…

Training

Rehearsal

Pre-simulation Stage Simulation Stage

Rendering

Physics Simulation
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X-ray Imaging Angiography
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FIGURE 1

Workflow of our interventional simulator.
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representative features of the target anatomy and aggregate the
contextual information with two attention modules. With the
deep learning-based method, the anatomy of interest can be
effectively and efficiently segmented.

3D reconstruction takes the volumetric binary images
generated in the previous step and creates triangular meshes.
Research on 3D reconstruction from medical images has been a
popular subject for decades (32, 33). Based on our previous work
(34), an adaptive curvature-based method is used to reconstruct
the vascular meshes.

Meshes reconstructed from volumetric binary images
cannot be directly used for rendering and physics simulation
in our simulator. Optimizations including smoothing,
simplification, non-manifold edge fixing, and hole filling
must be performed before the simulation starts. First,
mesh smoothing methods are used to remove the stair
artifacts induced by reconstruction algorithms such as the
marching cube. Second, the original reconstructed mesh usually
consists of an excessive number of facets, which leads to extra
computational cost with little improvement in rendering
realism and simulation accuracy. Simplification methods
are used to reduce the number of facets while preserving the
meshes’ intrinsic geometrical details. Third, our DSA simulation
algorithm (see Section “Fluoroscopy simulation”) requires the
mesh geometry to be a non-manifold to achieve fast and
accurate flow map generation. Therefore, all non-manifold
edges introduced at the reconstruction stage need to be fixed.
Last, our X-ray imaging simulation method assumes that all
rendered meshes are closed. Meshes with holes will cause
rendering artifacts because their linear depth (thickness) cannot
be calculated correctly.

Heartbeat simulation

As depicted in Figure 2, the heartbeat is simulated in three
steps. Below, we elaborate on all the steps in details.

Step 1: Isolate the heart mesh
First, the reconstructed circulatory system is represented

by one triangular mesh in which the heart and its biologically
connected vessels (the aorta, pulmonary veins, etc.) are also
linked topologically. Compared with the magnitude of the
heartbeat, the movement of most arterial vessel walls (pulse)
is too small to be visually perceived. Therefore, only the heart
and its nearest vessel meshes are used for heartbeat simulation,
and the rest of the vasculature is considered static in this paper.
With this approximation, the mesh for heartbeat simulation is
disconnected from the remaining vascular mesh and used as
input for the subsequent algorithm, as shown in Figure 2.

Step 2: Simulate the heartbeat
The human heart consists of four chambers: two atria and

two ventricles. The heart beats because of the contraction and

relaxation of the heart muscle. The contraction makes the
volume smaller, while the relaxation does the opposite. To
approximate this phenomenon, an imaginary point is placed at
the geometrical center of each heart chamber. A periodic force in
the direction of this point is then exerted on the chamber mesh’s
vertices to simulate the volume change of this chamber.

Based on the work of Wang et al. (35), we use a simplified
model of the heartbeat, two piecewise trigonometric functions,
to describe the contraction and relaxation of the atrium and
ventricle. A cardiac cycle is divided into eight deformation
stages. For the atrium, the function is defined as:

ϕAtrium =

{
cos (π · t), t ∈ [0, 1)

cos
(
π · t/7+ 6

7 π
)
, t ∈ [1, 8)

For the ventricle, the function is defined as:

ϕVentricle =


cos

(
π · t/5+ 44

25 π
)
, t ∈ [0, 1)

cos
(
π · t/3− 2

5 π
)
, t ∈ [1, 4)

cos
(
π · t/5+ 4

25 π
)
, t ∈ [4, 8)

The force exerted on the vertex of the chamber with index i is
defined as:

Fi = k (|xc−xi|) ·
xc−xi
|xc−xi|

· ϕ

where xi is the vertex position, xc is the geometric center of the
chamber, and k is the elastic coefficient. To obtain a smooth
surface during deformation, we add two stretching constraints:
the distance between adjacent vertices and the distance from a
vertex’s current position to its initial position (36). Additionally,
volume conservation constraints are added to preserve the heart
volume during deformation. Within the framework of position-
based dynamics (PBD) (37), the stable shapes of the heart for a
complete cardiac cycle can be calculated iteratively.

The experimental results (see section “Heartbeat
simulation”) demonstrate that the heartbeat can be simulated
in real time for meshes within a limited number of vertices.
Nevertheless, the simulation is computationally intensive, and
its efficiency drops as the number of vertices increases.
As another key component of a realistic IR simulator,
the simulation of surgical devices also requires numerous
computations. The finite CPU resources must be distributed
properly to ensure the real-time efficiency of the whole
simulation. The deformation of the heart repeats itself
periodically. If the parameters of the simulation remain the
same, it is not necessary to repeatedly calculate the shapes of
the heart except in the first cardiac cycle. To achieve higher
efficiency and reserve enough computational resources for
the surgical device simulation, a time-dependent offset field is
created to cache the simulation results of a complete cardiac
cycle for rendering and subsequent simulation.

As illustrated in Figure 3, a list of heart meshes
(S1, S2, ..., SM) is sampled from the simulation results for the
first complete cardiac cycle. The first sample S1 is selected as
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FIGURE 2

Heartbeat simulation and visualization.

the base mesh, whose vertex position is treated as the baseline
for offset. For the ith vertex vji of the jth sample mesh, the
positional offset σ

j
i from its counterpart v1

i in the baseline mesh
can be calculated as σ

j
i = vji−v1

i . The offset vectors are depicted
with short colored lines in Figure 3. The vector in red is in
the same direction as the normal of the vertex, indicating that
the chamber’s volume increases due to heart muscle relaxation.
Conversely, the vector in green points in the opposite direction
of the vertex normal, indicating a decrease in the chamber’s
volume caused by the contraction of the heart muscles. The
periodic change of the heart chamber’s volume results in a
realistic heartbeat simulation. For a cardiac cycle, the direction
and magnitude of the offset vectors change over time due to the
deformation of the heart mesh, forming a time-dependent offset
field in 3D space.

Step 3: Visualize the results
As depicted in Figure 2, the simulation results are visualized

with different inputs for the first and subsequent cardiac cycles.
In the first cycle, the deformed heart meshes are calculated and
used to generate the time-dependent offset field. These meshes
are uploaded to the GPU for visualization. Starting in the second
cycle, the instantaneous offset vector for a vertex of the heart
mesh can be fetched from the newly generated offset field with
the vertex index i and a normalized time parameter t ∈ (0, 1).
By adding this offset vector to the position for every vertex of
the base mesh, we can calculate the shape of the deformed heart
at any instant of a cardiac cycle at a low computational cost.
Moreover, the calculation can be further optimized by uploading
the offset field to the GPU and adding offset vectors in parallel
for each vertex.

As mentioned above, the offset field remains invariant unless
the parameters of the heartbeat simulation change. Hence, for
a cardiac cycle, the heart meshes are calculated once, and
the results are cached by creating a time-dependent offset
field. The subsequent heartbeat simulation and visualization

run completely in the GPU, reserving sufficient computational
resources in the CPU for surgical device simulation.

With this method, the heartbeat for any patient-specific
data can be simulated realistically and efficiently. Note that,
the magnitude and rate of the heartbeat can be changed by
tuning the parameters to simulate the human body’s reaction to
stimulation in surgical procedures.

Surgical device simulation

One of the most important tasks in building an IR
simulator is simulating the interactive behavior between the
circulatory system and surgical devices. As explained in section
“Anatomical mesh acquisition,” we represent the circulatory
system with triangular meshes that are suitable for rendering
and collision detection. For different types of interventional
devices, which in most cases are long, thin, and hollow, we
model them as rigid rods linked by points (p0, p1, p2, ..., pn)
that carry the discretized material properties (38). Based on
Hook’s law, we formulate the total energy of the device-
circulatory system. By iteratively minimizing the total energy,
we calculate the devices’ equilibrium shape, which is represented
as a list of 3D positions (x0, x1, x2, ..., x n).

Instead of constantly performing collision detection,
which is very time-consuming for an algorithm with O(n3)

time complexity such as ours, we propose a deviation-
feedback approach to update the external forces exerted on
the device centerline points as in (39). With an adaptive
feedback coefficient based on the centerline points’ historical
displacements, the simulation converges within fewer iterations,
and the simulated device behaves stably in vascular models with
complex morphological features.

In endovascular procedures, multiple interventional devices
(guidewire, catheter, etc.) are usually manipulated in turn to
reach certain places in the circulatory system. To represent
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FIGURE 3

Generation of the time-dependent offset field.

nested interventional devices, we propose a shared-centerline
model in which the centerline points are shared while
their material properties are blended. With this model, the
interaction between nested interventional devices is simulated
by dynamically blending the material properties of the shared
centerline points.

With the incorporation of the heartbeat, the circulatory
system now comprises static vascular meshes and a dynamic
heart mesh. When they are advanced into the heart area, the
simulated interventional devices must interact with the dynamic
mesh realistically and stably in real time. The shape of an
interventional device is maintained when it collides with vessel
walls. It is observed that the devices tend to move along with
periodically moving vessel walls instead of bouncing back and
forth inside the vascular tunnels of the beating heart mesh.
Utilizing the time-dependent offset field, we propose a visual-
deviation method to simulate the synchronous movements of
surgical devices and the beating heart. The method is explained
in Algorithm 1.

Simulation stage:

For each point pi in device centerline

Dp:

Perform collision detection

between pi and the baseline mesh

S1 to obtain the spatial neighbor

vertex index collection Ci of pi.

Calculate the stable shapes of the

devices (x0,x1,x2, ...,x n).

Visualization stage:

Obtain the normalized time parameter t

of the heartbeat.

For each point pi in the device

centerline:

For each vertex index j in Ci:

Obtain the offset vector σj(t)
for vertex vj of mesh S1 from

the offset field at time t.

Calculate the visual offset

δi(t) = 1
n
∑n

j = 1 σj (t).

Calculate the new device centerline

Dr by adding (δ0, δ1, δ2, ..., δn) to

(x0,x1,x2, ...,x n).

Render Dr.

Algorithm 1. Simulation of the interaction between surgical devices

and beating heart meshes.

When the simulation starts, the baseline mesh in the
heartbeat simulation is used to perform collision detection and
calculate the stable shape of the device centerline. Meanwhile,
we can obtain the neighboring vertices of the heart mesh for
each point pi of the centerline. Thus far, the calculated device
centerline is static. To make the devices move synchronously
along with the beating heart, a time-dependent offset vector is
added to every point of the centerline based on the progress of
the heartbeat, as shown in Figure 4A.

For example, xi is the stable position of point pi on the
centerline. There are n vertices of the mesh S1 in the spatial
neighborhood of pi, and their indices are Ci = {c1, c2cn}. The
instantaneous offset vector σj(t) for the heart mesh vertex with
index j ∈ Ci at time t can be retrieved directly from the time-
dependent offset field generated in the heartbeat simulation. The
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FIGURE 4

(A) Adding positional deviations to the device centerline to make it move along with the beating heart. (B) Offset vector calculation for
centerline points (floating points) without the surrounding heart mesh vertices. The floating and non-floating points of the centerline are circled
with dotted and solid lines, respectively.

average offset vector for the vertices in Ci is calculated and then
added to xi to visually deviate the centerline to synchronize the
movement of the devices and the heartbeat.

In the simulation, there are centerline points that are not
directly in collision with vessel walls. Thus, no heart mesh
vertices can be found in their close neighborhoods, and their
offset vectors cannot be directly calculated from the offset field.
For brevity, these points are referred to as ‘floating’ points.
Floating points are usually located on a sharp curve at vessel
bifurcations and at the tip of the device; they are circled with
dotted lines in Figure 4B left and right, respectively. Different
methods are used to calculate the offset vectors of these floating
points under these two circumstances. For floating points in the
middle of the device centerline, the offset vectors are calculated
by interpolating their adjacent non-floating points’ offset vectors
δa and δb, as shown in Figure 4B left. Smooth transitions
between the line segments separated by the floating points can
be obtained in this way. For floating points at the tip of the
device centerline, the offset vector δc for the closest non-floating
point is used directly, as shown in Figure 4B right.

In summary, the baseline mesh for heartbeat simulation
is used for collision detection and surgical device centerline
calculation. Utilizing the time-dependent offset field, the
surgical device centerline is visually deviated to synchronously
move with the beating heart, resulting in realistic, efficient, and

stable simulation results for the interactive behavior between
surgical devices and the dynamic heart mesh.

Fluoroscopy simulation

As an important part of IR procedures, fluoroscopy is a
continuous X-ray imaging technique that shows the movement
of a body part (e.g., heart) or the course that a medical
instrument or dye (contrast medium) takes as it travels through
the body (40). In this paper, we propose a geometry-based
method to simulate X-ray imaging. On this basis, we propose
a topology-based flow map method to simulate the propagation
of the contrast medium under the fluoroscope.

X-ray imaging simulation
Based on the physics of X-ray imaging (41), an X-ray image

shows the variations in transmission caused by structures in an
object of varying thickness, density, or atomic composition. To
approximate different anatomies’ attenuation in X-ray imaging,
we introduce a weighted thickness variable µ, which is defined
as µ = sd, where s and d are the weight and linear thickness of
the anatomy, respectively.

The proposed X-ray imaging simulation method takes
two render passes: one for creating the weighted thickness
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texture for all anatomical models and the other for creating
fluoroscopic images.

Pass 1: Create the thickness texture
In this pass, the linear thickness d of the rendered anatomy

model is first calculated for each pixel by subtracting its front
faces’ linear depth from that of its back faces. The formula is
defined as d = zback−zfront , where zfront and zback are the z
components of the pixel’s camera space position for the front
and back faces, respectively. Then, the thickness is multiplied by
the anatomy-specific weight value s. The weighted thicknesses
for all rendered anatomies are summed, and the results are
written to a rendered texture (target) in float format. In this
way, the sum of the weighted thickness for any pixel can be read
directly from the texture.

Pass 2: Create the fluoroscopic image
In this pass, the grayscale g for each pixel is calculated based

on the attenuation formula, defined as

g = e−a
∑

µ

where a is the uniform attenuation factor and
∑

µ is the
summed weighted thickness obtained from the texture created
in the first render pass. By selecting proper values of the
weight s for different anatomies, X-ray imaging can be simulated
realistically at a very low cost.

Note that, the depth value in the camera space is used for
the thickness calculation because the normalized depth value
retrieved directly from the Z-buffer of the rendering pipeline is
non-linear and suffers from precision problems. Because both
the front and back faces are needed to calculate the thickness,
all triangular meshes must be closed. Otherwise, there will be
artifacts in the holes of the unclosed meshes.

Unlike existing image-based methods, the proposed
algorithm for X-ray imaging simulation takes only triangular
meshes as input and runs in parallel at the pixel stage of the
rendering pipeline, ensuring real-time efficiency. Moreover, the
vertices of the heart mesh are offset for heartbeat rendering
at the vertex stage, the output of which can be used directly
as input for the pixel stage to simulate X-ray imaging. The
coherency of the pipeline means that our method works for
both static and dynamic meshes.

Digital subtraction angiography simulation
Digital subtraction angiography is a fluoroscopic technique

used extensively in IR for visualizing blood vessels. Contrast
medium is injected into the vasculature through catheters, and
the affected blood vessels are visually enhanced in dark gray.
DSA is one of the most commonly used techniques in IR, and it
is necessary to realistically simulate this procedure for building
a simulator with high fidelity.

The contrast medium propagates downstream with the
blood flow from the tip of the angiography catheter. Only

the vasculature that the contrast medium flows through can
be visualized. In this paper, a gradient-based region growing
method is proposed to simulate this process with triangular
meshes. The idea is to find the submesh that is affected by
the contrast medium and render it progressively under the
fluoroscope to approximate the propagation of the contrast
medium. This method can be divided into three steps.

Step 1: Build the flow map of the arterial blood
To create the downstream vascular mesh visualized by the

contrast medium, the direction of the blood flow must be
calculated everywhere in the circulatory system. In this paper,
an attribute called a ‘sequence’ is introduced for the triangular
facets. The gradient of the sequence approximates the direction
of the blood flow nearby. After the sequences for all facets are
calculated, a blood flow map can be built for the triangular mesh.

As shown in Figure 5, a seed plane P is defined at the root
of a vessel with two branches. The plane’s normal d points in
the same direction as the blood flow. By performing collision
detection between P and the vascular mesh, we can obtain a
looped triangle strip that intersects with the plane. Let us define
this strip as S1 = {f0, f1, ..., fr}, where fi is the triangle’s index
in the vascular mesh. In the direction of d, we can obtain S′1s
adjacent strip S2, defined as {fr+1, fr+2, ..., fs}. Based on the
breadth-first search (BFS) algorithm, we can obtain a list of
strips {S1, S2SN}, as shown in Figures 5A–E. For clarity, the
adjacent layers of the strips are alternately colored cyan and blue.
The strip’s index is used as the value of the sequence for each
facet of this strip. As shown in Figure 5F, the direction of the
sequence’s gradients is in accordance with that of the blood flow.

Step 2: Generate the contrast-enhanced
vascular submesh

The contrast medium is injected into the vasculature
and propagates with the blood flow to visualize the vessels
downstream under fluoroscopy. After building the flow map of
the blood in the first step, a sequence value is assigned to every
facet of the vascular mesh. Let us define xb as the first point
of the catheter centerline’s body part (distinguished from the
intrinsically curved tip part). The closest facet of the vascular
mesh to the point xb is fb. The direction of the sequence gradient
of facet fb is defined as nb. Starting from the seed plane defined
by xb and nb, a list of triangle strips is collected by the region
growing in the direction of the sequence gradient. By merging
all these strips, we obtain an ordered collection of facets that
defines the contrast-medium-affected submesh of the vascular
model. The order of the facets approximates the propagation of
the contrast medium.

Step 3: Render the submesh progressively with
a time-varying thickness weight

At the rendering stage, the sorted triangles are uploaded
to the GPU and rendered incrementally over time. The
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FIGURE 5

Generation of the submesh of the contrast-medium-affected vascular mesh. (A) Initial settings of the calculation. (B–E) Intermediate results of
the calculation. (F) Visualization of the sequence gradients.

number of rendered facets over time n(t) is defined
as follows:

n(t) = v(t−t0)

where t0 is defined as the moment when the contrast medium
is injected and ν is the number of facets rendered per second.
To simulate the contrast medium’s influence on X-rays, we use
a higher value sangio to replace the vessel’s initial weight sv for
thickness calculation when the submesh is being rendered. As
shown in Figure 6, the weight value jumps from sv to sangio at t0.
The weight value decreases over time to simulate the dilution of
contrast medium in the blood.

Experiments and discussion

Experimental setup

The experiments described in this section were conducted
in our homemade IR simulator which are composed of haptic
feedback devices and a consumer-level laptop (CPU: Intel Core
i5, RAM: 16 GB, GPU:NVIDIA GeForce MX450).

The vascular models are reconstructed from real patients’
CT images. The interventional devices are the most commonly

FIGURE 6

Variation in the weight value over time when the contrast
medium is injected.

used types in daily interventional procedures. The intrinsic
material properties of the devices are selected by trial and error
offline. One unit for the vascular model in the coordinate system
of the virtual world represents one millimeter in the real world.

Heartbeat simulation

In this experiment, six different heart meshes are used
as input to run the proposed heartbeat simulation algorithm.
Meshes 1–4 are reconstructed from four different patients,
while meshes 5 and 6 originate from the same patient but
with different degrees of simplification (Table 1). As shown
in Figure 7, eight samples are taken in the first cycle of the
simulated heartbeat to generate the time-dependent offset fields
for each heart mesh. To demonstrate the magnitudes of the
simulated heartbeats and the geometrical variation between
adjacent samples, we merge the silhouettes of the samples into
one image, which is placed at the end of each row in Figure 7.
Additionally, we record the frame rates of the simulation for
the first and the later cycles of the heartbeat to validate the
efficiency of our algorithm. Different elastic coefficients (see
Section “Surgical device simulation”) are used for meshes 4–6
to change the magnitude of the heartbeat to demonstrate the
flexibility of our algorithm.

Figure 7 shows that there are no broken or flying vertices
in the samples for any of the six meshes, indicating that our
algorithm is stable for meshes with varying geometrical shapes
and complexities. The shape variation between adjacent samples

TABLE 1 Configuration and results for input heart meshes.

Mesh Vertex
count

Face
count

Elastic
coefficient

1st cycle
fps

2nd and
later fps

1 27369 54566 1.0 35 60

2 29438 58880 1.0 32 60

3 81145 162498 1.0 24 60

4 44452 88727 1.0 28 60

5 177622 354876 1.5 10 60

6 710151 1419576 2.0 2 47
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FIGURE 7

Simulation results for six sets of data.

increases from mesh 4 to 6, showing that we can simulate
heartbeats with larger magnitudes by using larger values of the
elastic coefficient. To simulate the heart rate change induced
by stimulation, we can simply modify the rendering parameters
instead of recalculating the heart meshes for a complete cycle
(for detailed information, see the Supplementary Video).

With regard to efficiency, our algorithm can simulate the
heartbeat at an interactive rate for meshes 1–4. The frame rate
drops dramatically as the number of vertices increases from
mesh 4 to 6. This is because the increase in the vertex number
greatly slows the proposed algorithm by introducing additional
constraints and the resulting computation. However, once the
time-dependent offset field is built in the first cycle, the frame
rate jumps to 60 frames per second (fps) for meshes 1–5. Even
for mesh 6, the simulation achieves interactive rates. Because the
heart mesh vertices are offset in parallel in the GPU, this method
is less sensitive to a change in the number of vertices within
a certain range. With this method, many of the computational
resources of the CPU are saved for simulating the behavior of
surgical devices, ensuring that the surgical procedure can be
simulated in real time.

In summary, our method can simulate the heartbeat stably
and realistically. By tuning the parameters, we can change the
heart rate and the magnitude of the heartbeat. The incorporation

of the simulated heartbeat builds a dynamic circulatory system,
achieving higher realism for our simulator with little CPU cost.

Device simulation

The femoral artery is one of the most commonly used
access points for physicians to start endovascular procedures.
In this experiment, we navigate a catheter and guidewire from
the femoral artery to three clinically typical target vessels
to validate our device simulation algorithm. As shown in
Figure 8, with proper manipulation, the guidewire is advanced
from the femoral artery to the left and right renal artery
branches. The results show that the simulated devices behave
stably when advanced from trunk vessels with large diameters
to subsequent narrow branches. Our simulation algorithm is
robust enough to handle complex morphological situations (for
detailed information, see the Supplementary Video).

As shown in Figure 9, we advance the devices to the left
coronary artery, which is another important area in clinical
practice. The catheter and guidewire must be manipulated in
coordination to enter the left coronary artery. By comparing
Figures 9A,B, we can see that the guidewire straightens the
catheter’s intrinsic curved part (circled in blue) while the
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FIGURE 8

The catheter and guidewire are navigated from the femoral artery to the left (A) and right (B) renal artery branches. The catheter is displayed as a
yellow tube, while the guidewire is represented as a black wire.

guidewire is advanced out of the catheter. This indicates that the
existence of the guidewire makes the weighted property of the
shared centerline more resistant to bending than the catheter
itself. This validates the effectiveness of our shared centerline
model. From another perspective, Figure 9C shows the devices’
final shape when the guidewire reaches the target branch vessel,
the diameter of which is ten times smaller than that of the aortic
arch. The robustness of our algorithm is further proven.

When navigated into the cardiac region, the simulated
devices move along with the beating heart in synchronization.
Three samples are taken at different moments of a cardiac cycle,
as shown in Figures 9D–F. To make the shape variation of
the heart and devices more evident, we display the devices’
centerlines and the hearts’ silhouettes in Figure 9G. The device
shape remains stable, and the relative distances to the colliding
vessel walls remain visually unchanged. In addition, the frame
rate remains at 60 fps while the simulated devices are interacting
with the beating heart. The results demonstrate that our method
can simulate the behavior of interventional devices realistically
and stably under dynamic and static mesh circumstances in real
time.

Fluoroscopy simulation

X-ray imaging simulation
In this experiment, a cardiac training case is imported into

our simulator. The imported meshes contain a skeleton, vessel,

and heart. The devices used in this procedure are a catheter
and guidewire. The anatomy rendered in the Phong lighting
model is displayed in Figure 10A. The corresponding simulated
fluoroscopic image is shown in Figure 10B. We move the virtual
camera closer to the devices and take a screenshot, which is
shown in Figure 10C. Then, angiography is simulated, and the
enhanced coronary artery vessels are displayed in Figure 10D.

The skeleton, vessels, and heart mesh can be clearly seen
in Figure 10A, while only the skeleton can be identified in
Figure 10B. This is because the skeleton’s attenuation in X-ray
is much higher than that of the vessels. Unlike human anatomy,
surgical devices can be easily found under the fluoroscope
because of their specialized materials. The catheter is a hollow
tube device with a larger diameter than that of the guidewire,
and it can be treated as solid. Thus, we can distinguish
these devices by the width of the centerline in Figure 10C.
After contrast medium is injected through the catheter, the
affected vessel branches are visualized in a dark color under
the fluoroscope, as shown in Figure 10D. The frame rate
remains at 60 fps regardless of whether the fluoroscope effect
is enabled. These results demonstrate that our algorithm can
efficiently simulate the X-ray imaging effect of objects with
varying properties by tuning the weight value s as explained in
section “Fluoroscopy Simulation.”

The coronary angiography simulation
In this experiment, we simulate the coronary angiography

procedure. First, we create the flow map for a complex vascular
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FIGURE 9

The catheter and guidewire reach the left coronary artery from the femoral artery. (A) Before the guidewire passes through the intrinsic curved
part of the catheter. (B) After the guidewire passes through the intrinsic curved part of the catheter. (C) The guidewire reaches the terminal
branch of the left coronary artery. (D–F) Screenshots taken at different moments of a cardiac cycle. (G) Shape variation of the heart and devices.

FIGURE 10

Simulation results of fluoroscope imaging. (A) Anatomy rendered in the Phong lighting model. (B) Anatomy and surgical devices under a
simulated fluoroscope. (C) Zoomed view of the devices in the left coronary artery. (D) Contrast-enhanced coronary artery vessels.

system that includes the aorta, the carotid artery, the renal
artery, and the femoral artery. By placing the seed plane at the
beginning of the aorta, we calculate the value of the sequence for
all triangles that compose the arterial vessels.

As shown in Figure 11, the gradients of the sequence are
depicted with short lines colored from red to blue, indicating
the facet’s topological distance to the heart from close to far
as well as the blood flow from the aorta to the branch vessels.
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FIGURE 11

Blood flow map starting from the aorta to the carotid artery and the femoral artery. (A) Subclavian artery blood flow. (B) Aortic arch blood flow.
(C,D) Coronary artery blood flow. (E) Renal artery blood. (F) Iliac artery flow.

In Figures 11A–F, there are lines pointing from the trunk to
the branches at vessel bifurcations with various morphological
features. This demonstrates that the gradient can help solve the
propagation problem at the bifurcation of blood vessels without
building hierarchical tree structures or extracting vascular
centerlines.

The catheter is then navigated to the entrance of the left
coronary artery, and the contrast medium is injected through
the catheter to visualize the coronary vessels. The screenshots
shown in Figure 12 are taken at different stages of the procedure,
showing the life cycle of the contrast medium from injection
to dilution (for detailed information, see the Supplementary
Video).

The propagation of the contrast medium is progressive. It
runs from the injection point to its downstream vessel branch
in the direction of blood flow and dilutes in the blood over
time. After the angiography catheter reaches the entrance of the
left coronary artery, the contrast medium is injected through
the catheter, as shown in Figure 12A. Then, a submesh of
the coronary artery is generated progressively and rendered
using our fluoroscopy simulation algorithm with a high weight
value sangio, as explained in section “Fluoroscopy simulation.”
Figures 12B–D) shows the simulation result of the contrast
medium’s propagation. As time passes, the contrast medium
starts to dilute, and the color of the affected submesh begins to
fade, as shown in Figures 12D–F). Note that, the coronary artery
is also dynamic because it is a part of the heart.

Angioplasty simulation

In this experiment, we perform coronary angioplasty and
stent placement for the heart. There are two blockages in the

patient’s left coronary artery. In this procedure, we navigate the
catheter and guidewire into the left coronary artery and implant
two stents to open the narrowed vessels. Screenshots of key
moments of the procedure are shown in Figure 13.

In Figure 13A, the surgical devices reach the entrance of the
left coronary artery. After the injection of the contrast medium,
we can see two areas in which plaque blocks the blood flow of
the visualized vessels. Balloon catheters are then advanced to
the narrowed vessel to implant two stents consecutively from
the far end to the near end of the vessel branch, as shown in
Figures 13B,C. Contrast medium is injected again to visualize
the coronary artery for observation of blood flow after the
procedure, as shown in Figure 13D. Then, the surgical devices
are pulled out of the coronary artery. The stents stay where they
are placed and move along with the pumping heart, as shown
in Figure 13E. The frame rate stays at 60 fps for the whole
simulation time. The results demonstrate that our simulator
can simulate complex endovascular procedures realistically in
a dynamic circulatory system with real-time efficiency (for
detailed information, see the Supplementary Video).

Face validity

To validate the effectiveness of our simulator, 24 participants
with varying degrees of expertise in IR are recruited to
evaluate our simulator. A questionnaire is designed for
participants to grade our simulator in six respects: the
virtual anatomical environment, device behavior, visualization,
efficiency, robustness, and effectiveness. The criteria for the
scores are as follows: 0–2 means strongly disagree; 3–5 means
disagree; 6–8 means agree, and 9–10 means strongly agree. The
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FIGURE 12

Simulation results of the propagation of contrast medium under fluoroscopy. (A) Angiography catheter reaches the entrance of the left
coronary artery. (B–D) Propagation of the contrast medium and corresponding fluoroscopic images. (E,F) Dilution of the contrast medium and
corresponding fluoroscopic images.

FIGURE 13

Simulation of the coronary artery stent implantation procedure. (A) Visualization of the narrowed vessels with simulated angiography. (B,C)
Results of stent implantation for the two narrowed vessels. (D) Visualization of the post-operative results with simulated angiography. (E) The
implanted stents stay within the coronary artery and move with the beating heart.
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average score in each category is listed in the second column of
Table 2.

In the first category, approximately 80% of the participants
agree that the simulated heartbeat is realistic and its
incorporation greatly increases the realism of our simulator.
The other 20% of participants, who have more than 10 years of
clinical experience, suggest that the heartbeat should not only
be visually plausible but also be numerically accurate for further
application in hydrodynamic analysis. Almost all participants
give a high rating to the accuracy of our reconstructed vessels
and skeletons after a thorough cross-reference with the
original CT images.

The device behavior in our simulator obtains a high rating,
especially in the interaction with vessel walls, bifurcation, and
narrow branches. The average score of the device behavior inside
the beating heart is not as high as the other scores because
experienced participants expect to see how the devices interact
with the blood flow pumped out of the heart. However, our
simulator does not incorporate real-time blood flow simulation,
which is another very challenging task. Nevertheless, good
ratings are received in the device behavior category.

In the category of fluoroscopy simulation, more than 90%
of the participants agreed that the results are realistic enough
for training and surgery planning purposes. Approximately 5%
of the participants suggest that more anatomical parts should
be involved in visualization to enrich the simulated fluoroscopic

TABLE 2 Numerical metrics of the user evaluation.

Category Score

(1) Virtual anatomical environment

(1.1) The heartbeat is realistic. 8.3

(1.2) The reconstructed vessels are accurate. 9.6

(1.3) The reconstructed skeleton is accurate. 9.7

(2) Device behavior

(2.1) Devices’ interaction with vessel wall is realistic. 9.0

(2.2) Interaction between devices is realistic. 9.1

(2.3) Devices’ interaction with the beating heart is realistic. 8.6

(2.4) Devices’ behavior at vessel bifurcation is realistic. 8.9

(2.5) Devices’ behavior at narrow branches is realistic. 9.6

(3) Visualization

(3.1) Fluoroscopy effect is realistic. 8.7

(3.1.1) Anatomy under fluoroscope is realistic. 8.3

(3.1.2) Devices under fluoroscope are realistic. 9.4

(3.2) Propagation of contrast medium is realistic. 8.6

(4) Efficiency

The simulation runs smoothly without lag. 9.8

(5) Robustness

The simulation runs stably without crash or exception. 9.7

(6) Effectiveness

(6.1) The simulator is useful for surgical skills training. 8.5

(6.2) The simulator is useful for surgery planning. 8.2

images even if they might not be visually evident as skeletons
and vessels affected by the contrast medium.

All participants agree that our simulator runs quickly and
that no operational lag is detected in the whole procedure. In
addition, no vital errors that can corrupt the simulation are
found. The numerical metrics in Table 2 show that participants
reached a consensus in terms of the stability of our simulator.

In summary, participants with less clinical experience give
our simulator high rankings on average. They believe that
our simulator is a very useful tool for training interventional
skills because it is realistic, reusable, and free of radiation and
ethical risks. In comparison, participants with more experience
are more interested in the surgery planning capability of our
simulator and set a much higher standard for us. Nevertheless,
they agree that our simulator’s ability to process and import
patient-specific data for simulation can offer much help in
making surgery plans.

Conclusion

In this paper, we propose a novel approach to simulating
the heartbeat for building a realistic and interactive IR
simulator. A simplified heartbeat model is used to formulate
the driving force of the heartbeat. To achieve better efficiency,
a time-dependent offset field is built to cache and reproduce
the simulation results. The interaction between surgical
devices and the beating heart is simulated realistically and
stably with the proposed visual-deviation method. For X-ray
imaging, a linear depth subtraction method is proposed to
approximate the fluoroscopic images with an anatomy-specific
weight value. For angiography simulation, a blood flow map
and a gradient-based region growing method are used to
generate the contrast-enhanced vascular meshes. A progressive
rendering technique with a time-varying weight value is used
to render these meshes for simulating the propagation of
the contrast medium. To summarize, the proposed methods
solve three challenging simulation problems which are the
real-time heartbeat simulation for patient-specific data, the
stable interaction between dynamical meshes and surgical
devices, and the realistic medical visualization and angiography.
Experimental results demonstrate that our approach is capable
of realistically simulating the heartbeat and its interaction with
surgical devices in real time. The simulation results of the
angioplasty for the left coronary artery validate the realism
and efficiency of the proposed methods for X-ray imaging and
angiography simulation.

Despite the increase in the realism of our simulator, there
are still some problems to solve for achieving better fidelity
and functionality. Blood flow simulation is one of the most
essential but challenging tasks to be accomplished. The real-time
simulation of the blood flow and its interaction with surgical
devices will not only achieve higher fidelity for the simulator,

Frontiers in Cardiovascular Medicine 16 frontiersin.org

54

https://doi.org/10.3389/fcvm.2022.1004968
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1004968 September 16, 2022 Time: 16:22 # 17

Wang and Wu 10.3389/fcvm.2022.1004968

but also provide a promising way to perform hydrodynamics
analysis for procedures like aneurysm embolization.
Computational modelling of the blood vessels (42, 43) can
enable us to understand the blood dynamics while the guidewire
is travelling through the vessel, which helps in the research of
cardiovascular condition during treatment. However, most of
the existing methods (e.g., computational fluid dynamics) suffer
from performance issues and cannot be used for interactive
simulation. Our future work will focus on finding solutions to
achieve both numerical accuracy and real-time efficiency for
blood flow simulation.
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High-resolution medical image
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diagnosis of cerebral aneurysm

Bo Wang†, Xin Liao†, Yong Ni*, Li Zhang, Jinxin Liang,

Jiatang Wang, Yongmao Liu, Xianyue Sun, Yikuan Ou,

Qinning Wu, Lei Shi, Zhixiong Yang and Lin Lan

Department of Neurosurgery, The Second A�liated Hospital of Guizhou Medical University, Kaili,

China

Objective: Cerebral aneurysms are classified as severe cerebrovascular

diseases due to hidden and critical onset, which seriously threaten life and

health. An e�ective strategy to control intracranial aneurysms is the regular

diagnosis and timely treatment by CT angiography (CTA) imaging technology.

However, unpredictable patient movements make it challenging to capture

sub-millimeter-level ultra-high resolution images in a CTA scan. In order to

improve the doctor’s judgment, it is necessary to improve the clarity of the

cerebral aneurysm medical image algorithm.

Methods: This paper mainly focuses on researching a three-dimensional

medical image super-resolution algorithm applied to cerebral aneurysms.

Although some scholars have proposed super-resolution reconstruction

methods, there are problems such as poor e�ect and toomuch reconstruction

time. Therefore, this paper designs a lightweight super-resolution network

based on a residual neural network. The residual block structure removes

the B.N. layer, which can e�ectively solve the gradient problem. Considering

the high-resolution reconstruction needs to take the complete image as the

research object and the fidelity of information, this paper selects the channel

domain attention mechanism to improve the performance of the residual

neural network.

Results: The new data set of cerebral aneurysms in this paper was obtained

by CTA imaging technology of patients in the Department of neurosurgery, the

second a�liated of Guizhou Medical University Hospital. The proposed model

was evaluated from objective evaluation, model e�ect, model performance,

and detection comparison. On the brain aneurysm data set, we tested the

PSNR and SSIM values of 2 and 4 magnification factors, and the scores of our

method were 33.01, 28.39, 33.06, and 28.41, respectively, which were better

than those of the traditional SRCNN, ESPCN and FSRCNN. Subsequently, the

model is applied to practice in this paper, and the e�ect, performance index

and diagnosis of auxiliary doctors are obtained. The experimental results show

that the high-resolution image reconstruction model based on the residual

neural network designed in this paper plays a more influential role than other

image classification methods. This method has higher robustness, accuracy

and intuition.
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Conclusion: With the wide application of CTA images in the clinical diagnosis

of cerebral aneurysms and the increasing number of application samples,

this method is expected to become an additional diagnostic tool that can

e�ectively improve the diagnostic accuracy of cerebral aneurysms.

KEYWORDS

ResNet, CTA, brain aneurysm, medical image, super-resolution

Introduction

Brain aneurysms and hazards

Intracranial aneurysms are cerebral hemangioma-like

protrusions caused by abnormal local blood vessel morphology

changes. The etiology of aneurysms is not clear. Genetic factors

include: the thickness of the cerebral artery wall being about

1 % thinner than that of other parts of the same diameter or

so, and lack of surrounding tissue support, the blood flow is

significant, especially at the bifurcation is more vulnerable to the

impact of blood flow; acquired factors include infection, trauma,

tumor and atherosclerosis; most of them are genetic factors

(1). The formation mechanism of the intracranial aneurysm

is the stress damage to blood flow to the arterial wall. Due to

the change in blood flow, a part of the arterial wall protrudes

outward, forming a permanent local expansion. The magnitude

of the stress is usually related to the velocity and angle of the

blood vessel. Intracranial aneurysms are classified as severe

cerebrovascular diseases due to their insidious onset, complex

pathogenesis and acute onset (2).

Aneurysmal subarachnoid hemorrhage (aSAH) has

consistently ranked among the cerebrovascular diseases that

seriously endanger human health due to its insidious onset

and complex pathogenesis. According to incomplete statistics,

the incidence of bleeding has also remained high, accounting

for about 85%. The most common symptom of aSAH is

sudden severe headache, often described as the most severe

and severe headache of the lifetime, with vomiting, nausea,

photophobia, neck stiffness, transient loss of consciousness,

or focal neurological deficits, such as cranial nerve palsy (3).

Fortunately, 2– 8weeks before some aneurysms rupture, patients

may have “warning” symptoms in advance. Some patients are

self-reported to have very mild cold-like headaches or mild

nausea and vomiting that lasted for several days. It is difficult to

be associated with severe intracranial hemorrhage. If relevant

examinations are carried out in this period for differential

diagnosis and symptomatic and supportive treatment, the

occurrence of fatal hemorrhage can be largely avoided.

At present, the clinical symptoms of SAH patients are

mainly determined by the Hunt-Hess classification, Glasgow

Coma Scale (GCS), World Federation of Neurological Surgeons

(WFNS) and prognostic scores on admission for aneurysmal

subarachnoid hemorrhage (prognosis on the admission of

aneurysmal subarachnoid hemorrhage, PAASH) (4). This study

used the Hunt-Hess classification according to the condition at

the time of admission: grade I: asymptomatic, or mild headache,

mild neck stiffness; grade II: moderate to severe headache,

neck stiffness or cranial nerve palsy; grade III I: lethargy or

confusion, mild focal neurological impairment; grade IV: coma,

moderate to moderate hemiplegia; grade V: deep coma, cerebral

rigidity, moribund state. Regardless of the typical clinical

symptoms of the disease, once the tumor ruptures and bleeds,

there is a high risk of death and disability. Therefore, early

diagnosis and symptomatic surgical treatment can effectively

prevent the recurrence of intracranial aneurysms and reduce the

rebleeding of intracranial aneurysms, thereby further improving

the survival rate and quality of life of patients (5).

CTA imaging technology

CTA is convenient, fast and straightforward to operate

and can display the three-dimensional structure of cerebral

blood vessels, which has a specific guiding role in detecting

and detecting aneurysms (6). CTA can also observe and

restore the internal conditions of blood vessels from different

directions and angles, maximizing the accurate display of

the three-dimensional anatomy of the aneurysm body, neck

and parent artery from multiple angles and maximizing

the natural restoration of multiple angles (7). The shape,

size, and adjacent relationship of the tumor body provide

the anatomical information of various aneurysms such as

tumor wall calcification and intratumoral thrombus to the

greatest extent accurately and display brain tissue lesions. The

preservation of V.R. images of skull base provides essential

reference information for clinical selection of surgical approach

and provides help for the selection of surgical approach (8). The

V.R. image is closer to the actual anatomical structure. It can

display the diameter of the aneurysm, the width of the aneurysm,

the shape of the aneurysm and the protruding direction of the

aneurysm. Ninety-three percent of intracranial aneurysms occur

in the circle of Willis and its branches, bifurcations and bends.

CTA can display the course and variation of the circle of Willis

and its branches, as well as the vertebral-basilar artery system
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and the circle of Willis. It has obvious advantages in observing

the blood supply of the intracranial arteries, the degree of

collateral circulation opening, and comparing the blood vessels

on both sides. CTA is a non-invasive examination technique that

can effectively reduce the occurrence of vasospasm, plaque and

thrombus shedding caused by invasive surgery (9).

High-resolution medical image
reconstruction technology

In most digital imaging applications, images are often

used and viewed by people, especially in the eyes of doctors,

who prefer to choose high-quality, high-resolution images as

diagnostic references (10). Improving the resolution of an

image is a widely studied problem in computer vision. Its

purpose is to generate high-resolution images from one or

more low-resolution images. Super-resolution reconstruction

(S.R.) algorithms aim to generate finer details than the sampling

grid of a given imaging device by increasing the number of

pixels per unit area in an image. S.R. is a well-known ill-posed

inverse problem, recovering high-resolution images from low-

resolution images (often affected by noise, motion blur, cerebral

aneurysms, optical distortion, etc.) (11). S.R. techniques can be

applied in many scenarios, where multiple frames of images of

a single scene can be obtained (for example, a single camera

can obtain multiple images of the same object), and various

images of the scene can be obtained from many sources, such as

multiple cameras from different Position captures a single scene.

S.R. has applications in various fields, such as satellite imaging,

remote sensing imaging, security and surveillance where it may

be necessary to zoom in on specific points of interest in a scene

(e.g., zoom in on criminal faces or license plate numbers), in

computers that can improve pattern recognition performance

The field of vision, as well as other fields such as facial image

analysis, text image analysis, biometric recognition, fingerprint

image enhancement, etc. S.R. is especially important in medical

imaging, where more detailed image detail information is

required, and high-resolution medical images can help doctors

make correct diagnoses. For example, in computed tomography

(C.T.) for diagnosis, the resulting low-resolution images have

lower pixel density and provide minor detail due to various

uncertainties, which significantly reduces the efficiency of

doctor visits.

However, the imaging acquisition device or imaging

acquisition process consisting of imaging sensors limits the

resolution of the images. In theory, the higher the density

of sensors in a digital imaging device, the higher-resolution

images it is possible to produce. In fact, due to product

cost considerations and the limitations of today’s integrated

circuits, increasing the number of sensors on a fixed area of

a device is not an easy task. Post-processing methods such as

super-resolution reconstruction can break through traditional

physical limitations and improve image resolution. With the

increase in human production and life, the demand for high-

resolution images increases (12). With the rise of artificial

intelligence technology and the rapid development of Graphics

Processing Unit (GPU), deep learning to tap various complex

image processing tasks has excellent potential and has become

the favorite of many researchers. Deep learningmainly simulates

human thinking and analysis by constructing deep neural

networks, excavating potential laws between samples, extracting

useful feature information, and assisting human beings in

various data processing tasks.

In today’s high incidence of various diseases such as

cancer, high-resolution medical imaging technology is an

essential basis for containing various information, which can

accurately determine the location and direction of the disease for

doctors to understand the disease more comprehensively assist

doctors. Medication treatment. This paper uses deep learning

technology to analyze various medical images in detail. The

methods for super-resolution reconstruction of medical images

in three different situations are discussed, effectively avoiding

the defects of artificial extraction of data features in traditional

methods. Compared with the hardware method, it has excellent

advantages. To sum up, super-resolution techniques to improve

the quality of medical images have significant research value for

helping medical diagnosis (13).

Related work

Interpolation-based super-resolution
reconstruction

Interpolation-based super-resolution reconstruction

methods are implemented in the spatial domain, and most of

the commonly used interpolation algorithms belong to non-

uniform interpolation (14). The image after super-resolution

reconstruction based on the interpolation algorithm is based

on the most intuitive pixel information. The method is based

on simple image prior information, so the image information

used by this method is limited when we reconstruct the

image. Generally, the magnification should not be too large,

generally not more than twice the magnification. Otherwise,

the reconstructed image will be prone to be over-smoothed at

the edges or discontinuous points of the image. The nearest

neighbor interpolation method, bilinear interpolation, and

bicubic interpolation algorithms are the most commonly used

interpolation algorithms. The following is a brief introduction

to the three traditional interpolation algorithms.

The idea of this method is to restore the lost pixels by

using the gray value of the known pixels around the point to

be interpolated, calculate the pixels of the point to be found,

and realize the upsampling and zooming operation of the image,
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such as nearest-neighbor interpolation, bilinear interpolation

method and bicubic interpolation (15).

However, due to the shortcomings of this kind of algorithm,

such as being significantly affected by noise and artificial

artifacts in reconstructed images, they are primarily used

in situations where the resolution requirements of images are

not exceptionally high.

Reconstruction-based super-resolution
reconstruction

The theoretical basis of reconstruction-based methods

is the degradation model of images. The reconstruction-

based method uses the prior knowledge of the image as a

constraint to realize the super-resolution reconstruction of

the image, such as smoothing prior, reconstruction prior and

so on. Standard reconstruction methods mainly include the

iterative back-projection method, convex set projection method,

and maximum a posteriori probability estimation (16). The

reconstruction steps are shown in Figure 1.

The super-resolution reconstruction can be regarded as the

inverse process of the image degradation process. The high-

frequency information lost in the degradation process is added

to the image reconstruction process. The image super-resolution

reconstruction problem is finally transformed into the inverse

solution of the image degradation model.

Different image acquisition devices often use different

imaging technologies to acquire images. However, the acquired

images usually have different degrees of degradation, affected

by device accuracy and environmental factors. In order to

reconstruct a super-resolution image from the degraded low-

resolution image, the degradation process of the image needs

to be modeled first. In the field of medical imaging studied

in this paper, the main factors that cause the degradation

of imaging quality are insufficient radiation dose, too low

sampling frequency, sampling blur caused by patient motion,

and equipment noise (17). Its degradation process can

be approximated by Equation (1), and the corresponding

mathematical model is:

ILR = Gblur(IHR) ↓s +nσ (1)

Among them, ILRis the degraded low-resolution image,

which IHR is the original high-resolution image, which

Gblur represents the blur function, usually Gaussian blur,

which represents the ↓s downsampling method with a

nσ downsampling coefficient of, which represents additive noise.

Based on the above definition of the image degradation

model, the super-resolution reconstruction algorithm can be

defined as Equation (2):

ISR = Fs(P(ILR)) (2)

P (·) represents the preprocessing process for low-resolution

images, such as upsampling, filtering, noise reduction, etc.

In the algorithm designed in this paper, the preprocessing

operation is directly removed, making the algorithm more

concise; Fs(·) represents the upsampling coefficient. Rebuild the

model for super-resolution.s.

Learning-based super-resolution
reconstruction

The basic idea is to learn the mapping relationship between

high-resolution and low-resolution images. The learning process

is divided into training and guided reconstruction, based on

dictionary learning and based on the neural network (18).

Compared with interpolation-based and reconstruction-

based algorithms, learning-based algorithms are more in line

with the current research trend of intellectual development.

Learning-based super-resolution reconstruction algorithms

used in medical images are mainly divided into general and

deep learning algorithms.

SRCNN is the first attempt to apply deep learning to the

field of super-resolution reconstruction. It is the first application

of deep learning in this field. He is a deep learning method for

single image super-resolution (S.R.) (19). End-to-end learning is

achieved by directly learning the functional relationship between

low-resolution and high-resolution images. In traditional sparse

coding-based super-resolution reconstruction methods, for

each component, each step requires a specific method to be

processed separately, which implements a joint optimization

of all neural network layers. Moreover, because the structure

is relatively shallow, the structure is light, the speed of

reconstruction efficiency is better than the traditional method,

and the quality of the reconstructed image effect is also

greatly improved.

For the input image, SRCNN first needs to preprocess

the input L.R. image, explicitly using the bicubic interpolation

algorithm (Bicubic) to enlarge the low-resolution (L.R.) image

to the size of the target image (20). The image is then fed into

the deep learning network. Because it is an early application, the

entire network structure has only three layers of convolutional

neural networks, as shown in Figure 2.

Specifically, according to the theoretical knowledge of sparse

coding, the author divides the overall network architecture into

three modules: the underlying feature extraction module, non-

linear learning, and reconstruction module (20).

(1) Feature extraction and representation: extract a low-

resolution image patch from the L.R. image Y, and use a high-

dimensional vector to represent an image patch. These vectors

are combined to form a set of low-resolution feature maps,

the number of which is equal to the dimension of the vector.
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FIGURE 1

Reconstruction-based super-resolution reconstruction step diagram.

FIGURE 2

Schematic diagram of SRCNN neural network.

The operations of the first layer are expressed, as shown by

Equation (3).

F1(Y) = max(0,W1 × Y+ B1) (3)

whereW1 and B1 represents the filter and offset,W1 the size is,

cis the number of channels in the input image, is the size of the

n1 filter, the number of filters, so the output n1 feature map B1 is

one n1-dimensional vector.

(2) Non-linear mapping: Non-linearly map each high-

dimensional vector to another high-dimensional vector. The

high-dimensional mapping vector obtained through the

mapping relationship can represent a high-resolution image

block. These vectors are combined to form a feature map, and

the operation of the second layer is expressed, as shown in

Equation (4).

F2(Y) = max(0,W2 × F1(Y)+ B2) (4)

where W2 dimension is, B2 is one n2-dimensional vector.

F2 Represents the output n2 dimensional high-resolution image

patch that will be used for reconstruction.

(3) Reconstruction: The high-resolution image patches are

aggregated together to reconstruct the final high-resolution

image, similar to the original high-resolution image. The last

convolutional layer produces the final high-resolution image,

defined as, as shown in Equation (5):

F(Y) = W3 × F2(Y)+ B3 (5)

whereW3 dimension is, B3 is one c-dimensional vector.

The related literature shows that, compared with the state-

of-the-art learning-based methods, the SRCNN model has a
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TABLE 1 The usage of the dataset selected for the experiment.

Total Training

group

n = 300

Test group

n = 100

Proportion

An unruptured

cerebral aneurysm

(positive)

400 240 80 8

Normal (negative) 100 60 20 2

simple structure, high robustness, provides high accuracy, and

restores images of high quality, indicating that convolutional

neural networks can be applied to image classification involving

computer vision for object recognition. The SRCNN method

proposed by the authors learns the end-to-endmapping between

low-resolution and high-resolution images with little additional

pre-and post-processing other than optimization.

Materials and methods

Dataset

A total of 865 patients with unruptured saccular aneurysm

(positive cerebral aneurysm) and 120 normal subjects without

aneurysm who underwent routine physical examination

(physical examination) or visited a doctor from January 2013 to

May 2022 at Department of neurosurgery, the second affiliated

of Guizhou Medical University Hospital were retrospectively

collected (cerebral aneurysm negative) CTA image. After

screening by inclusion and exclusion criteria, 500 subjects were

included in the study, including 400 cerebral aneurysms positive

and 100 cerebral aneurysms negative. The CTA dataset was

randomly divided into a training group (n = 300, including

240 cerebral aneurysm positive cases and 60 cerebral aneurysm

negative cases) and a testing group (n = 100, including 80

cerebral aneurysm positive cases and 20 cerebral aneurysm

negative cases) according to the number of subjects. The ratio

is 8:2.

See Table 1 for details.

The development of diagnostic criteria for a cerebral

aneurysm is divided into “gold standard” and “silver standard”

(21):

① The “gold standard” refers to the diagnosis of cerebral

aneurysm patients by DSA;

② “Silver standard” refers to some patients whom DSA

has not confirmed. Two radiologists with more than 5

years of experience review the original and reconstructed

images, imaging reports and clinical history, and successive

examinations (including CTA and MRA) to determine the

most likely label for the diagnostic criteria. In the event of

disagreement, a third deputy chief physician assists, and three

radiologists vote to determine the presence of an aneurysm.

Inclusion criteria:

(1) Unruptured saccular aneurysm;

(2) No history of surgical clipping or coil embolization.

Exclusion criteria:

(1) subarachnoid hemorrhage;

(2) Severe stenosis of the cerebral atherosclerotic lumen;

(3) Poor image quality with noticeable artifacts;

(4) Other lesions in the brain, such as a tumor, intracranial

hematoma, arteriovenous malformation, etc.

ResNet architecture and model training

From a theoretical point of view, the deeper the network,

the more sufficient the features extracted by the network, and

the more favorable it is for image reconstruction (22). However,

blindly increasing the depth will cause the gradient to disappear

and the gradient to explore. In backpropagation, the gradient

needs to be calculated; according to the chain derivation rule, a

series of gradients are multiplied and then added. The obtained

partial derivative updates the weight, and the update Equation

(6) of the weight is as follows (23):

w = w− α
∂ loss

∂w
(6)

Where α is the learning rate. When the number of network

layers is deepened, and the value of the gradient is <1, it can

be seen from Equation 6 that the multiplication of multiple

values <1 causes ∂ loss
∂

the value to approach 0. At this time,

the shallow weights of the network cannot be updated, resulting

in insufficient training of the network; that is, the gradient

disappears; on the contrary, if the value of the gradient is>1, the

multiplication of multiple values>1 will result in ∂ loss/∂w in an

infinite value, resulting in the weight of It cannot be calculated,

that is, the gradient explosion phenomenon occurs (24).

The idea of residuals can effectively solve the above gradient

problem. The residual structure allows the network to not

degenerate with depth by stacking identity mapping layers on an

external network (25). The residual block structure consists of a

convolutional layer-batch normalization layer and an activation

function layer, as shown in Figure 3. The residual structure

introduces a fast connection based on the original network,

and x is used as the input. After convolution transformation,

the output H(x)becomes, at that time, which can ensure that

the network forms an identity mapping; at that time, the

network was regular. F(x) 6= 0 Iterating, the weights are

updated accordingly.
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FIGURE 3

The structure of residual net. (A) Original residual block. (B) SRResNet residual block. (C) EDSR residual block.

FIGURE 4

Schematic diagram of the attention mechanism in the spatial

domain.

The generation part of SRGAN, SRResNet, uses 16 residual

blocks to cascade to complete feature extraction. The structure

of residual blocks is shown in Figures 2–5B. Each residual block

contains two 3× 3 convolutional layers. After layering, the B.N.

layer and the PReLU activation function layer are connected to

realize the fusion of low-frequency and high-frequency features.

The reconstruction part can obtain a feature map containing

rich, detailed information (26).

The EDSR model fine-tunes and improves the interior

of the residual structure, and removes the B.N. layer, as

shown in Figures 2–5C. The B.N. layer was initially used

FIGURE 5

Schematic representation of correctly segmented cerebral

aneurysms at di�erent locations. The first column is the original

CTA image. The second column is the result of physician

annotation. The third column is the result of physician detection

after high-resolution image reconstruction.

for high-level computer vision problems such as classification

tasks, which can effectively implement the process of regular

training and avoid overfitting (27). B.N. plays a significant

role in classification tasks because image classification does

not need to preserve image contrast and can use structural

information to complete classification (28). The B.N. layer

returns the mean value to 0 and the variance to 1. Although

the absolute difference of pixels is ignored, it does not affect the

classification task. For image super-resolution reconstruction,

the B.N. layer will change the original contrast of the image
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and normalize the image’s color distribution, which affects the

reconstruction quality.

To sum up, removing the residual block structure of the

B.N. layer has the following advantages. First, it can reduce

memory usage and thus speed up the running time; the limit of

normalization to 1 meets the requirements of the image in terms

of color, contrast, and brightness.

Self-attention mechanism

The attention mechanism is another effective means to

improve the performance of neural networks (29). Its principle is

mainly based on the attention distributionmethod of the human

brain when processing signals. When the brain receives external

signals, it tends to focus on what it is interested in to achieve

efficient information extraction. In recent years, researchers

have achieved many results by applying attention mechanisms

to natural language processing, speech recognition, and image

recognition (30).

In computer vision, the specific implementation of attention

mechanisms is mainly divided into two categories: spatial

domain and channel domain. The spatial domain attention

mechanism refers to focusing the computational resources

of the network on the spatial locations of interest in the

image (31). Firstly, the spatial transformation network obtained

by training Tθ extracts the area that needs attention from

the input image U and, at the same time, uses the learned

perspective transformation matrix to adjust it to a more

easily discernible shape, thereby realizing computing resources.

Reasonable distribution in the input image. The spatial domain

attention mechanism can improve image recognition accuracy

to a certain extent. In the super-resolution problem studied in

this paper, it is usually necessary to take the complete image as

the research object. For the fidelity of information, the image

is generally not perspective. In transformation, we adopt the

channel domain attention mechanism in this paper, as shown

in Figure 4.

The principle of the channel domain attention mechanism

is straightforward. A natural image usually consists of three

channels of RGB or YCbCr. The importance of information in

each channel must be unequal (32). The brain will focus on the

information of specific channels, and relatively the remaining

channels are ignored. Similarly, in the output feature map of

the convolutional layer, the features of different channels are

extracted by different convolution kernels, and their importance

is obviously different, so they should be treated differently.

Based on the above considerations, Hu et al. proposed the

S.E. module (Squeeze-and-Excitation module) to simulate the

channel attention mechanism (33). In the S.E. module, W ×

H the feature map with the size and number of channels as C is

used as input. First, the squeeze operation is performed on each

channel of the feature map, as shown in Equation (7):

ze = Fsq(ue) =
1

W×H

H
∑

i=1

W
∑

j=1

ue(i, j) (7)

The squeezing function Fsq(·) does a global average pooling

operation, encoding the spatial features on each channel into a

global feature.

The squeeze operation yields a global description feature,

followed by an excitation operation to learn the importance of

different channel features. In the S.E. module, this operation

is implemented by two fully connected layers, and the specific

operation process is shown in Equation (8):

s = Fex(z) = σ (W2 × ReLU(W1 × z)) (8)

where σ (·) represents the sigmoid activation function;

ReLU (·) represents the ReLU activation function; W1 and

W2 represents the weight coefficients of the two fully connected

layers, respectively, r is a dimension reduction coefficient, so

the first fully connected layer also plays a role in dimension

reduction. Then the second fully connected layer, the connection

layer restores the original dimensionality, which ensures that the

entire S.E. module has only a small number of parameters.

Finally, the channel attention assignment is completed by

assigning the learned activation value as a weight to each channel

on the original feature map.

Performance evaluation indicator

Image Quality Assessment (IQA) for the reconstructed

image is also an essential field in super-resolution reconstruction

technology (34). In order to make the reconstructed image or

video as close to the actual H.R. image as possible, a reasonable

image or video quality evaluation index is required. Generally

speaking, the image quality criterion usually includes subjective

and objective evaluations. The two indicators are described in

detail below.

Subjective evaluation criteria

The subjective evaluation method is a method in which the

observer subjectively evaluates the quality of the reconstructed

image and gives the corresponding score through the analysis

of people’s eyes (35). Commonly used methods include the

mean subjective score (Mean Opinion Score, MOS) or the mean

subjective score difference (Differential Mean Opinion Score,

DMOS). The MOS method is proposed by the SRGAN paper

and has a good evaluation effect. Generally, the test images are

directly handed over to the testers, and the images are scored

according to their personal feelings. The scores are divided into

five grades, corresponding to 1–5 points. The better the effect,
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the higher the score, which can be expressed by the following

Equation (9):

MOS =

∑N
i=1 Ri

N
(9)

Where R represents the score, N represents the number of

people tested, and the average is taken. It can be seen from

the Equation that the higher the mos score, the better. For the

subjective evaluation of reconstructed images, people are the

main body. It is more in line with human subjective visual

perception and more in line with the fact that people are

often the foremost observers of images. However, this method

also has shortcomings. First, the evaluation standard depends

on the person, and there is no mathematical principle as the

basis for evaluation. Therefore, many repeated experiments

are often carried out. Secondly, the subjective evaluation relies

on human vision and is also affected by the surrounding

environment. Influence, such as light, angle, etc., has certain

limitations, so the experimental environment. Therefore, it takes

a long time, and many workforce and financial resources are

invested. The difficulty of operation is relatively great. Therefore,

this subjective evaluation method using MOS is rarely used.

More is to observe through the human eye or zoom in on a

particular area and then observe and compare. Therefore, the

objective evaluation method is the mainstream of the current

evaluation method.

Objective evaluation criteria

The method of objectively evaluating the quality of the

reconstructed image generally uses a mathematical model to

give a specific quantitative value, which is separated from the

judgment of human subjective consciousness and has a specific

mathematical theoretical basis. It starts from an objective

mathematical model, separates from the judgment of people’s

subjective consciousness, and defines the standard through

mathematical function Equations (36). The reconstructed

images to be evaluated have the same evaluation criteria, and

there is no difference in subjective evaluation criteria. So it has

always been the focus of IQA research. Objective IQA methods

are divided into three categories: full-reference methods that

use reference images for evaluation, such as peak signal-to-

noise ratio (PSNR) (37). Pixel-wise loss for PSNR calculation,

and MSE in addition to that. Both calculations are essentially

the same. PSN calculates the ratio through 1og. The larger the

value, the better, indicating better reconstruction quality. The

smaller the MSE, the better. In addition, there is structural

similarity (Structure Similarity, SSIM). Based on the partial

reference method of extracting feature comparison, the focus

and difficulty of partial image reference are to find suitable

feature information; no reference method without a reference

image (i.e., blind IQA), such as mean, standard deviation, etc.

(1) Mean Square Error (MSE), the Equation is shown in

Equation (10).

MSE =

1

M×N

M
∑

i=1

N
∑

j=1

(f
′

(i, j)− f(i, j))
2

(10)

It represents the expectation of the sum of squared losses

per pixel between the reconstructed image and the actual H.R.

image. f
′

Where F
(

i, j
)

and f (i, j) represents the image to be

evaluated and the original image, respectively, M, N represents

the length and width of the image, respectively. MSE, in terms

of super-resolution, is the expected value of the square of the

difference between the pixel estimated value and the actual

image pixel value. The smaller the MSE value, indicating that it

is closer to each pixel of the image and the reconstruction quality

is better. The restoration degree is good; the information loss is

slightly closer to the HE image.

(2) Peak-Signal to Noise Ratio (PSNR) (38), as the name

implies, calculates a ratio. Because of the similarities between

PSNR and MSE in some aspects. We can think of it as

the logarithmic representation of MSE. Define Equation (11)

as follows:

PSNR = 10
Maxvalue2

MSE
= 10

2bits − 1

MSE
(11)

The larger the PSNR value, the better the quality of the

reconstructed image. The Maxvaluevalue is 255 because the

pixels in the image are stored quantized in the computer;

each pixel occupies 8 bits, and the computer is binary, so

calculate 2 to the eighth power and subtract one to get 255. The

algorithm is simple, and the inspection speed is fast. However,

based on the error between the corresponding pixel points, the

presented difference value is not proportional to the subjective

human feeling. However, the pure pursuit of the point-to-

point loss between pixels ignores human beings’ main body of

visual evaluation.

Experiments and analysis

Experimental details

The operating system used in this experiment is the

Ubuntu 16.06 operating system based on the Linux system.

The deep learning framework that implements the neural

network is Tensorflow, version 2.0. The programming language

is Python3.6, and the graphics card is 1080Ti. The compilation

environment is pycharm and juypter notebook. There are also

some shared third-party libraries, such as Open CVnumpy and

so on.

The deep learning model optimization algorithm adopts the

Adam optimization algorithm. Adamy optimization algorithm
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is one of the most popular optimization algorithms out there.

The learning rate can be adjusted adaptively. The learning rate

of each training has a fixed range, and the parameter changes are

relatively small. The advantage of Adagrad is that it is suitable for

dealing with sparse gradients but not suitable for dealing with

non-stationary targets. The Adam optimization algorithm has

improved this point. Excellent results are achieved very quickly.

The Equation is shown in Equations (12)–(16) (39, 40):

mt = β1mt−1 + (1− β1)gt (12)

vt = β2vt−1 + (1− β2)g
2
t (13)

m̂t =

mt

1− βt
1

(14)

v̂t =

vt

1− βt
2

(15)

θt+1 = θt −
η

v̂t + ε
m̂t (16)

Specific parameters use the default parameters; The learning

rate is a 1 × 10−4 value εto 10−8 prevent the divisor from

being 0. The data is trained after data augmentation. Because

of the need to initialize the weights of the neural network. We

use the He initialization strategy to initialize the network. The

mathematical form is shown in Equation (17):

W ∼ N(0,

√

2

n1
) (17)

Where N represents the uniform distribution and

n1represents the first layer of the neural network, through

this initialization method, the initial weight can be prevented

from being too large or too small. It prevents the network from

having gradient dispersion (gradient disappearance) and other

difficult-to-train problems during training.

Experimental metrics and results

Objective evaluation

In the following, we compare and analyze our proposed

algorithm and other super-resolution algorithms from an

objective evaluation method. We use two evaluation indicators

as an objective evaluationmethod: peak signal-to-noise ratio and

structural similarity. PSNR and SSIMmeasure the reconstructed

E image, and the larger the value, the better. The specific

calculation method and meaning are described in the fourth

subsection of paper 2. I will not go into details here.

For the test set, we divided it into two parts, corresponding

to abdominal gastric adenocarcinoma images and abdominal

esophageal cancer C.T. images, respectively. Under the 2×

magnification factor and 4× magnification factor, the PSNR

and SSIM corresponding to the test set are counted. The

corresponding average value is taken as the final objective result

of the test set. The experimental results are shown in Tables 2,

3 below.

According to the above two tables, the objective evaluation

indicators PSNR and SSIM show the worst effect of bicubic

interpolation, which is also in line with our subjective visual

evaluation. The super-resolution C.T. images reconstructed by

the SRCNN, ESPCN, and FSRCNNmodels are on the C.T. image

test set. Compared with the traditional interpolation algorithm,

it has been dramatically improved. At the same time, our

proposed deep learning model has achieved the corresponding

improvement based on the former. The PSNR is improved by

about 5 dB compared with the traditional bicubic interpolation

algorithm and about 1 dB compared with the previous deep

learning model. On the SSIM indicator, it is about 0.1–0.3 higher

than other S.R. models. At the same time, in terms of horizontal

comparison, the PSNR and SSIM of the image enlarged by

2. times are better than the C.T. image reconstructed by 4

times. Explain that small magnifications of images are better for

training during reconstruction. If the magnification factor is too

significant, the reconstruction effect will be worse because of the

increased information to be learned.

Therefore, summarizing the above subjective evaluation

methods and objective evaluation indicators and comparing

them with the traditional double interpolation algorithm and

the classic deep learning S.B. model fully demonstrates the

superiority of our proposed algorithm for super-resolution

reconstruction on abdominal C.T. medical images, sex

and effectiveness.

Residual network model e�ect

① The 3D U3-Net model missed 36 aneurysms, including

22 in ICA, 4 in MCA, 7 in ACA, 2 in PCA, and 1 in B.A. The

diameters of missed aneurysms ranged from 2.20 to 5.38mm. ②

37 false-positive aneurysms, 9 from cerebral aneurysm-negative

subjects and 28 from cerebral aneurysm-positive subjects, of

which 13 were located in the ICA, 12 were located in orbit, 4

were located in the ethmoid sinus, and 6 were located in the neck

Veins, 1 in the ACA and 1 in the left FCA. ③ The model found

two newly missed aneurysms, one in the left MCA and one in

the left VA (40).

Are shown in Figure 5 schematic illustration of correctly

classified aneurysms at different locations.

Residual network model performance

The diagnostic sensitivity of the 3D U2-Net model for

aneurysms with diameters >3mm was 85.9% (171/199), which

was higher than that for aneurysms <3mm in diameter (23/36,

63.7%). The difference was statistically significant. Significance

(P = 0.001 < 0.05). The diagnostic sensitivity of the 3D U-

Net model in different locations of the aneurysm (anterior
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TABLE 2 PSNR experimental data.

Data set Scale Bicubic SRCNN ESPN FSRCNN Our method

Brain aneurysm CTA imaging 2 28.54 30.65 32.01 31.91 33.01

Brain aneurysm CTA imaging 4 24.55 25.52 26.93 26.69 28.39

TABLE 3 SSIM experimental data.

Data set Scale Bicubic SRCNN ESPN FSRCNN Our method

Brain aneurysm CTA imaging 2 0.9400 0.9301 0.9324 0.9341 0.9521

Brain aneurysm CTA imaging 4 0.8653 0.8801 0.9023 0.8879 0.9138

TABLE 4 Model checking performance.

Parameters Test set

Number of examiners 268

Number of aneurysms 235

Sensitivity 82.7% (194/235)

Positive predictive value 82.3% (194/236)

Specificity 86.0% (43/50)

Aneurysm size Sensitivity

<3mm 64.7% (23/36)

3–7mm 80.2% (95/118)

>7mm 93.3% (76/81)

Aneurysm location

ICE 82.8% (130/157)

MCA 70.3% (19/27)

ACA 74.3% (29/39)

PCA 40.0% (2/5)

BA 91.6% (11/12)

VA 100% (3/3)

circulation and posterior circulation), different field strengths

(1.5 and 3.0 T), and different imaging equipment (Philips,

Siemens, GE) had no statistically significant difference (P >

0.05), see Table 4 for details.

Comparison of aneurysm detection

The 3D U2-Net model is compared with the indicators

detected by radiologists of different seniority, as shown in

Table 5. 3DU-Net model detected a total of 236 aneurysms,

Physician 1 and Physician 2 217 and 225 were detected,

respectively. The sensitivities of the three groups were Physician

1 <3D U2-Net model < Physician 2, and the difference

was not statistically significant (Physician 1 vs. model, P =

1.000; Physician 2 vs. model, P = 0.170), diagnostic specificity

and positive predictive value were Physician 2 > Physician

1 > 3DU3-Net model, the false positive rate of 3D TU-Net

model was 0.14 cases/case, which was higher than that of

Physician 1 (0.07 cases/case) and Physician 2 (0.06 cases/case).

The performance of the three groups in different aneurysm

sizes, locations, field strengths and the sensitivity of imaging

equipment are shown in Table 5.

Discussion

Review of the experimental procedure

This paper is mainly based on the multi-scale joint

convolutional neural network proposed in Section Materials

and methods. In order to stack more networks and enhance

the flow of feature information between networks, a residual

network is introduced. Besides, in the existing research, most

S.R. models on medical images use one-shot reconstruction and

generalize the problem of poor image reconstruction quality for

prominent magnification factors. Considering that it becomes

challenging to reconstruct the image due to the increased

loss of information under prominent magnification factors, a

multi-level output network is introduced to achieve progressive

reconstruction, and our framework has a certain flexibility

to obtain intermediate-level outputs; it is realized that the

same network can be reconstructed with different multiples.

Experiments are carried out on abdominal C.T. medical images.

Experiments are carried out on CTA medical images of the

brain. The experimental results show that the improved network

proposed by us can enhance the quality of the reconstructed

images under large magnification and achieve better results than

the bicubic interpolation algorithm and the ESPCN algorithm.

Moreover, CTA images of cerebral aneurysms verify that our

model has good generality and generalization.

Comparison with other studies

According to the above two tables, the objective evaluation

indicators PSNR and SSIM show the worst effect of bicubic
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TABLE 5 Comparison of physician detection and model-assisted physician detection results.

Diagnosis

technique

Check out(s) Missed/misdiagnosed

(pcs)

Sensitivity

(%)

Positive predictive

value (%)

Specificity

(%)

False-positive rate

(pieces/example)

Physician 1 217 37, 19 84.3 91.2 90.0% 0.07

Model aided 236 36, 37 84.7 84.3 88.0% 0.14

interpolation, which is also in line with our subjective visual

evaluation. The super-resolution C.T. images reconstructed by

the SRCNN, ESPCN, and FSRCNNmodels are on the C.T. image

test set. Compared with the traditional interpolation algorithm,

it has been dramatically improved. At the same time, our

proposed deep learning model has achieved the corresponding

improvement based on the former. The PSNR is improved by

about 5 dB compared with the traditional bicubic interpolation

algorithm and about 1 dB compared with the previous deep

learning model. On the SSIM indicator, it is about 0.1–0.3 higher

than other S.R. models. At the same time, in terms of horizontal

comparison, the PSNR and SSIM of the image enlarged by

2. times are better than the C.T. image reconstructed by 4

times. Explain that small magnifications of images are better for

training during reconstruction. If the magnification factor is too

significant, the reconstruction effect will be worse because of the

increased information to be learned.

Therefore, summarizing the above subjective evaluation

methods and objective evaluation indicators and comparing

them with the traditional double interpolation algorithm and

the classic deep learning S.B. model fully demonstrates the

superiority of our proposed algorithm for super-resolution

reconstruction on abdominal C.T. medical images, sex

and effectiveness.

Innovations

Based on the field of medical images, this paper focuses

on the super-resolution reconstruction technology of medical

images, from the traditional super-resolution reconstruction

technology—based on interpolation, based on sparse

dictionaries and other methods, and is composed of deep

learning widely used in various fields. The convolutional

neural network, one of the units, is introduced, focusing

on the deep learning-based super-resolution reconstruction

of several typical S.B. models, SRCNN, ESPCN, etc. Given

the shortcomings of the traditional deep learning S-up

model in super-resolution medical image reconstruction, a

summary is made, corresponding improvements are made

in response to the problems, and two deep learning models

are proposed for abdominal C.T. medical images. Super-

resolution reconstruction. The innovation points of this study

are summarized as follows:

(1) In the existing research, most deep learning models based

on medical image super-resolution reconstruction use

a single-scale convolution kernel to build the network,

ignoring the difference in the information contained in

images of different scales and feelings wild information. In

order to fully extract multiple different scale information,

we propose amulti-scale joint convolutional neural network

for super-resolution reconstruction in the field of C.T.

medical images.

(2) Introduce local residual learning to form a multi-scale joint

residual block, which is used as the basic unit to avoid the

gradient disappearance and gradient explosion problems

caused by the deepening of the network layer. In addition,

both SRCNN, ESPCN and other networks perform single-

multiple L.R. image reconstruction and cannot perform L.R.

image reconstruction output with multiple magnifications

simultaneously, poor quality. Therefore, in response to this

problem, the idea of upsampling the Laplacian pyramid

network is introduced, and a multi-level output network is

constructed to achieve the same network, which can output

multiple magnified images simultaneously. It realizes

multi-level magnification and step-by-step reconstruction

and enhances the quality of reconstructed images under

prominent magnification factors.

Research significance

Through the results of this study, it can be found that

the deep learning CAD system based on 3D U-Net has the

following advantages in the detection of cerebral aneurysms:

First, it helps physicians to perform an initial screening of

diseases, which can effectively assist radiologists in reducing

work intensity and improving work efficiency; Second, the

accuracy of identifying cerebral aneurysm is equivalent to that

of a radiology resident, and the “human-machine integration”

mode in clinical applications can significantly improve the

accuracy of diagnosis; third, the standardized process of a

CAD system can ensure the objectiveness of diagnostic results

stability, repeatability, and the ability to learn and improve from

feedback continuously. Note that extreme learning deep neural

networks (41) can be implemented for the high-resolution

medical image reconstruction of cerebral aneurysm in the

future. The three dimensional visualization framework (38) in
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monitoring of cerebral aneurysm can be enhanced based on such

advanced spatial models.

Conclusion

Our study is a retrospective analysis. In order to further

verify the clinical application value of ResNet in the detection of

cerebral aneurysms, we next plan to conduct a prospective study

based on multi-center clinical data. Moreover, our algorithm

uses only CTA source images and no MIP images and using

both source and MIP images may show better performance

in detecting intracranial aneurysms. Finally, the algorithm

was only developed for cystic unruptured aneurysms, and its

performance in other types of aneurysms has not been studied.

Fourth, the training dataset does not contain enough specific

regions and sizes data. More unusual locations and small

aneurysms should be added to the training process to improve

the algorithm further.
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Background: Cardiovascular diseases have become the number one disease

a�ecting human health in today’s society. In the diagnosis of cardiac diseases,

magnetic resonance image (MRI) technology is the most widely used one.

However, in clinical diagnosis, the analysis of MRI relies onmanual work, which

is laborious and time-consuming, and also easily influenced by the subjective

experience of doctors.

Methods: In this article, we propose an artificial intelligence-aided diagnosis

system for cardiac MRI with image segmentation as the main component to

assist in the diagnosis of cardiovascular diseases. We first performed adequate

pre-processing of MRI. The pre-processing steps include the detection of

regions of interest of cardiac MRI data, as well as data normalization and data

enhancement, and thenwe input the images after data pre-processing into the

deep learning networkmodule of ESA-Unet for the identification of the aorta in

order to obtain preliminary segmentation results, and finally, the boundaries of

the segmentation results are further optimized using conditional randomfields.

For ROI detection, we first use standard deviation filters for filtering to find

regions in the heart cycle image sequence where pixel intensity varies strongly

with time and then useCanny edge detection andHough transform techniques

to find the region of interest containing the heart. The ESA-Unet proposed in

this article, moreover, is jointly designed with a self-attentive mechanism and

multi-scale jump connection based on convolutional networks.

Results: The experimental dataset used in this article is from the Department

of CT/MRI at the Second A�liated Hospital of Fujian Medical University.

Experiments compare other convolution-based methods, such as UNet, FCN,

FPN, and PSPNet, and the results show that our model achieves the best

results on Acc, Pr, ReCall, DSC, and IoU metrics. After comparative analysis,

the experimental results show that the ESA-UNet network segmentation

model designed in this article has higher accuracy, intuitiveness, and

more application value than traditional image segmentation algorithms.
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Conclusion: With the continuous application of nuclear magnetic

resonance technology in clinical diagnosis, the method in this article is

expected to become a tool that can e�ectively improve the e�ciency of

doctors’ diagnoses.

KEYWORDS

cardiovascular disease, artificial intelligence, image segmentation, ESA-UNet,

conditional random field

Introduction

Cardiovascular disease has become the number one killer

that affects human health in today’s society (1). According

to domestic statistics, the number of deaths caused by

cardiovascular disease has accounted for more than 40% of

the total number of deaths from the disease, ranking at the

forefront in the composition of deaths, higher than other

diseases such as tumors. Research on cardiac diagnosis has

always been a research hotspot. With the development of digital

imaging technology and the continuous improvement of image

segmentation technology (2, 3), medical imaging has become

more andmore widely used in clinical diagnosis and has become

the primary basis for doctors’ diagnosis and treatment. Among

them, magnetic resonance imaging (MRI) is the most widely

used one in the diagnosis of heart disease. Cardiac MRI can

provide clearer information on cardiac structure, myocardial

motion, and histological features.

Although MRI technology plays an important role in the

diagnosis of heart disease, medical imaging itself is complex

and requires extremely high accuracy of results. At present, the

analysis of medical images is mainly completed by experienced

doctors. Since automatic segmentation and diagnosis cannot

meet clinical needs, they can only be used as auxiliary

supplements. However, the workload required for manual

analysis by radiologists is large and time-consuming and is

affected by the subjective experience, environment, and working

status of different radiologists, and the results vary from person

to person. The sketched results are not 100% reproducible. In

recent years, with the rapid development of artificial intelligence

and deep learning, the use of computer-aided diagnosis and

treatment can significantly improve the efficiency of diagnosis.

Classification and semantic segmentation are commonly used,

in which semantic segmentation can not only diagnose the type

of disease but also point out the location of the disease, which is

an effective auxiliary means for intelligent diagnosis. Computer

technology can be harnessed to locate and segment the region

of interest (ROI) in the medical image, identify the pixel points

in the ROI area, and obtain the characteristic parameters of

the ROI, to provide reliable reference information for the

subsequent analysis of the disease and evaluation of treatment,

and assist doctors to carry out diagnosis and treatment. Medical

image segmentation is a key step in medical image processing

and is crucial for the next step of diagnosis and treatment (4).

At present, there are many segmentation methods widely

used at home and abroad. The traditional segmentationmethods

include edge-based image segmentation, region-based image

segmentation, and image segmentation combined with specific

theories, etc. (5–8). Zhang et al. (9) proposed a medical image

clustering and segmentation algorithm, which uses a dictionary

as the clustering center of clustering segmentation, and

determines the cluster attribution through sparse representation

to achieve medical image segmentation.

In recent years, deep learning algorithms have shown

powerful capabilities in image processing, especially the

convolutional network model for medical image segmentation

is better than traditional segmentation algorithms. M.R. Avendi

et al. (10) used a convolutional neural network to locate the

left ventricular region of the heart from cardiac MRI, and then

used a stack auto-encoding algorithmmodel to outline the initial

shape of the left ventricle. Long et al. (11) proposed a fully

convolutional neural network segmentation method, which uses

transposed convolution to restore the feature map to the original

image size to achieve pixel-level segmentation, and then realize

the entire image segmentation. Nasresfahani et al. (12) extracted

the ROI region in the image processing stage and used a fully

convolutional neural network to segment the left ventricle.

Although convolutional networks have achieved promising

results in MRI segmentation tasks, they lack efficiency in

capturing global contextual information due to the inherent

limitations of convolutions. This results in large differences

in texture, shape, and size of segmented hearts from patient

to patient. For two pixels that are far apart, many layers of

convolution are often needed to achieve, but too deep can easily

affect the training effect.

For this reason, the self-attentionmechanism based on CNN

features is proposed to solve this problem (13, 14). The attention

mechanism was first proposed by Vaswani et al. (15) to solve

the problem of machine translation. The attention mechanism

can adjust the learned weights to make important features more

weighted. Wang et al. (16) introduced the attention mechanism

into computer vision for the first time and adjusted the weights
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of feature maps by calculating the correlation between pixels.

Subsequently, attention mechanisms have been widely used

in the field of medical images. Li et al. (17) designed an

attention-based nested UNet model to segment liver tumor

images. The network proposes an attention gate module, which

can aggregate the encoder and upsampled information while

adjusting the weights. Fan et al. (18) proposed a network Inf-Net

for segmenting CT images of COVID-19. The network utilizes

a set of implicit reverse attention modules and explicit edge

attention guidance to establish the relationship between regions

and boundaries. Liu et al. (19) designed a CANet network

based on an attention conditional random field to segment

gliomas, where attention can regulate the amount of information

flowing between different features. Dou et al. (20) designed a

segmentation network with deep attention module convolution

kernels to segment fetal cortical plates.

The attention mechanism can obtain long-range feature

information and adjust the weight of feature points by

aggregating the correlation information of global feature points.

Although the attention mechanism has significantly improved

the recognition accuracy of the model, attention mechanism has

the problems of high time complexity, slow training speed, and

many weight parameters. To ensure rich semantic information,

the semantic segmentation network usually uses large-sized

feature maps, which causes the time complexity of the model

to be too high. To solve the problem of time complexity

brought by the attention mechanism, tensor decomposition can

well reduce the time complexity of the attention mechanism.

Tensor decomposition is widely used in computer vision

acceleration. According to tensor decomposition theory (21),

high-rank tensors can be decomposed into linear combinations

of low-rank tensors. Lebedev et al. (22) proposed a method

for accelerating convolutional layers in large convolutional

networks based on CP tensor decomposition. The method

first decomposes a high-rank tensor of four-dimensional

convolution kernels into multiple rank tensors and then uses

a rank-one convolution kernel to speed up network training.

Wu et al. (23) decomposed the weight matrix of the fully

connected layer into a Kronecker product of multiple sub-

tensors to approximate the fully connected layer while reducing

the parameters in the neural network. Sun et al. (24) designed

a tensor decomposition method for network optimization. This

method realizes the compression of the model by using the

characteristic that the weight tensors between each layer of the

network contain the same or independent components, and

decomposes the sequence of the coupling tensors on the shared

network structure.

Chen et al. (25) proposed RecoNet, a three-dimensional

contextual feature representation semantic segmentation model.

The model achieves the approximation of a high-rank tensor

by the linear combination of low-rank sub-tensor features,

which significantly reduces the computational complexity of

the model compared to the original feature map. The above

methods usually replace a high-rank tensor with multiple low-

rank tensors. Tensor decomposition can decompose the original

tensor with high computational complexity into a set of low-

rank sub-tensors. By calculating the low-rank sub-tensor, the

parameter quantity of the network model can be reduced and

the network can be accelerated at the same time. Although the

tensor decomposition method can improve the compression

rate of the model, the recognition efficiency of the model will

decrease when the model compression rate is high. To alleviate

the problem of low recognition efficiency caused by tensor

decomposition, this article uses a shared structure in the network

to improve the performance of the model.

Based on the above analysis, this article proposes a deep

learning-based cardiac MRI segmentation scheme. We first

performed pre-processing of the unsegmented MRI, including

the region of interest detection (ROI), data normalization, and

data enhancement of the cardiac MRI data. ROI detection

is based on Canny edge detection, and ROI detection is

performed by using the Hough transform for the detection

of circles to narrow down the segmentation region. We then

artificially augment the experimental dataset using multiple

data augmentation means. For the semantic segmentation

network, we introduce a self-attention module in the traditional

convolutional network structure. We propose ESA-UNet, a U-

shaped semantic segmentation network, which is embedded

with a low-rank tensor self-attention structure. ESA-UNet uses

an encoding-decoding structure to realize the fusion of feature

information of different scales. To obtain richer semantic

information and reduce the complexity of the self-attention

model, this article designs a low-rank tensor self-attention

reconstruction module, decomposes high-rank tensors into low-

rank tensors, and uses low-rank tensors to construct the Self-

attention feature maps, and then aggregate multiple low-rank

self-attention maps to generate high-rank self-attention feature

maps. For the network segmentation results, we performed a

further optimization of tumor boundaries using conditional

random fields. We conduct a full experimental analysis of

the ACDC dataset, and the results show that our proposed

segmentation method outperforms other methods. This method

will play an extremely important role in the diagnosis, treatment,

and prognosis of heart disease.

Method

Datasets

In this article, the Department of CT/MRI at the Second

Affiliated Hospital of Fujian Medical University collects cardiac

MRIs from 150 different patients. The dataset includes 100

training samples and 50 testing samples. Each training sample

contains expert manual segmentation and annotation results of

the right atrium, left atrium, and aorta at end-diastole (ED) and
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end-systole (ES). The MRI data for each patient consisted of 28

to 40 frames of a series of short-axis image slices of the entire

cardiac cycle from the bottom to the top of the left ventricle. The

spatial resolution of each slice averages 235–263 voxels.

Pre-processing

To ensure the segmentation effect of the segmentation

network, we first perform sufficient pre-processing on the MRI.

The pre-processing steps include region of interest detection

(ROI), data normalization, and data enhancement for cardiac

MRI data.

Region of interest detection is divided into two steps:

filtering and edge detection. The filtering operation uses a

standard deviation filter to find regions of the cardiac cycle

image sequence where the pixel intensity varies strongly over

time. Edge detection uses Canny edge detection (26) and the

Hough transform technique (27) to find the region of interest

containing the heart.

The Canny edge detection consists of the following

four steps.

Remove noise in the image via a gaussian
smoothing filter

In the process of image edge detection, the edge and noise

of the image are difficult to distinguish, and the edge detection

algorithm alone cannot eliminate the influence of noise on

the edge detection process and results, so the original image

needs to be preprocessed. Common filtering methods in image

pre-processing include mean filtering, median filtering, and

Gaussian filtering. Compared with mean filtering and median

filtering, Gaussian filtering can well preserve the grayscale

distribution in the image when smoothing the image.

Calculate image gradient strength and
orientation

The basic idea of Canny’s algorithm is to find the position

of the strongest gray intensity change in an image, that is, the

gradient direction. The gradient of each pixel in the smoothed

image is calculated by the Sobel operator. First, the following

convolution arrays Sx and Sy are used to obtain the gradients

Gx and Gy of the original image A along the horizontal (x) and

vertical (y) directions, respectively:

Gx = Sx∗A =







−1 0 +1

−2 0 +2

−1 0 +1






∗A (1)

Gy = Sy∗A =







−1 −2 −1

0 0 0

+1 +2 +1






∗A

(2)

Then use the following equation to find the gradient

magnitude of each pixel:

G =

√

G2
x + G2

y (3)

A large gradient metric value G will be obtained in places

with drastic changes (at the boundary), but these boundaries are

usually very thick, and it is difficult to demarcate the real position

of the boundary. To demarcate the boundary, the direction

information of the gradient is also required:

θ = arctan

(

Gx

Gy

)

(4)

A non-maximum suppression technique is
applied to eliminate edge false detections

Each pixel’s gradient direction was set to one of the following

values: (0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, and 315◦). We

judge whether it is an edge by comparing the gradient strength of

the pixel and the two pixels in the positive and negative gradient

directions. If the gradient strength of the pixel is the largest, it

will be retained, and it will be regarded as an edge. This way we

will get one of the brightest thin lines at the border, and the edges

of the image will be noticeably thinner.

A double threshold is applied to decide
possible edges

The technique of double threshold is applied in the Canny

algorithm, that is, an upper threshold T1 and a lower threshold

T2 are set. If the gradient value of the pixel point exceeds T1, it is

called a strong edge, and the one in between is called a weak edge,

otherwise, it is not an edge. The larger the T1, the more severe

the gradient change in strong edge pixels. Canny recommends

setting T1:T2 to 2:1.

Segmentation network model

The ESA-Unet proposed in this article is shown in Figure 1.

The network mainly consists of three parts: encoder, decoder,

and low-rank self-attention reconstruction module. ESA-UNet

jointly designs a self-attention mechanism and multi-scale skip

connections based on a convolutional network, which effectively

makes up for the problem that convolution is difficult to

model long sequences. This ensures that the global context in

cardiac MRI is not completely ignored, effectively enhancing

the functionality and robustness of the traditional U-shaped

architecture. ES-UNet network consists of three parts: decoder,

encoder, and self-attention module.
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FIGURE 1

ESA-UNet network structure diagram.

Encoder

The encoder is a structure used to extract image features. The

encoder uses a five-layer residual connected downsampling layer

to obtain multi-scale feature information of five different levels

of the image. The low-level features aremainly used to obtain the

detailed features and position information of the image, and the

high-level features are abstract semantic features information.

Each downsampling layer consists of two consecutive 3 × 3

convolutional layers, a RELU activation function, and a 2 ×

2 max-pooling layer. And the downsampling is connected in

a residual structure. The residual structure can obtain richer

semantic information by extending the depth of the network.

Decoder

The main function of the decoder is to gather feature

information at different levels. The decoder first uses a cascaded

upsampling layer to restore the image resolution to the original

size of H × W, and finally uses a 1 × 1 convolutional layer.

Decrease the number of channels to get the final segmentation

map. Each of these upsampling layers consists of a 2 × 2 Up-

Conv, a 3 × 3 convolutional layer, and a RELU layer. We still

maintain the U-shaped structure of UNet and concatenate the

features extracted in the encoder with the upsampled feature

map to fuse the feature information of different levels. This can

effectively avoid the loss of low-level information, such as organ

shape and boundary.

Low-rank tensor self-attention module

The attention module is used to obtain richer contextual

information. Although the convolutional structure can expand

the receptive field and extract rich information by stacking more

layers, the deeper convolutional layer structure is not good for

global information to obtain. The attention module can adjust

the global information, and each point in the image will calculate

the correlation with other points. The correlation information

obtained through the attention feature map adjusts the pixel

weights in the picture, the weights belonging to the same other

points will be aggregated, and the pixel point information of
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different categories will be suppressed to highlight the important

parts of the picture. The attention mechanism can obtain

rich semantic information, but the amount of computation

will be relatively large. The low-rank tensor self-attention

reconstructionmodule LRSAR Block proposed in this article can

well solve the computationally complex problem.

The low-rank tensor self-attention module includes three

parts: low-rank tensor generation sub-module, low-rank self-

attention sub-module, and high-rank tensor reconstruction sub-

module.

Low-rank tensor generation sub-module

The low-rank tensor generation sub-module can perform

high-rank tensor decomposition along the width, height, and

channel dimensions. According to the CP tensor decomposition

theory, a high-rank tensor can be decomposed into a linear

combination of multiple-rank tensors. A rank tensor can be

composed of the outer product of three one-dimensional

vectors. According to the definition of a rank tensor, the

author decomposes the high-rank tensor along the width, height,

and channel dimensions to generate multiple one-dimensional

FIGURE 2

Low-rank self-attention sub-module.

FIGURE 3

ROI detection results based on (A) the original image and (B) the detected target area.
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vectors. These one-dimensional vectors are input into the low-

rank tensor self-attention sub-module to generate a rank tensor.

The high-rank tensor extracted by the coding layer is input

into three low-rank tensor generation modules to extract the

low-rank tensor feature information. The high-rank tensor is

input to the low-rank tensor generation module multiple times

to generate multiple different low-rank tensor features. That is,

the high-rank tensor feature X is input to the low-rank tensor

generation sub-module s times, which will generate s different

low-rank tensor features. The low-rank tensor decomposed

along the same dimension has the same network structure, but

different parameter information.

The feature map X will be input to the low-rank tensor

generation sub-module multiple times along the three

dimensions of height, width, and channel to generate different

feature vectors (Q1,K1,V1), (Q2,K2,V2) ... (Qi,Ki,Vi),

(Qs,Ks,Vs).Qi,Ki and Vi represent the one-dimensional

vectors generated by decomposition along with the height,

width, and channel dimensions, respectively, and represents

the number of one-dimensional vectors generated along a

certain dimension. Equations (6–8) Represent Qi,Ki and Vi,

respectively. These low-rank feature vectors are passed through

the low-rank self-attention module to generate different low-

rank self-attention sub-feature mapsY1,Y2, . . . ,Yi, . . . ,Ys.

Each low-rank tensor generation sub-module consists of

global average pooling (GAP), fully connected layer (FC), and

sigmoid activation function, and generates a one-dimensional

feature vector for self-attention feature maps. The principle

of global average pooling is to first slice the high-rank tensor

along a certain dimension and perform global average pooling

for each slice matrix. Through global average pooling, each

element in each vector aggregates the corresponding slice

matrix information. The fully connected layer can realize the

aggregation of all element information by any element in

the vector. The sigmoid activation function can enhance the

nonlinear fitting ability of the network, and map the feature

information to the range of 0–1, highlighting the important

feature information in the feature vector. The low-rank tensor

generation module in the literature (28) uses the convolution

structure, and this article replaces the convolution with the FC

layer. Each feature point in the FC layer will be aggregated with

other feature information, while the single-layer convolutional

structure can only aggregate local feature information. The

FC layer parameter information of different low-rank tensor

features is different. Although the FC layer will increase the

number of parameters, the feature dimension of the last layer

of the encoding layer is relatively low, and the number of

parameters will not increase much.

Qi =
(

q1, q2, · · · , qm, · · · , qH
)

, i = 1, 2, · · · , s;m = 1, 2, · · · ,H (5)

Ki =
(

k1, k2, · · · , kn, · · · , kW
)

, i = 1, 2, · · · , s; n = 1, 2, · · · ,W (6)

Vi =
(

v1, v2, · · · , vl, · · · , vC
)

, i = 1, 2, · · · , s; l = 1, 2, · · · ,C (7)

Low-rank self-attention sub-module

As shown in Figure 2, the feature map X ∈ RH×W×C is

first input into the low-rank tensor generation sub-module to

generate multiple different low-rank tensors Qi,Ki and Vi. The

height feature Qi is multiplied by the width feature Ki to obtain

the spatial similarity matrix Ai ∈ RH×W×1, which is activated

by the Softmax layer. The specific calculation process is shown

in equation (9). Equation (10) is a more detailed explanation of

the feature similarity matrix Ai, amn represents each point on

the spatial similarity matrix, qm and kn, respectively, represent

the width feature information, and height feature information.

The obtained spatial attention feature mapAi has no correlation

information between channels, and feature Vi aggregates the

information between channels. The attention feature map Ai

is multiplied by the channel attention information Vi to

FIGURE 4

ROI detection and segmentation results based on (A) the original two-chamber image; and (B) the right atrium image after ROI detection.
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obtain three-dimensional attention information. The calculation

process is shown in Equation (11). The input feature map X

is added to the attention feature to obtain long-range semantic

information features and the feature map Yi is obtained.

Ai = softmax (Qi × Ki) (8)

amn =

exp
(

qmkn
)

∑W
m=1 exp

(

qmkn
)

(9)

Yi = X+ Conv1 × 1 (Ai × Vi) (10)

The self-attention module non-local block calculates the

correlation between any two points in the image when

calculating the similarity of pixels. For the feature map X, the

time complexity of the self-attention module isO(H×W×H×

W), while the LRSAR block only needs to calculate the outer

product of two vectors, and the time complexity is O(H × W),

lower degree. Compared with the self-attention module, the

LRSAR-Net proposed in this article has lower time complexity

and faster speed.

High-rank tensor reconstruction sub-module

According to tensor decomposition theory, high-order

tensors can be decomposed into linear combinations of multiple

rank-one tensors. The feature map X passes through the

low-rank self-attention module to generate multiple rank-one

attention feature maps Yi, and Yi only contains low-level

semantic information. The rank-one attention feature map Yi

is generated by different parameters low-rank tensor generation

modules, so the feature information contained in different rank-

one attention feature maps is different. The authors introduce

a learnable weight parameter λi before each rank-one attention

feature map Yi, which is adjusted with training. Each low-rank

self-attention feature map is multiplied by the corresponding

weight parameter λi, and then combined into a high-rank

self-attention tensor Y . The tensor reconstruction method is

shown in Equation(12). The high-rank attention feature map Y

contains rich semantic information, realizes the aggregation of

global feature information, and reduces the computational cost

of self-attention feature maps. In this experiment, to balance the

TABLE 1 Results of di�erent method models on the cardiac MRI.

Model Pr Re F1 IOU DSC

FCN-16s 0.902 0.862 0.880 0.804 0.839

FCN-8s 0.921 0.853 0.881 0.820 0.856

PSPNet 0.836 0.868 0.852 0.752 0.850

MSFCN 0.861 0.916 0.886 0.821 0.854

MSRN 0.873 0.925 0.898 0.833 0.867

FPN 0.904 0.904 0.909 0.832 0.868

UNet 0.902 0.904 0.903 0.857 0.872

Our(ESA-Unet) 0.919 0.939 0.928 0.888 0.903

Our(ESA-Unet+ preprocessing) 0.925 0.936 0.930 0.898 0.906

Our(ESA-Unet+ preprocessing+ CRF) 0.944 0.929 0.935 0.899 0.915

FIGURE 5

Performance based on (A) model methods on di�erent indicators; and (B) three methods combination proposed.
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complexity of the model and the amount of computation, s is set

to 4.

Y =

∑

n
i λiYi (11)

Conditional random fields optimize
segmentation boundaries

After network segmentation, we use a conditional random

field (CRF) to further optimize the segmentation boundary.

For the probability map U after the output of the neural

network, we can use the following equation to describe the

predicted value of each pixel. X = {x1, x2, . . . , xn} represents

each pixel feature point on the probability map, Y =

{

y1, y2, y3, . . . , yn
}

represents each point according to its texture,

gray value, and other attributes and surrounding The label for

the probability prediction of the point.

P
(

y|x
)

=

1

Z (x)
exp

(

∑

iǫU

∑

j∈U(xi)
Ti,j

(

yj, yi, xi, i
)

+

∑

iǫUSi
(

yi, xi
)

)

(12)

Among them, U (xi) represents the points around xi, ,Ti,j is

the function of the feature transfer between the i-th point and

the surrounding points, Si is the state feature function about the

FIGURE 6

Comparison of the e�ects of di�erent segmentation models using various cardiac MRI slices based on (A) Original and unprocessed images;

(B) ESA-UNet; (C) UNET; and (D) FCN.
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i-th point, and Z (x) is the normalization function:

Z (x) =
∑

yǫYP
(

y|x
)

(13)

Evaluation metrics for segmentation
results

The evaluation indicators for segmentation results in

semantic segmentation problems include accuracy (Acc),

precision (Pre), recall (Re), F1 score (F1), intersection of union

(IoU), and dice similarity coefficient (DSC) (29, 30). Calculating

these evaluation metrics requires the use of four commonly used

metrics for prediction results, namely the true positive (TP),

false positive (FP), true negative (TN), and false negative (FN).

The true negative mainly refers to the situation that the model

predicts that the pixels belong to the background area and are

consistent with the actual gold standard. False negatives mainly

refer to the situation that the model predicts that the pixels

belong to the background area, but are opposite to the actual

gold standard.

Acc =
TP+ TN

TP+ TN+ FP+ FN

Pre =
TP

TP+ FP
(14)

Re =
TP

TP+ FN

F1 =

2∗Pre∗Re

Pre+ Re

IOU =

I1 ∩ I2

I1 ∪ I2

DSC =

2∗ |I1 ∩ I2|

|I1| + |I2|

Results and discussion

ROI detection results

After reading the original cardiac MRI data, after the pre-

processing step including ROI detection, the results are shown

in Figure 3, where Figure 3A is the input of the original cardiac

MRI data and Figure 3B is the aorta as the center after ROI

detection A gray mask of the ROI containing the aorta is drawn.

After image data standardization and data enhancement

processing, according to the ROI area center and area radius

obtained by ROI detection, the image data are cropped into

a 128 × 128 block with the ROI center, i.e., the aorta as the

center, as the input of the deep learning segmentation network.

Compared with the raw cardiac MRI slice data with an average

spatial resolution of 235–263 voxels per slice as input directly,

the GPU memory size occupied by the same model training is

reduced from more than 10 GB to less than 6GB. The results

of ROI detection and segmentation are shown in Figure 4. In

Figure 4A is the input image and Figure 4B is the 128 × 128

image after ROI.

Image segmentation results

We have fully experimented with our method with a variety

of excellent convolution-based methods (31–36). From the data

in Table 1, we can see that our model performs well in all

indicators. On the important indicators Iou and DSC, our model

achieves 0.899 and 0.915, respectively. It can also be seen from

Figure 5 that pre-processing can improve the IoU indicator to

0.898. Conditional random fields can improve the IoU indicator

to 0.915. As can be seen from the data, both pre-processing and

conditional random fields can facilitate segmentation.

FIGURE 7

Performance based on (A) di�erent models on randomly selected samples; and (B) our segmentation model on 200 randomly selected samples.
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Figure 6 compares the segmentation effects of different

segmentation models on cardiac MRI. Figure 7 shows the

performance of different models on different metrics on some

specific datasets. As can be seen from the segmentation effect

in Figure 6, the segmentation effect of ESA-UNet is better than

that of other pure convolutions, and the segmentation results

are more robust. Especially when segmenting small target areas

such as the red part, other models perform very unstable, but

our model can still segment accurately. Figure 7 shows the

performance comparison between different models on some

characteristic data samples. We can find that our method is

more robust in terms of various indicators, and it is not easy

to produce samples with poor segmentation results. However,

the segmentation results of other methods are more volatile and

prone to poorly segmented samples (37, 38).

Conclusion

In this article, we propose a set of solutions for assisting

cardiac MRI diagnosis based on semantic segmentation

technology. We first preprocessed the input MRI data, we first

filtered using a standard deviation filter to find regions of

the cardiac cycle image sequence where pixel intensity varied

strongly with time and then used Canny edge detection and

Hough transform techniques to find regions containing the

heart area of interest. Then, the image is input into the ESA-

Unet model network, and the preliminary segmentation results

are obtained through the encoder, self-attention module, and

decoder; finally, we use the conditional randomfield to reprocess

the segmented image to optimize its segmentation boundary.

The results show that our method has a good segmentation

effect, which facilitates the diagnosis of clinical cardiovascular

diseases and improves the efficiency and accuracy of diagnosis.

In future, we will continue to improve the experiment in

combination with clinical practice and try to introduce implicit

feature information such as texture to optimize the error of

complex segmentation boundaries and further improve the

segmentation accuracy.
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Background and objective: In today’s society, people’s work pressure,

coupled with irregular diet, lack of exercise and other bad lifestyle, resulting

in frequent cardiovascular diseases. Medical imaging has made great progress

in modern society, among which the role of MRI in cardiovascular field is

self-evident. Based on this research background, how to process cardiac

MRI quickly and accurately by computer has been extensively discussed. By

comparing and analyzing several traditional image segmentation and deep

learning image segmentation, this paper proposes the left and right atria

segmentation algorithm of cardiac MRI based on UU-NET network.

Methods: In this paper, an atrial segmentation algorithm for cardiac MRI

images in UU-NET network is proposed. Firstly, U-shaped upper and lower

sampling modules are constructed by using residual theory, which are used as

encoders and decoders of the model. Then, the modules are interconnected

to form multiple paths from input to output to increase the information

transmission capacity of the model.

Results: The segmentation method based on UU-NET network has achieved

good results proposed in this paper, compared with the current mainstream

image segmentation algorithm results have been improved to a certain extent.

Through the analysis of the experimental results, the image segmentation

algorithm based on UU-NET network on the data set, its performance in the

verification set and online set is higher than other grid models. The DSC in the

verification set is 96.7%, and the DSC in the online set is 96.7%, which is nearly

one percentage point higher than the deconvolution neural network model.

The hausdor� distance (HD) is 1.2mm. Compared with other deep learning

models, it is significantly improved (about 3mm error is reduced), and the time

is 0.4 min.

Conclusion: The segmentation algorithm based on UU-NET improves the

segmentation accuracy obviously compared with other segmentation models.

Our technique will be able to help diagnose and treat cardiac complications.

KEYWORDS

cardiacMRI, deep deconvolution neural network, UU-NET, image segmentation, edge

detection segmentation, threshold segmentation
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Introduction

Recently, the worldwide prevalence of cardiovascular disease

also gradually rise, according to world health organization in

2019 chart “cardiovascular disease risk, according to the world

heart vascular disease prevalence in the rising trend, number

of cases to exceed 500 million, 17.9 million people die each

year from cardiovascular disease, first in all kinds of diseases

(1). The public should pay attention to the prevention and

treatment of cardiovascular diseases (2). Generally applied in

clinical practice, for the diagnosis of cardiovascular disease,

doctors usually only by observing the patients with cardiac

image two-dimensional image of the fault, and according to

the experience of the clinical cases of his past give treatment,

the diagnosis for the dependence of subjective experience is

bigger, and has led to bigger misjudgment. In addition, in

some cases, to save resources and time, methods such as

improving mri speed, imaging time, or spatial resolution are

often adopted, but in such cases, a large amount of additional

data is generated, which greatly reduces the efficiency of doctors

to read images (3).

Medical image segmentation is to mark or extract a specific

part of a medical image and apply it to other medical tasks.

Therefore, the segmentation performance of medical images

directly affects the development of other related technologies,

such as three-dimensional reconstruction of human organs,

registration of human parts, and localization of diseased or

necrotic tissues. However, the development of medical image

segmentation technology is also limited by many aspects.

First, there are many kinds of imaging principles of medical

image, and the quality of imaging is greatly affected by

acquisition equipment and environment, that is, it is easy to

be interfered by various noises. Therefore, it is difficult to

generate a universal segmentation technique for all medical

images. Secondly, according to the biological characteristics

of human beings, the anatomical structure of each organ in

human body is extremely complex, and there are significant

differences between different ages of the same individual

and individuals, which further increases the difficulty of

segmentation (4). However, if medical image segmentation

can be completed quickly and accurately, it will effectively

improve the application of relevant imaging technology in

clinical medicine.

The current development of computer field has added a

possibility for the development of medical image segmentation.

In 2012, artificial intelligence (AI), which focuses on computing

power and deep learning, became the core technology of the

next era (5). As an important branch of artificial intelligence

technology, computer vision is developing very fast. In the 2015

ImageNet image recognition contest (6), computer recognition

accuracy surpassed that of humans for the first time. Therefore,

if the computer can be used to pre-process medical images

to increase the efficiency of doctors or directly diagnose

related diseases, it will be beneficial to improve the level of

medical treatment.

Magnetic resonance (MRI) is a common heart imaging

technique. In the early stage of the development of imaging

technology, MRI has a slow imaging speed and is not suitable

for the acquisition of cardiac images that require high imaging

speed and resolution. However, with the development ofmedical

image imaging technology, cardiac MRI has been able to obtain

cardiac motion images by means of time-sharing acquisition

in multiple cardiac systolic and diastolic cycles. MRI is the

use of hydrogen atoms in the magnetic field in the human

body to release energy information sampling technology, unlike

conventional CT, MRI without ionizing radiation damage,

imaging at the same time to be able to reflect the high contrast

between different blood groups, is helpful to obtain clear heart

anatomy structure (7). Therefore, MRI is recognized as the

gold standard for evaluating cardiac function. Therefore, the

image segmentation technology in this paper will be based on

MRI imaging.

The left atrium is directly connected with the left

ventricle and pulmonary veins. Its basic functions include

channel function, contraction function and reserve function.

Channel function refers to the early and middle stage of left

ventricular diastole, when the left atrium sends blood from

the pulmonary vein to the left ventricle. Systolic function

refers to the active contraction of left atrial myocardium to

provide blood for the left ventricle. Reserve function means

that the systole of the left ventricle acts as a vessel for

storing blood. In addition, the atrial structure directly maintains

human atrial fibrillation (8), and the main reason for the

poor clinical performance of atrial fibrillation is the lack of

a deeper understanding of the underlying atrial anatomical

structure (9). Therefore, understanding the atrial morphology

and changes of patients with atrial fibrillation has certain

reference value for understanding the clinical treatment of

atrial fibrillation.

Manual segmentation of the left atrium by a medical expert

does guarantee high accuracy, but it can take a lot of time for

the expert to annotate an individual’s data. The boring and long-

term nature of labeling images will often lead to fluctuations in

the state of labeling images and affect the accuracy of labeling,

that is, the accuracy level is subjective. The scarcity of medical

experts also leads to the lack of widespread application of left

atrial segmentation. Therefore, it is necessary to adopt themeans

of computer field to solve this problem.

However, there are many schemes for ventricular image

segmentation based on machine learning, such as deep belief

network (DBN) (10), stack autocoding (SAE) (11), deep

autoencoder (DAE) (12) and other technologies. However, these

researches mainly focus on neuroimage analysis and have little

effect on ventricular image segmentation. Using random forest
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method (13) and constrained Boltzmann machine (14) will

lead to high computational complexity and unstable results.

Therefore, the above methods have great limitations in the

segmentation of ventricular images.

To solve this problem, we design a local image segmentation

method based on U-NET. Based on the full convolutional neural

network and the combination of deconvolution technology

and deconvolution technology, a dual cavity scan image

segmentation based on U-NET network is realized. At the same

time, in order to avoid excessive model parameters, the number

of convolutional filters is appropriately set according to the

characteristics of MRI and the needs of the segmentation task.

Experimental results show that the segmentation method of U-

NET atrial image has better effect compared with several existing

classification methods.

Methodology

Region growing

The basic idea of regional growth is that regions to be

segmented have the same or similar properties within the region

and different properties outside the region (15). The specific

implementation steps are as follows:

1. Select a seed pixel for each region to be segmented.

2. All pixels in the field of the region where the seed pixel is

located are judged according to certain growth criteria. If

there are pixels that meet the growth criteria, all the pixels will

be absorbed into the region where the seed pixels are, and the

second step will be performed again.

Select the 

seed pixels 

Get the seed 

neighborhood 

Growth  

determine 

Get the 

target area 

Add the pixels that 

meet the criteria to 

the region 

The new pixel is 

used as the 

seed pixel 

No 

Yes 

FIGURE 1

Region growth for image segmentation steps.

3. When there is no pixel satisfying the growth criterion in the

field of a region, the region no longer expands, that is to say,

the region has grown.

For the specific segmentation process, please refer to

Figure 1, that is, select the growth cycle until the end of

all growth.

It should be pointed out that the growth or similarity

standard usually set is related to the characteristics of the image

itself, usually, the difference between gray scale and gray scale is

within a critical value. This paper uses a threshold of 25.

Threshold segmentation method

Threshold segmentation

Threshold method were the first to be applied to achieve

a segmentation method of image segmentation (16), the key

technique of the threshold segmentation method is: according

to the statistics of the whole image grayscale characteristics,

according to the gray level range and the number of the gray

value for that one or more of the image threshold value, then

one by one traverse each gray value of the image, and each

gray level values and threshold values After comparison, classify

according to the final comparison results or preset rules, and

divide each pixel within different threshold ranges into different

categories in order to achieve segmentation. Figure 2 shows

the general steps of the threshold segmentation method for

image segmentation, among which there are many methods to

determine the threshold.

The limitations method of threshold

Maximum interclass variance method

The maximum inter-class variance, also known as the

algorithm, was proposed by The Japanese scholar Otsu. It is an

algorithm for image binary segmentation threshold. The basic

idea of threshold determination is that the threshold should be

able to maximize the feature difference between the target and

the background (17).

Statistical gray 

characteristics 

Determine the 

threshold 
Comparison of 

classification 

The maximum 

entropy 

method 

Maximum 

interclass 

variance 

method 

Iterative 

method 

FIGURE 2

Steps of threshold segmentation method.
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Variance is a statistical measure of the uniformity

of distribution. Therefore, the segmentation that

maximizes the variance between classes means the smallest

misclassification probability.

If T is regarded as the segmentation threshold of target and

background, the proportion of foreground (target) region to

image is denoted as w0, and the average gray level is u0. The

proportion of background region to the image is denoted as

w1, the average gray level is u1, the total average gray level of

the image is U, and the variance of foreground and background

image g(T) is as follows:

u = w0 × u0 + w1 × u1 (1)

g(T) = w0 × (u0 − u)2 + w1 × (u1 − u)2 (2)

Since under this method, the image is only treated as

foreground and background overlay, there are

w0 + w1 = 1 (3)

Equations (1)–(3) can be obtained simultaneously

g(T) = w0 × w1 × (u0 − u1)
2 (4)

To ensure that g(T) is the largest, T is selected as the desired.

Notice that this formula w0 is symmetric about w1, so w0 can

be set as the partition less than the threshold value, that is, the

foreground represents the region s0 occupied by all gray values

in the image S less than the threshold value. u0 represents the

average gray level of s0 region.

w0 =

s0

s
(5)

u0 =

∑

s0

s0
(6)

Here, s1 is the same as u1. And then one obtains g(T) as a

function of T and then you invert the maximum value of T for g

of T.

Threshold iteration method

Themain idea of threshold iterationmethod is that themean

sum of two parts A and B after image segmentation basically

remains stable (18). In other words, with the iteration, the final

convergence value of [mean(A)+mean(B)]/2 is taken as the

segmentation threshold. The specific method is as follows:

(1) Select an initial threshold T;

(2) The given image is divided into two groups of images by

threshold T, denoted as R1 and R2;

(3) Calculate the mean values of R1 and R2 µ1 and µ2;

(4) Select a new threshold T, and T= (µ1+ µ2) /2;

(5) Repeat steps (2) to (4) until the difference of T for two

consecutive times is less than a preset value.

On this basis, in the case that the target region is equal

to the background region, the initial threshold T is set as the

average gray value of the overall image, so as to accelerate

the convergence rate. In the case of large difference between

target and background area, the initial threshold T is set as the

intermediate value between the maximum gray scale and the

minimum gray scale. The default values depend on the image

size, grayscale distribution, and calculation time required, but

are generally small and accurate. Its construction is shown in

Figure 3.

The maximum entropy method

The principle of image maximum entropy threshold

segmentation: make the selected threshold to segment the target

area and background area of image gray statistics of the two parts

of the maximum information (19).

The area whose gray value is ≤T is S0, and the rest of the

image is S1. Let PI represent the probability of gray value being

I, and PT represent the sum of gray value probabilities from 0 to

T. H (S) represents the information entropy of the region.

PT =

T
∑

i=0

pi (7)

H (S0) = −

T
∑

i=0

pi

PT
ln

pi

PT
(8)

H (S1) = −

T
∑

i=T+1

pi

1− PT
ln

pi

1− PT
(9)

By traversing the gray value, T thatmaximizedH(S0)+H(S1)

was found.

The di�culty of threshold segmentation

The difficulties of threshold segmentation are as follows: (1)

Before image segmentation, the number of regions generated by

image segmentation cannot be determined; (2) Determination

of threshold value, because the determination of threshold value

directly affects the accuracy of segmentation and the correctness

of description analysis of the segmented image.

UU-NET network

UU-NET

In 2015, Ronneberger et al. trained the U-NET model

based on convolutional neural network with a small number of

training samples and won the ISBI Cell Tracking Challenge. The

network is called U-NET because it is shaped like the letter “U”.

Subsequently, U-NET network obtained excellent segmentation

results in medical images of the heart.

The U-NET model consists of a downsampling encoder and

an upsampling decoder, as shown in Figure 4. The structure
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FIGURE 3

Program flow chart of threshold iteration method.

is simple and easy to understand. The contraction process of

the model is the down-sampling process. The author extracts

features through multiple 3∗3 convolution layers and uses

the maximum pooling of 2∗2 for down-sampling (20). In

the expansion process of the model, that is, the upsampling

process, the feature graph of the previous stage is firstly

upsampled, and then the feature graph of the contraction

process is splice and further refined by jumping connection.

Finally, the channel number mapping of the feature map is

scaled down to the segmented category number through the 1∗1

convolution layer. U-net has been widely used in the field of

medical image segmentation because of its simple structure, easy

transformation and adjustment, and its high ability of obtaining

context information and precise positioning.

Data preprocessing and data amplification

Data standardization

Due to the differences of acquisition equipment and

conditions in various research institutions, there are differences

in brightness and contrast of cardiacMRI images. The essence of

neural networks is to learn by distributing data. If there is a big

difference between the training data and the experimental data,

the generalization ability of the model will be greatly weakened.

To solve this problem, it is often required to normalize the

input data.

On this basis, cardiac short-axis MRI was processed to

obtain a normalized data with 0 pixel mean, 1. On this basis,

a normalization algorithm based on maximum normalization

is proposed.

x =

x− xmean

xmax − xmin
(10)

Where xmean represents the average value of the required

data, xmax represents the maximum value of the required data,

and xmin represents the minimum value of the required data.

FIGURE 4

U-NET network model.

Data enhancement

However, due to the high cost of image acquisition, social

ethical privacy and high human cost of professionals, many

medical image research based on deep learning cannot obtain

enough data for training or verification. However, in the case

of small samples, there is the problem of over-fitting. The data

intensification methods used in this paper include −0.2–0.2

random scale, −5 to +5% random direction shearing, −5 to

+5% contrast correction, etc.

UU-NET model structure

Based on the improvement of U-NET model, this paper

designs a UU-NET model which is more suitable for medical

image segmentation. In this paper, u-shaped upper and lower

sampling modules are constructed by using residual theory,

which are used as encoders and decoders of the model. Then, the

modules are interconnected to form multiple paths from input
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to output to increase the information transmission capability of

the model.

Residual module

The depth of neural network largely determines image

classification and computer vision tasks. Theoretically, the

higher the depth of the network, the better its fitting effect. But

that’s not true. This is because with the increase of network

depth, the gradient will gradually weaken, thus affecting the

segmentation of the network. In this paper, we use ResNet to

delay gradient extinction in network propagation.

The mathematical principle of ResNet is as follows: Assume

that the mapping of input X to output Y is H, that is, Y = H(X);

After input X passes throughmultiple nonlinear layers, the result

Y satisfies another mapping as F, that is, Y= F(X), where F(X)=

H(X) -x between F and H satisfies. Thus, the original mapping H

is represented as F(X) + X. In the feedforward neural network,

the required mapping H can be realized through the connection

mode of “layer hopping,” as shown in Column B in Figures 2, 3.

The UU-NET model in this paper uses this residual idea to

construct convolution blocks in U-NET as shown in Figure 5.

The essence is to replace ordinary convolution modules with

residual convolution modules and apply batch regularization

rules to model training.

Sampling module

By connecting the intermediate result of the former U-

NET decoder to the latter U-NET encoder through Addition,

the latter can be supplemented with additional information

on the feature graph of each scale. At the same time, this

method can construct multiple paths to transmit information,

and each path is equivalent to an FCN variant. Therefore, it

has the potential to capture more complex features and produce

higher accuracy. Similarly, in order to construct multiple paths,

this paper constructs two types of U-NET modules, which are

respectively used for the outer U-shaped encoder (columnA and

decoder in Figure 6 and column B in Figure 6 for the design of

UU-NET model.

Overall model structure

Through the construction of two types of U-NET modules,

referred to as external U encodermodule and external U decoder

module, the UU-NET model is designed. The “hop layer” in the

U-NET module is connected by Concatenation. The smallest

feature graph in the outer U encoder module will be the input

of the lower outer U encoder module. U decoder module and

external U encoder module on the size of the corresponding

figure for Addition (Addition) operation, namely “U” encoder

module and the intermediate results produced by decoding

part of the “U” decoder module coding and some intermediate

results, so the latter on the characteristics of various scale chart

to get the additional information added, at the same time,

Added multiple paths from input to output. Compared with

LadderNet, this paper not only uses the residual convolution

FIGURE 5

Ordinary convolution block and residual convolution block.

A

B

FIGURE 6

Modules of two UU-NET models. (A) Down-Sampling.

(B) Up-Sampling of the U-Net module.

block to increase the depth of the outer U-shaped structure, but

also constructs more information transmission paths through

the double-layer structure, that is, more FCN variants are added.

As shown in Figure 7, the outer layer of the normal U-Net model

is connected by residual convolution blocks, thus forming a

double-layer U model. It is equivalent to regard each neural

network of U-NET model as a U-NET model.

Deconvolution neural network

Deep deconvolution network is a supervised learning

method, which includes training stage and test stage (as shown
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FIGURE 7

Overall structure of UU-NET network.

in Figure 8). Ten times in the training phase, this paper

uses the method of cross validation, the magnetic resonance

image segmentation and manual real image as the training

sample input of neural network, through the forward and

reverse transmission, iteratively weight training network model,

and with the other five patients image of the sample as the

validation sample, for training the model provide supervision

and guidance. Finally, a Softmax classifier was trained and

Dice loss function was optimized to obtain the classification

probability map of the whole image. In the test stage, the test

image is input into the trained network model after contrast

adjustment processing, and the final test image segmentation

result is obtained through a forward propagation calculation.

Structure and parameters of deconvolution
networks

Figure 9 shows the network architecture referenced here. In

order to facilitate network input, all input images are uniformly

divided into 3 × 2,244 × 224 pixels. In convolutional networks,

we use a similar structure to FCN, and replace all the final

connection layers with a convolutional layer. The convolutional

network model includes five convolution layers, five maximum

layers and two convolution layers. The convolutionmethod is an

overlapping method, that is, one or two successive convolution

layers are placed behind each convolution layer. In the network,

all convolution kernels are small Windows 3× 3 and 1 step long.

In order to keep the size of the feature graph consistent before

and after the convolution operation, a numerical value “0” of

1 is added to the edge of the input feature graph. Overlapping

convolutional layer can not only improve the depth of the

network, learn the parameters of the network, but also effectively

prevent over-fitting.

In the deconvolution network part, the mirror structure

of the convolutional network is used to reconstruct the input

object. Therefore, multilayer deconvolution can also obtain

different morphological details like convolutional networks. In

the convolutional network model, low-level features can reflect

the overall roughness of the target, such as target position

and rough shape, while higher-level features have classification

characteristics and contain the details of the target.

Dice depletion layer

The image is trained into the network, and then the software

mapping layer is used to get the classification map with the

same resolution as the initial input, so as to reflect the possibility

that each pixel point is the foreground or background. On this

basis, the loss function is optimized by using the classification

method based on actual tags, so as to obtain the final weight

of the convolutional network. In the learning process, due to

the strong learning characteristics of the network, the usual

loss function tends to fall into local minimization, resulting

in the detection of future regions. In order to improve the

response curve after classification, a new target loss function

D was established by Dice similarity coefficient, which made
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FIGURE 8

Deconvolution neural network framework used in this paper.

FIGURE 9

Structure diagram of deconvolution network.

the predicted response curve and the actual segmentation result

have the maximum similarity.

D =

2
∑N

i pigi
∑N

i p2i +
∑N

i g2i

(11)

Where, pi and gi represent the value of the ith pixel in the

prediction graph and the real segmentation graph, respectively.

We take the derivative of this

∂D

∂pi
= 2







gi

(

∑N
i p2i +

∑N
i g2i

)

− 2pi

(

∑N
i pigi

)

(

∑N
i p2i +

∑N
i g2i

)2






(12)

The partial derivative is used for parameter updating in back

propagation. Experimental results show that Dice loss function

has better performance than ordinary loss function.

Evaluation standard

Parameters of the standard

On this basis, DSC and Hausdorff distance (HD) were used

to evaluate the two methods quantitatively. DSC algorithm

performs similarity analysis in the range of two contour lines.

The point set within the range of two contour lines represented

by A and B is defined as follows

DSC(A,B) =
2|A ∩ B|

|A| + |B|
(13)

HD reflects the maximum difference between the two

contour point sets and is defined as

HD(A,B) = max(h(A,B), h(B,A)) (14)

Among them

h(A,B) =
max min
aiεAbiεB ||ai − bi|| (15)

||ai − bj|| =

√

(

xai − xbj

)2
+

(

yai − ybj

)2
(16)

Smaller HD values mean higher segmentation accuracy.

Results

The experimental analysis

A total of 150 patients were enrolled in the Department of

CT/MRI at the Second Affiliated Hospital of Fujian Medical

University, 8 to 15 groups for each. Each sequence consisted

of a 20-frame cardiac cycle, consisting of 15,000 artificially

segmented images, 12,000 images as training samples, and

3,000 images as experimental samples. From the initial reading

of cardiac MRI data, to the normalization described in the

previous, to the normalization and data enhancement of

Frontiers inCardiovascularMedicine 08 frontiersin.org

90

https://doi.org/10.3389/fcvm.2022.1011916
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Wang et al. 10.3389/fcvm.2022.1011916

FIGURE 10

Comparison of traditional methods, deep learning, and manual segmentation in atrial segmentation.
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TABLE 1 Result data of each method on validation set.

Methods DSC/% HD/mm Time/min

Region growing 83.4 9.3 4

Threshold segmentation 86.7 8.5 6

Deconvolution neural network 95.8 5.5 1.4

UU-NET 96.7 1.3 0.4

image data, and then, according to the ROI area center and

ROI detection results, the image data were divided into 128

× 128 pieces, clustered in the ROI center, namely the left

ventricle, and input to the ROI center, namely the left ventricle.

Compared with the original cardiac MRI slice with average

spatial resolution of 235–263 voxel/slice, the GPU storage

capacity was reduced from more than 10 GB to <6 GB by using

the same model for training. This method uses ROI to extract

128 × 128 images and reduces unnecessary information while

maintaining the left exterior shape.

The segmentation results of region growing image differ

greatly when the gray difference threshold is different. When

the threshold was small, the whole myocardium could not

be separated. When the threshold is large, other surrounding

tissues are incorrectly separated. However, the determination

of threshold depends on the determination in advance, so

it cannot adapt to the changeable conditions of cardiac

MR images.

Since other tissues outside the myocardium are similar

to the myocardium in gray scale, threshold segmentation

method only uses gray level to determine whether pixels

belong to segmentation target, without utilizing relevant spatial

information. Therefore, tissues near the myocardium with

similar gray scale are often segmented together. Threshold

method is not effective in ventricular segmentation of

cardiac MRI.

The deep learning image segmentation method is relatively

ideal, but the deconvolution neural network is sometimes over-

sharpened.

Figure 10 shows the manual segmentation and traditional

image segmentation methods (region growth, threshold

segmentation) and deep learning image segmentation method

(UU-NET, deconvolution neural network), where red is right

atrium (RA) and blue is left atrium (LA).

The experimental results

Table 1 lists the performance of the relevant methods

mentioned in this article. As can be seen from the table, deep

learning image segmentation algorithm has obvious advantages

over traditional methods, while DSC obtained by the algorithm

in this paper is slightly higher than deconvolution neural

network, which means that the image segmentation completed

in this paper is more accurate in atrial coverage. At the

same time, it has obvious advantages in HD, which means

that the set of contour points in this paper is closer to the

standard, that is, the probability of sharpening is lower. At

the same time, we should also realize that the processing

time of computer-aided calculation is far shorter than that

of manual segmentation (15–20min) by professional doctors,

which indicates that the application of deep learning in image

segmentation is a general trend.

Discussion

Segmentation of medical image is an important and difficult

problem in clinical diagnosis (21). Accurate segmentation,

identification and analysis can be used for qualitative and

quantitative analysis of target organs and tissues in clinical

practice, improve the accuracy and reliability of diagnosis, and

indirectly improve the survival of patients (22). MRI has been

widely used in the diagnosis and evaluation of many important

diseases including cardiovascular diseases (23). It is widely used.

In order to solve the problem of ventricular segmentation in

MRI, a new deep deconvolution neural network is used for

segmentation, and good results are obtained in the experiment.

However, on the basis of in-depth analysis of deep learning

technology, existing problems are found and possible directions

for further research are proposed:

1. Reliable data sets. First, due to the high cost, there are

relatively few relevant data sets that can be used for deep

learningmodeling. Although common data expansionmeans

can be used to expand, the expansion cannot reflect the

sample distribution in the real world, which may have hidden

dangers for clinical use. Second, there is no unified standard,

because the equipment of different research institutions is

not consistent, the data quality, code, scale and so on are

not consistent.

2. Expand the application scope. The current application

scope of the model in this paper is 2D cardiac MRI,

which can be considered for segmentation of other medical

images, such as CT, ultrasound and X-ray. Segmentation

of medical images of other parts, such as head, neck,

chest, etc. The 3D heart model was segmented. In order

to better present relevant information to doctors from

multiple fields.

3. Improve noise resistance. Because of the particularity

of medical image acquisition, shadow and noise are

common phenomena. There is still room to improve the

noise resistance of the model used in this paper. The

subsequent optimization may be carried out by adopting a

more suitable preprocessing method and a more accurate

loss function.
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4. Stereotypes. The types of training sets are also different,

which leads to poor generalization performance of the

models. Increasing the diversity of data is key to solving this

problem. However, one is the lack of credible data in the

above data, and the other is that some cases are very rare in

the history of human medicine.

Because of the complexity of medical images and gradient

fuzzy boundaries, need more high resolution information, after

join operations directly from the encoder to the decoder with

height on the high-resolution information can provide the

division with the fine features, such as gradient, and in view

of the left ventricle segmentation data sets have labeled images

is small in the segmentation problem such as low precision,

learning difficulties, Deep learning in medicine has a long way

to go (24–26).

Conclusion

The segmentation task of atrial image is realized by using

the latest deep learning technology. In order to achieve pixel-by-

pixel segmentation of images, this paper proposes an embedded

UU-NETmodel with dual U structure, which is used to segment

the left atrium ofMRI data preprocessed by subjective screening,

data amplification and image enhancement. Experimental

verification shows that this design method improves the

segmentation accuracy of left and right atrial in MRI. The

experimental results show that the segmentation accuracy of

UU-NET model has exceeded that of partial deep learning

method. Further improvements will bemade under the guidance

of experts.
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Background: The relationship between serum calcium and left ventricular

function in patients with acute coronary syndrome (ACS) has not been

explored. Our aim was to investigate the correlation of admission serum

calcium with left ventricular dysfunction in ACS patients.

Methods: In this cross-sectional study, 658 ACS patients who were admitted

in the Department of Cardiovascular Disease from June 1st, 2019 to December

31st, 2019 were enrolled in the present study. Serum calcium and B-type

natriuretic peptide (BNP) were measured at admission. Left ventricular ejection

fraction (LVEF) was assessed using echocardiography. The correlation between

admission serum calcium and left ventricular dysfunction was analyzed.

Results: When stratified by serum calcium quartiles calculated from all

patients, patients with lower serum calcium quartile showed a markedly

higher BNP and lower LVEF (P < 0.05). Patients with LVEF≤ 50% showed a

significantly lower serum calcium and higher BNP compared to those with

LVEF> 50% (P < 0.05). Admission serum calcium was positively correlated with

LVEF (P < 0.01) but negatively correlated with BNP (P < 0.01). Multivariate

logistic regression analysis showed that lower serum calcium (adjusted OR:

0.720, 95% CI: 0.519–0.997, P = 0.048) was independently associated with

BNP ≥ 300 pg/ml in ACS patients. Using LVEF as a dependent variable, no

significant correlation between low serum calcium and left ventricular systolic

dysfunction was found in ACS patients.

Conclusions: In patients with ACS, admission serum calcium was positively

correlated with LVEF and negatively with BNP. Lower admission serum calcium

was an independent risk factor for elevated BNP.

KEYWORDS

acute coronary syndrome, serum calcium, left ventricular dysfunction, left ventricular

ejection fraction, B-type natriuretic peptide
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Introduction

Cardiovascular disease is the major cause of death globally

(1, 2). Acute coronary syndrome (ACS) represents a severe

type of atherosclerotic cardiovascular disease. Studies reported

that about 30–50% of ACS patients had left ventricular systolic

dysfunction (3–5) which was an important determinant of poor

outcome (3, 6, 7).

Serum calcium is a common monitored clinical biomarker.

Calcium plays a critical role in excitation, contraction

and relaxation of the myocardium (8, 9). Both clinical

electrophysiology studies and preclinical experiments

demonstrated that abnormal intracellular calcium concentration

was a key biomarker of heart failure with preserved ejection

fraction (10–12). Previous studies indicated that high

level of serum calcium concentration was independently

associated with heart failure (10–12). However, Wang et al.

(13) found that low serum calcium was associated with left

ventricular systolic dysfunction in patients with coronary artery

disease (CAD).

The relationship between serum calcium and left

ventricular function in ACS patients has not been investigated.

Therefore, our aim was to explore the correlation between

admission serum calcium and left ventricular dysfunction in

ACS patients.

Methods

Study participants

Patients with ACS who were admitted to the Department

of Cardiovascular Disease, Beijing Tiantan Hospital, Capital

Medical University from June 1st, 2019 to December 31st,

2019 were screened. The ACS included unstable angina

pectoris, acute ST-segment elevation myocardial infarction

(STEMI) and non-ST-segment elevation myocardial infarction

(non-STEMI) (14). The inclusion criteria were as follows:

(1) age > 18 years; (2) ACS was confirmed by coronary

angiography; (3) complete information of echocardiographic

examination; (4) signed informed consent form. Patients

with any of the following conditions were excluded:

preexisting cardiomyopathy, endocarditis, severe valvular

heart disease, cerebrovascular disease, liver dysfunction, chronic

renal insufficiency, acute infection, known malignancies,

thyroid diseases, parathyroid disorders, mal-absorption, bone

disease, systemic immune disease, hemorrhagic diathesis

or coagulation disorders. In total, 658 ACS patients were

eligible for the study. The study was performed according

to the Declaration of Helsinki and approved by the

ethical committee of Beijing Tiantan hospital. Written

informed consents were obtained from all patients or their

legal representatives.

Demographic and clinical data

Clinical data including height, weight, body mass index,

blood pressure, heart rate, and Global Registry of Acute

Coronary Events (GRACE) risk score were collected at

admission. Medical history, history of smoking and drinking

were also collected upon admission. GRACE score was

calculated based on the following eight indexes: age, heart rate,

systolic blood pressure, blood creatinine concentration, Killip

classification, prehospital cardiac arrest, ST-segment deviation

on electrocardiography, and cardiac enzyme elevation.

Biochemical measurements

Fasting blood samples were obtained from the peripheral

veins on the first morning after admission. Levels of serum

calcium, phosphate, albumin, serum lipid, serum glucose and

creatinine were measured by the Hitachi LABOSPECT 008

automatic biochemical analyzer (Hitachi Corporation, Japan).

Glycosylated hemoglobin A1c (HbA1c), C-reactive protein

(CRP), and B-type natriuretic peptide (BNP) were determined

using routine methods. Abnormal elevated BNP was defined as

≥300 pg/ml (15–17). The troponin I (TnI), and creatine kinase

isoenzymes MB (CK-MB) levels were also measured using the

Architect system (Abbott Diagnostics).

Coronary angiography

Coronary angiography was carried out via the radial or

femoral artery approach according to the standard Judkins

technique in ACS patients. CAD was defined as having a

single or multiple coronary artery stenosis with at least 50%

diameter reduction according to the American College of

Cardiology/American Heart Association lesion classification

(18). Based on the results of coronary angiography, CAD

severity was estimated by the number of coronary artery lesions

and classified as three groups: single-vessel disease, double-

vessel disease, triple-vessel disease. And left main lesion was

equivalent to triple-vessel disease (19).

Left ventricular systolic function
assessment

Echocardiography was performed with a Vivid 7 Dimension

equipped with a multifrequency transducer (GE Healthcare,

Vingmed, Norway) within 24 h after admission. Left ventricular

systolic function was evaluated by left ventricular ejection

fraction (LVEF). LVEF was measured using the Simpson’s

method based on two-dimensional echocardiography in all

patients. Low LVEF was defined as LVEF≤ 50% (20, 21).
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Statistical analysis

Normality of the distribution of the studied variables

was assessed by normal probability plots and one-sample

Kolmogorov–Smirnov test. Continuous variables were

presented as mean ± standard deviation (SD) or median

(interquartile range), as appropriate. Differences in normally

distributed variables were determined by independent-samples

t-test or one-way ANOVA, while the non-parametric Mann-

Whitney U-test or Kruskal-Wallis test was used for the variables

not normally distributed. Categorical variables were given

as ratio or percentage. The Chi-square test was applied for

categorical variables. Pearson correlation was performed to

determine the association between serum calcium and left

ventricular function. Multivariate logistic regression analyses

were used to examine the relationship between left ventricular

dysfunction based on BNP ≥ 300 pg/ml or LVEF ≤ 50% and

related factors, after adjustment for potential confounders,

including age, gender, biochemical parameters and GRACE

score. The odds ratio (OR) and 95% confidence interval (95%

CI) were reported separately. A two-tailed P-value < 0.05 was

considered as statistically significant difference.

The data were analyzed with SPSS version 26 (SPSS for

Windows, IBM Corp., USA).

Results

Comparisons of clinical characteristics of
ACS patients according to serum calcium
quartiles

In total, 658 ACS patients were included, with a mean

age of 62.0 ± 10.1 years, (range: 23–85 years). Four hundred

and seventy-seven participants (72.5%) were males. The average

serum calcium level was 2.27 ± 0.10 mmol/l. The average LVEF

was 60.7± 6.8% and the proportion of LVEF ≤50 was 9.3%.

All patients were divided into four groups according to

serum calcium quartiles: Quartile 1 (serum calcium level ≤

2.19 mmol/L), Quartile 2 (2.20–2.25 mmol/L), Quartile 3 (2.26–

2.32 mmol/L), and Quartile 4 (≥2.33 mmol/L). The biochemical

indexes and clinical data of ACS patients in the different

groups were shown in Table 1. When stratified by serum

calcium quartiles, the mean age, proportion of acute myocardial

infarction, troponin I at admission, BNP and GRACE score

were significantly higher in Quartile 1 group as compared with

Quartile 3 group and Quartile 4 group (P < 0.01). At the same

time, the patients in Quartile 2 group were older than those in

Quartile 4 group and also had higher troponin I at admission,

BNP and GRACE score than those in Quartile 3 group and

Quartile 4 group (P < 0.05). However, patients in Quartile 1

group showed an obviously lower LVEF than those in Quartile

3 group and Quartile 4 group (P < 0.01). A lower triglycerides

and total cholesterol were found in Quartile 1 group than those

in Quartile 4 group (P < 0.01). And body mass index was also

lower in Quartile 1 group than that in Quartile 2 group and

Quartile 3 group (P < 0.01). With increasing serum calcium,

serum albumin and serum phosphorus showed a significant

increase (P < 0.05). No differences in gender, previous history,

blood pressure, creatinine or number of coronary artery lesions

were observed among four groups.

Comparisons of clinical characteristics of
ACS patients according to LVEF

The ACS patients were categorized into two groups

according to LVEF, with one group of ACS patients with lower

LVEF (LVEF ≤ 50%, n = 61) and one group with higher LVEF

(LVEF > 50%, n = 597). Seen from Table 2, the male, smoking,

proportion of acute myocardial infarction, heart rate, troponin I

at admission, creatinine, BNP, and GRACE score were obviously

higher in lower LVEF group than in higher LVEF group (P <

0.05). As compared to those with higher LVEF, the patients with

lower LVEF had a significantly decreased serum albumin, serum

calcium and phosphorus (P < 0.05). The age, blood pressure,

serum lipid, or number of coronary artery lesions didn’t differ

between both groups.

Correlations of serum calcium with left
ventricular function in ACS patients

In Table 3, Pearson correlation analysis found that

admission serum calcium level showed a significantly positive

correlation with hemoglobin, serum albumin, serum glucose,

serum uric acid, serum phosphorus, triglycerides, total

cholesterol, low density lipoprotein cholesterol, and LVEF (P

< 0.05). And serum calcium was significantly and negatively

associated with age, BNP, troponin I at admission, and GRACE

score (P < 0.001).

Multivariate logistic regression in ACS
patients

In multivariate logistic regression analysis, BNP was defined

as 1 when BNP ≥ 300 pg/ml, and BNP was defined as 0 when

BNP < 300 pg/ml. LVEF was considered as 1 when LVEF

≤ 50%, and LVEF was considered as 0 when LVEF > 50%. Male

was defined as 1 while female was as 0. Multivariate backward

stepwise logistic regression analysis was used to explore the

independent factors associated with BNP ≥ 300 pg/ml or LVEF

≤ 50%.
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TABLE 1 Comparisons of clinical characteristics of ACS patients according to serum calcium quartiles.

Variables Total Quartile 1

(≤2.19)

Quartile 2

(2.20–2.25)

Quartile 3

(2.26–2.32)

Quartile 4

(≥2.33)

P-value

Number 658 146 154 193 165 –

Age (years) 62.0± 10.1 64.7± 9.0 63.1± 9.5 61.1± 9.8* 59.7± 11.3*# <0.001

Gender (male/female) 477/181 114/32 104/50 146/47 113/52 0.090

BMI (kg/m2) 25.55± 2.81 24.96± 2.58 25.81± 2.86* 25.86± 2.97* 25.47± 2.68 0.016

Previous history

Coronary artery disease (%) 275 (41.8) 60 (41.1) 61 (39.6) 83 (43.0) 71 (43.0) 0.908

Hypertension (%) 456 (69.3) 93 (63.7) 108 (70.1) 135 (69.9) 120 (72.7) 0.369

Diabetes (%) 256 (38.9) 53 (36.3) 61 (39.6) 74 (38.3) 68 (41.2) 0.839

Stroke (%) 73 (11.1) 15 (10.3) 21 (13.6) 19 (9.8) 18 (10.9) 0.701

Smoking (%) 378 (57.4) 85 (58.2) 84 (54.5) 115 (59.6) 94 (57.0) 0.815

Drinking (%) 310 (47.1) 68 (46.6) 66 (42.9) 97 (50.3) 79 (47.9) 0.585

Diagnosis 0.003

AMI (%) 142 (21.6) 47 (32.2) 34 (22.1) 34 (17.6)* 27 (16.4)*

Unstable angina pectoris (%) 516 (78.4) 99 (67.8) 120 (77.9) 159 (82.4) 138 (83.6)

Systolic BP (mmHg) 128.9± 17.1 126.8± 19.2 129.7± 16.6 129.7± 16.7 128.9± 15.9 0.389

Diastolic BP (mmHg) 77.2± 10.6 77.1± 10.9 77.0± 10.5 76.9± 10.4 77.7± 10.8 0.908

Heart rate (beats per min) 71.7± 9.3 71.8± 9.9 71.0± 8.6 71.6± 9.2 72.4± 9.5 0.594

Troponin I at admission (ng/mL) 0.005 (0.002, 0.066) 0.011 (0.003, 0.876) 0.008 (0.002, 0.087) 0.004 (0.002, 0.018)*∧ 0.004 (0.001, 0.018)*# <0.001

Hemoglobin (g/L) 140.9± 15.5 138.1± 16.9 141.3± 15.5 141.1± 14.5 142.5± 15.3 0.083

Serum albumin (g/L) 40.3± 3.0 38.1± 2.8* 39.6± 2.3# 40.5± 2.3& 42.5± 2.7 <0.001

Serum calcium (mmol/L) 2.27± 0.10 2.13± 0.05* 2.23± 0.02# 2.29± 0.02& 2.39± 0.06 <0.001

Serum phosphorus (mmol/L) 1.13± 0.19 1.05± 0.20* 1.11± 0.17 1.16± 0.18∧ 1.18± 0.17# <0.001

Serum glucose (mmol/L) 4.91 (4.34, 6.04) 4.75 (4.26, 5.76) 4.89 (4.37, 6.16) 4.98 (4.36, 5.96) 5.08 (4.40, 6.53) 0.123

Triglycerides (mmol/L) 1.46 (1.04, 2.01) 1.33 (0.95, 1.86) 1.41 (1.01, 1.92) 1.48 (1.04, 1.97) 1.64 (1.22, 2.24)*# 0.001

Total cholesterol (mmol/L) 3.89± 0.96 3.75± 0.84 3.80± 0.93 3.89± 0.96 4.08± 1.07*# 0.013

LDL-C (mmol/L) 2.43± 0.89 2.34± 0.76 2.39± 0.86 2.41± 0.91 2.56± 1.00 0.157

HDL-C (mmol/L) 1.01± 0.25 1.01± 0.28 0.97± 0.20 1.03± 0.27 1.03± 0.25 0.125

Serum uric acid (µmol/L) 349.6± 86.0 333.4± 78.8 350.0± 88.3 353.4± 77.5 359.3± 97.5 0.053

Creatinine (µmol/L) 68.1± 17.1 69.6± 20.5 67.5± 15.7 68.5± 16.6 66.9± 15.5 0.527

Glycosylated hemoglobin A1C (%) 6.72± 1.38 6.50± 1.15 6.70± 1.32 6.84± 1.46 6.79± 1.50 0.136

BNP (pg/mL) 45.0 (22.9, 115.7) 69.3 (32.0, 193.2) 48.5 (25.8, 136.6) 39.4 (18.6, 90.5)*∧ 36.7 (16.4, 80.2)*# <0.001

LVEF (%) 60.7± 6.8 59.2± 7.0 60.5± 7.4 61.5± 6.6* 61.3± 5.9* 0.012

GRACE score 113.6± 23.6 121.0± 25.2 116.6± 21.0# 109.6± 23.3* 108.9± 22.9* <0.001

Number of coronary artery lesions 2 (1, 3) 2 (1, 2) 2 (1, 3) 2 (1, 3) 2 (1, 3) 0.562

BMI, body mass index; AMI, acute myocardial infarction; BP, blood pressure; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; BNP, B-type

natriuretic peptide; LVEF, left ventricular ejection fraction; GRACE, Global Registry of Acute Coronary Events.

*Q1 vs. Q2, Q1 vs. Q3, Q1 vs. Q4, P < 0.01.
#Q2 vs. Q3, Q2 vs. Q4, P < 0.01.
∧Q2 vs. Q3, P < 0.05.
&Q3 vs. Q4, P < 0.01.

The bold values indicate statistical differences.

In model 1, age, gender and serum calcium quartile were

used as the independent variables. The data in Table 4 exhibited

that age (OR: 1.049, 95% CI: 1.016–1.083, P = 0.003) and

lower serum calcium quartile (OR: 0.569, 95% CI: 0.429–0.754,

P < 0.001) were independently associated with BNP ≥ 300

pg/ml after adjustment for potential confounding factors in ACS

patients. In contrast, male (OR: 2.640, 95% CI: 1.228–5.678, P

= 0.013) and lower serum calcium quartile (OR: 0.796, 95% CI:

0.623–1.016, P = 0.066) correlated with LVEF≤ 50%.

In model 2, serum phosphorus, serum albumin, creatinine

and GRACE score were also included in addition to those used

in model 1. Multivariate backward stepwise logistic regression
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TABLE 2 Comparisons of clinical characteristics of ACS patients according to LVEF.

Variables Lower LVEF group

(≤50%)

Higher LVEF group

(>50%)

P-value

No. 61 597

Age (years) 61.3± 11.5 62.1± 10.0 0.569

Gender (male/female) 53/8 424/173 0.008

BMI (kg/m2) 25.42± 2.96 25.56± 2.79 0.709

Previous history

Coronary artery disease (%) 31 (50.8) 244 (40.9) 0.133

Hypertension (%) 38 (62.3) 418 (70.0) 0.213

Diabetes (%) 27 (44.3) 229 (38.4) 0.368

Stroke (%) 10 (16.4) 63 (10.6) 0.167

Smoking (%) 47 (77.0) 331 (55.4) 0.001

Drinking (%) 36 (59.0) 274 (45.9) 0.051

Diagnosis <0.001

AMI (%) 35 (57.4) 107 (17.9)

Unstable angina pectoris (%) 26 (42.6) 490 (82.1)

Systolic BP (mmHg) 126.2± 21.2 129.1± 16.6 0.301

Diastolic BP (mmHg) 77.5± 13.3 77.1± 10.3 0.817

Heart rate (beats per min) 75.7± 14.3 71.3± 8.5 0.022

Troponin I at admission (ng/mL) 0.076 (0.012, 16.914) 0.004 (0.002, 0.040) <0.001

Hemoglobin (g/L) 141.7± 19.1 140.8± 15.1 0.728

Serum albumin (g/L) 39.4± 3.2 40.3± 2.9 0.021

Serum calcium (mmol/L) 2.24± 0.10 2.27± 0.10 0.043

Serum phosphorus (mmol/L) 1.08± 0.21 1.13± 0.19 0.028

Serum glucose (mmol/L) 5.30 (4.32, 6.74) 4.89 (4.35, 5.98) 0.181

Triglycerides (mmol/L) 1.30 (1.01, 1.95) 1.46 (1.05, 2.02) 0.413

Total cholesterol (mmol/L) 4.00± 1.05 3.88± 0.96 0.347

LDL-C (mmol/L) 2.55± 0.95 2.42± 0.89 0.272

HDL-C (mmol/L) 1.02± 0.27 1.01± 0.25 0.900

Serum uric acid (µmol/L) 365.2± 85.6 348.0± 86.0 0.137

Creatinine (µmol/L) 72.2± 15.9 67.7± 17.1 0.049

Glycosylated hemoglobin A1C (%) 6.98± 1.58 6.69± 1.36 0.123

BNP (pg/mL) 147.8 (37.6, 354.4) 42.8(21.6, 100.4) <0.001

GRACE score 128.9± 29.5 112.0± 22.4 <0.001

LVEF (%) 44.3± 6.1 62.4± 4.1 <0.001

Number of coronary artery lesions 2 (1, 3) 2 (1, 3) 0.185

BMI, body mass index; AMI, acute myocardial infarction; BP, blood pressure; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; BNP, B-type

natriuretic peptide; LVEF, left ventricular ejection fraction; GRACE, Global Registry of Acute Coronary Events.

The bold values indicate statistical differences.

showed that lower serum calcium quartile (OR: 0.720, 95%

CI: 0.519–0.997, P = 0.048), lower serum albumin (OR: 0.901,

95% CI: 0.802–1.012, P = 0.080), increased creatinine (OR:

1.020, 95% CI: 1.005–1.035, P = 0.010) and GRACE score (OR:

1.042, 95% CI: 1.027–1.057, P < 0.001) were independently

correlated with BNP ≥ 300 pg/ml after adjusting for other

potential confounders in ACS patients. When LVEF was used

as the dependent variable, male (OR: 2.469, 95% CI: 1.095–

5.565, P = 0.029), age (OR: 0.931, 95% CI: 0.900–0.965, P

< 0.001) and increased GRACE score (OR: 1.050, 95% CI:

1.035–1.056, P < 0.001) were independently associated with

LVEF ≤ 50%.

Discussion

The present study analyzed the correlation between the level

of admission serum calcium and left ventricular dysfunction

in ACS patients. Admission serum calcium was positively

correlated with LVEF and negatively correlated with BNP. Low
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TABLE 3 Correlations of serum calcium in ACS patients.

Variables r-value P-value Variables r-value P-value

Age (years) −0.186 <0.001 Creatinine (µmol/L) −0.053 0.176

BMI (kg/m2) 0.065 0.097 Triglycerides (mmol/L) 0.149 <0.001

Systolic BP (mmHg) 0.063 0.106 Total cholesterol (mmol/L) 0.131 0.001

Diastolic BP (mmHg) 0.036 0.358 LDL-C (mmol/L) 0.092 0.019

Hemoglobin (g/L) 0.101 0.010 HDL-C (mmol/L) 0.067 0.084

Serum albumin (g/L) 0.592 <0.001 BNP (pg/mL) −0.155 <0.001

Serum glucose (mmol/L) 0.089 0.023 Troponin I at admission (ng/mL) −0.171 <0.001

Serum uric acid (µmol/L) 0.104 0.008 LVEF (%) 0.115 0.003

Serum phosphorus (mmol/L) 0.264 <0.001 GRACE score −0.230 <0.001

BMI, body mass index; BP, blood pressure; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; BNP, B-type natriuretic peptide; LVEF, left ventricular

ejection fraction; GRACE, Global Registry of Acute Coronary Events.

The bold values indicate statistical differences.

TABLE 4 Backward stepwise multivariate logistic regression in ACS patients.

Variables BNP LVEF

β OR 95% CI P-value β OR 95% CI P-value

Model 1

Age (years) 0.048 1.049 1.016–1.083 0.003 0.824

Gender 0.213 0.971 2.640 1.228–5.678 0.013

Serum calcium quartile −0.564 0.569 0.429–0.754 <0.001 −0.228 0.796 0.623–1.016 0.066

Model 2

Age (years) 0.388 −0.071 0.931 0.900–0.965 <0.001

Gender 0.956 0.904 2.469 1.095–5.565 0.029

Serum calcium quartile −0.329 0.720 0.519–0.997 0.048 0.402

Serum albumin (g/L) −0.104 0.901 0.802–1.012 0.080 0.578

Creatinine (µmol/L) 0.020 1.020 1.005–1.035 0.010 0.943

Serum phosphorus (mmol/L) 0.120 0.780

GRACE score 0.041 1.042 1.027–1.057 <0.001 0.049 1.050 1.035–1.066 <0.001

In Model 1, age, gender and serum calcium quartile were used as the independent variables.

In Model 2, age, gender, serum calcium quartile, serum phosphorus, serum albumin, creatinine and GRACE score were included as the independent variables.

The bold values indicate statistical differences.

level of serum calcium was independently associated with BNP

≥ 300 pg/ml after adjusting for other potential confounders. No

significant association between low level of serum calcium and

left ventricular systolic dysfunction was detected.

Previous studies investigated the correlation between

serum calcium and left ventricular function and found that

patients with low concentration of serum calcium were

more likely to have LVEF <50% (22). And patient with

established heart failure presented low level of serum calcium

concentration (13, 23).Wang et al. (13) suggested that low serum

calcium was independently associated with left ventricular

systolic dysfunction in CAD patients with and without acute

myocardial infarction. Batra and Agarwal (24) observed severe

hypocalcemia and increased BNP in a patient with hypocalcemic

cardiomyopathy and severe heart failure. Our results were

consistent with these previous findings.

Other studies, on the contrary, showed different results.

Li et al. (11) indicated that an increase in serum calcium

concentration was correlated with an increased risk of heart

failure with preserved ejection fraction in patients with

type 2 diabetes mellitus. Additionally, Lutsey et al. (10)

also demonstrated that baseline high serum calcium was

independently correlated with greater risk of incident heart

failure in this population-based cohort.

Many reasons may contribute to these different

observations. It is well-known that serum calcium is affected

by many factors, such as diseases, drugs and measurement

techniques. In aforementioned studies, patients with diabetes

mellitus or communities population from the Atherosclerosis

Risk in Communities (ARIC) cohort were recruited. But

severely ill patients or patients with history of LVEF < 50% were

excluded. In contrast, ACS patients who were severely ill or in
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emergency condition were enrolled in our study. Additionally,

albumin-adjusted serum calcium concentration was used in the

previous study while admission serum calcium was measured

in this study. By multivariate logistic regression analysis, low

serum calcium was independently correlated with elevated BNP

after adjustment for potential confounding factors such as age,

serum albumin, and so on in ACS patients.

BNP and LVEF are objective indexes for assessment of left

ventricular function (17, 25). To the best of our knowledge,

this is the first study to evaluate the association between the

level of admission serum calcium and left ventricular function in

ACS patients. We demonstrated that low serum calcium quartile

was independently associated with elevated BNP and serum

calcium level was positively correlated with LVEF. However, no

significant association of serum calcium with left ventricular

systolic dysfunction was observed. The potential reason includes

the small number of patients with LVEF ≤ 50%. Meanwhile,

we noticed that serum calcium level was no longer correlated

with the LVEF ≤ 50% when adjusted by GRACE score. Killip

classification is used to stratify patients according to the severity

of their post-myocardial infarction heart failure and included

in the calculation of GRACE score, which may cause the futile

correlation. By contrast, GRACE score was not included in the

regression model in Wang et al.’s study (13).

The possible mechanism of the correlation between serum

calcium and left ventricular dysfunction is unclear. Serum

calcium ions play a vital role in many metabolic and regulatory

processes associated with cardiovascular disease, such as platelet

adhesion and aggregation, blood coagulation, enzymatic activity,

myocardial excitation, contraction and relaxation (8, 9). In

view of the roles of serum calcium in myocardial excitation-

contraction coupling and cardiac electrophysiologic effect,

abnormalities of serum calcium may cause disarrangement

of calcium homeostasis in the cytoplasm of cardiomyocytes

and lead to myocardial dysfunction (22). On the other

side, hypocalcemia reduces renal sodium excretion (26),

thus contributes to fluid overload and decreased myocardial

contractility, as demonstrated by decreased left ventricular

work index (9, 27). In addition, decreased serum calcium was

correlated with various common cardiovascular risk profiles,

such as hypertension, dyslipidemia, and so on (8).

This study had some limitations. First, it was a single-center,

observational study, whether similar results are obtained in

other patient categories remains to be investigated. Second, the

current study included a relatively small number of patients

with LVEF ≤ 50%. Third, recent studies (28, 29) found

that high curvatures and branching of coronary arteries were

associated with the risk of development of atherosclerosis and

plaque formation, however, coronary curvatures and branching

were not considered in our study. ACS patients with non-

obstructive coronary artery were not included. Fourth, serum

calcium measurement was performed on a single occasion after

admission. Serum calcium levels might vary over time, therefore

a longitudinal study is required. Finally, the pathophysiologic

mechanism of the association between hypocalcaemia and left

ventricular dysfunction was not investigated in the present

study. However, with the explorative results generated from this

study, a further study will be conducted.

In summary, admission serum calcium was positively

correlated with LVEF and negatively with BNP in ACS patients.

Low admission serum calcium was an independent biomarker

for elevated BNP.
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of Cardiology, Wujin Institute of Molecular Diagnostics and Precision Cancer Medicine of Jiangsu
University, Wujin Hospital Affiliated with Jiangsu University, The Wujin Clinical College of Xuzhou
Medical University, Changzhou, Jiangsu, China, 2Department of Ultrasonics, Wujin Hospital
Affiliated with Jiangsu University, The Wujin Clinical College of Xuzhou Medical University,
Changzhou, Jiangsu, China

The distal radial artery (DRA) approach has emerged as a new approach

in cardiovascular intervention. In recent years, ultrasound has been widely

used in cardiovascular intervention via the DRA approach. This article

systematically discusses the progress of ultrasound in the preoperative

vascular assessment, intraoperative guided puncture and postoperative

observation of complications via the DRA approach.

KEYWORDS

ultrasound, distal radial artery, distal radial artery approach, cardiovascular
intervention, vascular assessment

Introduction

The distal radial artery (DRA) approach has emerged as a new approach in
cardiovascular interventions in recent years (1). Compared with the conventional radial
artery (CRA) approach, the distal transradial approach (dTRA) dramatically reduces the
risk of bleeding and radial artery occlusion (RAO) and offers higher operator and patient
comfort (2–5). Although there is no discernible difference between the two techniques
in terms of puncture success rate and other characteristics (6), there is a noticeable
learning curve for dTRA puncture, with a longer puncture time than the transradial
artery approach (TRA) (4, 7).

According to previous studies, puncture of the radial artery under ultrasound
guidance can increase cannulation success rates and decrease the risk of haematoma at
the puncture site (8–10). Ultrasound is also of high value in cardiovascular interventions

Abbreviations: DRA, distal radial artery; CRA, conventional radial artery; dTRA, distal transradial
approach; RAO, radial artery occlusion; TRA, transradial artery approach; AS, anatomical snuffbox;
BMI, body mass index; PSV, peak systolic velocity.
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performed via the dTRA, which can not only improve the
success of puncture and catheterization (11–13) and shorten
the time of dTRA puncture and catheterization (14) but
also monitor vascular access-related problems. In light of the
contemporary literature, we systematically evaluated the value
of ultrasound in the perioperative period of cardiovascular
interventions performed via the dTRA.

Ultrasound examination methods

Ultrasound images of the anatomical
snuffbox

The DRA is divided into the anatomical snuffbox (AS)
and the Hegu acupoint by the tendon of the extensor pollicis
longus (15). The AS is a triangular depression on the dorsum
of the hand near the root of the thumb, with the abductor
pollicis longus and extensor pollicis brevis on the outside and the
extensor pollicis longus on the inside, the radial styloid process
on the lower border, and the trapezium and scaphoid bones
at the base (16). The AS contains the DRA, cephalic vein, and
superficial branches of the radial nerve (16).

The vessel presents a hyperechoic anterior and posterior wall
on two-dimensional ultrasound imaging in the long-axis view as
well as a long, black, anechoic train-track structure in the middle
and an anechoic oval structure in the short-axis view. The
superficial branch of the radial nerve is located near the extensor
pollicis longus, which presents with small striated structures
with hypoechoic and hyperechoic lines alternating on the long-
axis view and honeycomb-like structures with a mixture of
hypoechoic and hyperechoic lines and annular hyperechoic
wrapping on the short-axis view. Similar to the radial nerve,
the image of the tendon displays a striatal-like structure along
the long axis and a compact, fibrillar highly echogenic elliptical
structure along the short axis with a terminal attachment to the
bone. The bone cortical surface shows a strong echogenic signal
with a posterior acoustic shadow (17) (Figure 1).

Ultrasound operation in the anatomical
snuffbox

When the ultrasound examination is performed in the AS,
the patient’s hand is placed in a relaxed position, as in holding
a wine glass, to fully expose the AS region. After applying the
proper amount of ultrasound coupling agent, the thumb, index
finger, and middle finger of the operator are used to secure the
ultrasound probe, with the little finger touching the patient’s
forearm as a support point (Figure 2). As the DRA is usually
superficial, excessive pressure is likely to cause measurement
errors; thus, the ultrasound probe is placed lightly perpendicular
to the skin until it contacts the coupling agent. A high-frequency

(6–18 MHz) linear probe is usually chosen, and its size is
appropriate to place in the narrow AS region (18).

Ultrasound-guided arterial puncture
method

Ultrasound guidance can significantly improve the success
rate of radial artery puncture (11). The basic methods for
performing ultrasound-guided arterial puncture include the
long-axis in-plane method, the short-axis out-of-plane method,
the oblique axis in-plane method, and dynamic needle tip
positioning (19, 20). In the long-axis in-plane method, the long-
axis of the ultrasound probe is parallel to the longitudinal axis
of the vessel, which appears as a tubular hypoechoic structure
on imaging. During vascular puncture, the needle is inserted
at 15◦–30◦ to the skin with the tip parallel to the long axis of
the vessel. The short-axis out-of-plane method involves placing
the ultrasound probe perpendicular to the direction of the
vessel, which then appears as a circular hypoechoic structure on
imaging. The puncture needle is also inserted at 15◦–30◦ to the
skin with the tip perpendicular to the short-axis of the vessel.
The oblique in-plane method is based on the short-axis out-of-
plane method with an additional 45◦ clockwise rotation of the
probe; the resulting vascular image is an elliptical hypoechoic
structure. Dynamic needle tip positioning involves seeing the
highlighted needle tip on the ultrasound image, holding the
puncture needle still and translating the probe proximally until
the tip disappears, followed by holding the ultrasound probe still
and advancing the puncture needle until the tip reappears in
the center of the vessel (Figure 3). Meta-analyses have revealed
no significant difference among the various puncture guidance
techniques for increasing radial artery puncture success rates
(21, 22). Until now, there have been no studies on whether
various ultrasonography manoeuvres are helpful in increasing
the success rate of puncture via the dTRA.

Application of ultrasound in distal
radial artery interventions

Measurement of the vascular diameter before surgery,
puncture guidance during catheterization, and evaluation of
complications related to puncture after surgery are of high
clinical value. Currently, there are a large number of studies
on the use of ultrasound for cardiovascular intervention via
the DRA. We systematically searched the relevant literature in
the PubMed database using the keywords “distal radial artery,
distal radial approach, distal radial access, distal transradial
artery, distal transradial approach, distal transradial access”
and “ultrasound, ultrasound-guided, ultrasonography, duplex
ultrasound” (last search date 2022.07.10), combined with a
manual search of the references of the retrieved articles. A total
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FIGURE 1

Ultrasound images of the AS. Circle, abductor pollicis longus; Triangle, extensor pollicis brevis; Star, extensor pollicis longus; DRA, distal radial
artery; CV, cephalic vein; R, radial; U, ulnar. (A) N, radial nerve; solid line arrow, first metacarpal bone; dotted line arrow, second metacarpal
bone. (B) S, scaphoid; solid line arrow, lunate. (C) Solid line arrow, radial styloid process.

of 3,581 articles were initially retrieved. Based on the titles and
abstracts and removing duplicate articles, a total of 22 studies
were ultimately enrolled (2, 6, 12, 13, 23–40), with thirteen
studies from Asia, five from Europe, two from North America,
and two from South America. The sample sizes ranged from
42 to 2,775 cases. The study types included two randomized
controlled studies, six prospective cohort studies, one cross-
sectional study, and thirteen retrospective studies (Table 1).

Preoperative measurement of vessel
diameter

The results of a meta-analysis showed that the size of the
outer diameter of the vascular sheath was positively correlated
with the incidence of RAO (41), and mismatch between the
sheath and vessel diameter increased the incidence of RAO.
To reduce the risk of vascular injury, an increasing number
of studies have focused on the preoperative assessment of
the DRA diameter (2, 6, 12, 13, 23–40). Selection of suitable
sheaths according to the diameter of the DRA appeared to
reduce vascular damage (24). Although computed tomography

or angiography can accurately measure vessel diameter (42–44),
radiation and contrast agents are required and expensive. In
contrast, ultrasound is a convenient and non-invasive method
for evaluating vessel diameter (Figure 4).

Distal radial artery diameter and the
influencing factors

As shown in Table 1, the diameter of the DRA varied greatly
in various studies, which may be related to race, characteristics
of the research objects, measurement location, diameter
definition, demographic morphological characteristics, etc. (24,
25, 28–30, 37). As reported by Yu WW et al., the DRA
diameter was 1.71± 0.50 mm in a Chinese population (25), but
2.40± 0.50 mm according to data from Mexico (37). The largest
DRA diameter measured to date is 2.99 ± 0.60 mm in Japan
(30) from a study that excluded subjects with a vessel diameter
< 2.0 mm. In another Japanese population, Naito T et al. showed
a DRA diameter of 2.02 ± 0.44 mm (29). According to Meo D
et al., the diameter of the DRA was significantly larger in men
than in women (34). Additionally, for the DRA, differences in
vessel diameters measured inside and outside the AS have been
found. The diameter was smaller at the Hegu acupoint than
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FIGURE 2

Sketch of ultrasound technique of AS. The operator’s little finger
touches the patient’s forearm as a support point, which prevents
the blood vessel from being affected by external forces.

at the AS (28). In addition, the methods used to measure the
vessel diameter were different. In most studies, the definition
of vessel diameter was the media to media distance (25, 27,
29), while the distance from the outer membrane to the outer
membrane was used in other studies (24, 32). For example,
Norimatsu K found the diameter of the DRA, defined as the

distance from the outer membrane to the outer membrane, to be
2.6± 0.5 mm, which was larger than the results of other studies
(24). A similar result was obtained in a Korean population
(32).

The DRA is the continuation of the CRA on the back of
the hand. Does the diameter of the CRA affect the diameter
of the DRA? With the exception of one Canadian study (44),
the majority of studies discovered a correlation between DRA
and CRA diameters, with a ratio of almost 80% (24, 29, 33).
Norimatsu K et al. highlighted a strong positive correlation
(r = 0.66, P < 0.0001) between the DRA diameter to the
CRA diameter, and the ratio of the DRA to CRA diameter was
0.8 ± 0.1 (24). Naito T et al. also found a strong correlation
between the DRA and CRA diameters (29). In a large-sample
Korean study, the DRA/CRA ratio was similar to the previous
results on both sides (33). However, in another study, the
DRA diameter was 2.10 ± 0.40 mm, and the CRA diameter
was 2.60 ± 0.40 mm, which were not significantly correlated
(r = 0.053, P = 0.641) (27). The diameter of the DRA was
even larger than that of the CRA in 6.6–8% of patients (29, 34),
considering vascular variation. Most studies have suggested that
the CRA diameter affects the DRA diameter.

Sex may be a factor influencing DRA diameter, with studies
from Asia, Europe, and the Americas showing that the DRA
diameters in females are significantly smaller than those in males
(23, 26, 31, 33, 34, 40). However, Norimatsu K et al. found that
although the DRA diameter in women was smaller than that in
men, the difference was not significant (men: 2.6 mm, women:

FIGURE 3

Ultrasound guided puncture. (A) The long-axis in-plane method; (B) the short-axis out-of-plane method; (C) the oblique axis in-plane method;
(D) the dynamic needle tip positioning. À, seeing the highlighted needle tip; Á, holding the puncture needle still and translating the probe
proximally until the tip disappears; Â, followed by holding the ultrasound probe still and advancing the puncture needle until the tip reappears in
the center of the vessel.
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TABLE 1 DRA diameter and the influencing factors.

References Country Study
design

Number
(n)

Ultrasound
machine
model

Probe type Probe
frequency

Diameter
definition

Diameter of
distal radial
artery (mm)

Influencing
factors

Kaledin et al. (38) Russia Prospective 2,775 NA NA NA Media to media 2.4* NA

Kim et al. (31) Korea Retrospective 117 NA NA NA Media to media 2.65± 0.46 men
2.40± 0.53 women

Gender

Lee et al. (32) Korea Prospective 151 NA NA NA Adventitia to
adventitia

2.41± 0.50 L
2.36± 0.49 R

NA

Babunashvili (39) Russia Retrospective 1631 NA NA NA Media to media 2.13± 0.33 NA

Flores (40) America Retrospective 200 NA NA NA Media to media 2.4 men#

2.1 women#
NA

Norimatsu et al. (24) Japan Retrospective 142 NA NA NA Adventitia to
adventitia

2.60± 0.50 Weight, CRA,
BMI

Yu et al. (25) China Retrospective 92 Philips, iE33 Philips L11-3 NA Media to media 1.70± 0.50 L
1.71± 0.50 R

NA

Mizuguchi et al. (28) Japan Retrospective 228 Boston scientific
corporation

Linear probe 11 MHz Media to media 2.40± 0.50 AS
2.30± 0.50 Hegu

NA

Naito et al. (29) Japan Retrospective 120 Philips, CX50 Linear probe 12–13 MHz Media to media 2.02± 0.44 NA

Wang et al. (6) China Retrospective 620 NA NA NA Media to media 2.20± 0.50 NA

Hadjivassiliou et al. (12) Canada Retrospective 287 NA NA NA Media to media 2.34± 0.36 NA

Kawamura et al. (30) Japan Retrospective 50 NA NA NA Media to media 2.99± 0.60 NA

Meo et al. (34) Italy Cross-
sectional

700 Esaote MyLab two,
Genova

Linear probe 10 MHz Media to media 1.99± 0.47 Gender, BMI

Koury et al. (35) Brazil Prospective 42 NA NA NA Media to media 2.31± 0.44 NA

Achim et al. (2) Romania Prospective 1240 NA Linear probe 7.5 MHz Media to media 2.30± 0.20 NA

Lee et al. (33) Korea Retrospective 1162 Vivid E95/Philips
EPIQ7

11L-D/L12-3
linear probe

4.5–12 MHz
/3–12 MHz

Media to media 2.35± 0.45 L
2.31± 0.43 R

Gender, BMI,
BSA

Eid-Lidt et al. (37) Mexico Randomized 140 L741 SonoScapeE2 16–4 MHz Media to media 2.40± 0.50 NA

Ghose et al. (13) India Prospective 108 NA Philips, M2540
A

NA Media to media 2.25± 0.34 NA

Deora et al. (23) India Prospective 1004 Philips, EPIC 7C NA 8–11 MHz Media to media 2.23± 0.39 Height, weight,
gender

Li et al. (26) China Retrospective 246 NA Philips, EPIQ
7C/IE33

NA Media to media 2.05± 0.41 Gender

Xiong et al. (27) China Randomized 81 Wisonic, China Linear probe 4–15 MHz Media to media 2.10± 0.40 Weight

Horák et al. (36) Czech Republic Retrospective 115 GE Vivid S6 Linear 9L
transducer

2.4–10.0 MHz Media to media 2.31± 0.47 NA

*median values; #mean; L, Left; R, Right; NA, non-available; CRA, conventional radial artery; BMI, body mass index; BSA, body surface area; AS, anatomical snuffbox; Hegu, Hegu acupoint.
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FIGURE 4

DRA diameter. The diameter measured in the figure is the
distance from the media to the media.

2.5 mm, P = 0.08) (24). A similar conclusion was also obtained
in a study by Horák D et al. (Men: 2.32 mm, Women: 2.25 mm,
P = 0.27) (36). Despite the conflicting findings, generally, the
DRA diameter is larger in men than in women.

The demographic and morphological characteristics
of the patients may also influence the diameter of the
DRA. Studies have shown that patients with diabetes or
hypertension have smaller DRA diameters (2.18 ± 0.41 mm for
hypertension, 2.26± 0.38 mm for non-hypertension, P < 0.001;
2.18 ± 0.44 mm for diabetes, 2.26 ± 0.38 mm for non-diabetes,
P = 0.004) (23). In 2019, Japanese scholars found a positive
correlation between body mass index (BMI) and DRA diameter
(r = 0.228, P = 0.007) (24). Subsequently, a study by Meo D
et al. found that subjects with BMI > 30 kg/m2 had larger vessel
diameters than those with BMI < 30 kg/m2 (2.20 ± 0.50 mm
vs. 1.97 ± 0.52 mm, P < 0.001) (34). Lee WJ et al. showed that
low BMI and low body surface area were strong independent
predictors of DRA diameter < 2.3 mm (33). In addition, DRA
diameter was also reported to be positively correlated with
both height and weight (23, 24, 27). In contrast, Naito T et al.
discovered no correlation between DRA diameter and patient
parameters such height, weight, and BMI (29). In conclusion,
demographic and morphological characteristics such as body
surface area and the presence of diabetes or hypertension can
affect DRA diameter. Due to differences in study design and
measurement methods, whether other patient parameters have
an effect on DRA diameter has yet to be verified.

Effect of endovascular diameter on
intraoperative selection of vascular sheath

Sheath placement may cause damage to the DRA (24).
Hadjivassiliou A et al. concluded that different types of sheaths

can be safely placed within different sized DRA (1.8–2.8 mm in
diameter) (12). However, a retrospective study reported that an
artery/sheath ratio > 1.0 was least damaging to the vessel during
coronary intervention via the DRA (29). With conventional
sheaths (Super SheathTM), the percentages of artery/sheath
ratios ≥ 1.0 were 94, 77, 55, and 34% for 4 Fr (1.88 mm), 5 Fr
(2.2 mm), 6 Fr (2.5 m), and 7 Fr (2.84 mm), respectively. In
contrast, when using a slender sheath (Glidesheath Slender R©),
the percentages of artery/sheath ratios ≥ 1.0 were 81, 63, and
39% for 5 Fr (2.13 mm), 6 Fr (2.46 mm), and 7 Fr (2.79 mm),
respectively (24). Only 57.6% of patients were suitable for
placement of a 5 Fr catheter sheath (2.3 mm), and 35.1% were
suitable for placement of a 6 Fr catheter sheath (2.7 mm) in
Korean patients (32). This is similar to results obtained in
European countries (34). The use of preoperative ultrasound
to examine vessel size is an important guide for the selection
of sheaths, and the use of slender or sheathless techniques may
reduce vascular-related complications (33, 45).

Postoperative diameter change
The cannulation procedure may cause changes in the DRA

vessel diameter (28, 30). Mizuguchi Y et al. used ultrasound
to measure the DRA diameter before and after the procedure
and observed a dynamic change in vessel diameter, which was
2.40 ± 0.50 mm before the operation, expanded significantly
to 2.70 ± 0.50 mm 1 day after the operation and returned
to 2.50 ± 0.50 mm 1 month after the operation (28). Similar
vascular changes were observed in another study (30).

Operation guidance

Ultrasound guidance increases the success rate
of distal radial artery puncture

Traditionally, interventionalists utilize palpation to identify
the puncture site when performing radial artery puncture.
However, pulse palpation in the DRA can be challenging and
difficult in some conditions. For example, pulsation is weak
in patients with multiple punctures, patients suffering from
shock or peripheral vascular disease, and patients with RAO,
who have only 70% arterial pressure on average at the distal
remnant of the occluded radial artery (46). Additionally, in
patients with small vessel diameters, it is difficult to identify
the course of the blood vessels. These conditions make the
patient prone to puncture failure. However, if ultrasound is
used, successful puncture of the DRA may be obtained with
ultrasound guidance even if the pulse is weak or the vessel
diameter is small (47). Ultrasound-guided DRA cannulation
can be used not only for coronary interventions but also for
abdominopelvic and neurological interventions (35, 48). This
visualization of the puncture not only increases the success rate
but also reduces the complications, especially for precise or
emergency interventions.
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In recent years, an increasing number of studies have
explored the relationship between ultrasound guidance and
puncture success rate (11–13). Although in a small sample
retrospective cohort study, the puncture success rate was similar
between ultrasound-guided and palpation methods (49). In
general, the success rate of ultrasound-guided puncture is higher
than that of conventional dTRA puncture (11). A study that
included 108 individuals demonstrated a high success rate
from ultrasound-guided puncture (96.3%) as well as a reduced
incidence of DRA spasm (13). As reported by Hadjivassiliou
A et al., the puncture success rate in the left DRA reached
100% under ultrasound guidance (12). Possible biases in the
conclusions were generally due to the small sample size, and the
majority of research still favours ultrasound guidance to increase
puncture success. Nevertheless, Tsigkas G et al. emphasized

that although ultrasound guidance could improve the success
rate of puncture, it might increase the procedure time and
cost, and it was not advocated as a routine operation (3).
Moreover, ultrasound guidance has a high value in the reverse
recanalization of the proximal RAO via the DRA (50). In
RAO patients, the radial artery in the AS circulates through
the reverse lateral branch of the palmar arch. The palpation
becomes weak or disappears, but blood flow signals are still
visible under high-frequency ultrasound. Ultrasound guidance
may significantly increase the puncture success rate (50, 51).

Ultrasound guidance reduces operation
complications

During puncture, ultrasound can be used to identify
the anatomical structures around the blood vessels and

FIGURE 5

Distal radial artery occlusion. Thrombus is hypoechoic on color Doppler imaging. There is no blood flow spectrum waveform curve on pulse
wave Doppler imaging.
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avoid damage to normal tissue as much as possible (40).
Rapid resolution of the arteriovenous system by means of a
“compressibility test” with a probe showed pulsation of the
artery, which did not collapse completely under pressure, and
the vein was easily deflated completely. Ultrasound can also
identify shallow radial nerves to avoid potential nerve damage
(18). However, previous studies have also found no significant
difference in vascular access-related complications (haematoma
and neuropathy) with or without ultrasound guidance (11).

Evaluation of complications

Radial artery occlusion is a common complication of TRA
interventions in clinical practice. The incidence of RAO after
the TRA has been reported to range from 2.5 to 8.4%, which
is higher than that after the dTRA (0–5%) (4, 45). In the past,
some methods, such as palpation, the reverse Allen test, and
the reverse Barbeau test, were typically used to determine the
presence of RAO (52, 53). Due to the reverse blood supply of
the collateral circulation and the fact that most patients with
RAO are asymptomatic, only a small percentage of patients show
hand ischaemia (54). The methods listed above for detecting
RAO have the potential for false negatives, which can easily

lead to missing a diagnosis of RAO. However, the absence of a
blood flow signal in the occluded radial artery can be observed
by ultrasound (Figure 5), which can greatly reduce the rate of
underdiagnosis of RAO (6, 36). Complications such as distal
radial artery occlusion, haematoma, bleeding, arteriovenous
fistula, pseudoaneurysm, infection, and entrapment are equally
common after coronary intervention via the dTRA (38, 55, 56).
In recent years, the incidence of distal radial artery occlusion
after dTRA intervention has been reported to range from 0.12
to 5.2% (28, 38–40, 57). In 2014, Kaledin A et al. reported a
2.2% incidence of RAO in 1,009 patients after dTRA, with 0.1%
occlusion in the forearm, 1.8% in the AS, and 0.3% in both the
forearm and AS (38). Subsequently, Mizuguchi Y et al. showed
that the incidence of distal radial artery occlusion was 3.5% (8
cases/228 cases) in a Japanese population (28).

In addition, ultrasound follow-up revealed thrombus
autolysis after acute RAO. The incidence of RAO was 8.4%
at 24 h after intervention via CRA and decreased to 5.6%
after 30 days, with a recanalization rate as high as 33.3%
(37). In a meta-analysis, the incidence of RAO was 7.7% for
the TRA at 24 h postoperatively and decreased to 5.8% at
30 days (41). Ultrasound can be performed repeatedly and has
unique advantages in determining whether the radial artery is
recanalized at follow-up.

FIGURE 6

Central illustration.
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Although the radial artery was not occluded in some patients
after transradial catheterization, intravascular ultrasound
revealed thickening of the CRA intima (intima-media thickness
> 0.4 mm), resulting in stenosis (58). Intimal changes after
radial artery cannulation were observed by optical coherence
tomography, which also revealed postoperative CRA intimal
thickening (59), and a significant increase in CRA intimal
volume was still seen at the 9-month postoperative follow-up
(60). Despite the fact that optical coherence tomography
and intravascular ultrasound are more reliable at detecting
endovascular injury, they are also more invasive and expensive,
involve limited exploration of the vessels and should not
be utilized as standard diagnostics. In addition to being non-
invasive, ultrasound also offers an infinite range of detection and
can be utilized as part of a standard postoperative assessment of
the vessel intima (61, 62). Thus, ultrasound plays a major role
in detecting the histopathological morphology and structure of
radial artery vessels.

Furthermore, ultrasound can measure radial artery
haemodynamic changes before and after the operation. Peak
systolic velocity (PSV) in the radial artery was measured using
ultrasound at different times after surgery. The preoperative
PSV was 59.6 cm/s, which significantly increased to 63.1 cm/s
half an hour later and decreased back to 57.3 cm/s 7 days after
the operation (63). A study simulating RAO demonstrated that
the PSV in the forearm radial artery and the radio-dorsal digital
artery of the thumb were significantly reduced in the presence
of RAO at the wrist level (forearm radial artery: 24 ± 13% of
baseline, P = 0.001; digital artery of the thumb: 68 ± 8% of
baseline, P = 0.001); however, the PSV in the forearm radial
artery and the digital artery of the thumb were essentially
unchanged when RAO was performed at the AS level (forearm
radial artery: 93 ± 2% of baseline, P = 0.65; digital artery of the
thumb: 95± 2% of baseline, P = 0.71) (64).

Ultrasound also helps to improve the efficiency of
treatment for postoperative complications. For postoperative
abnormal bulges near the puncture site that are difficult to
identify on routine physical examination, such as haematomas,
arteriovenous fistulas, or pseudoaneurysms, ultrasound can
clarify the diagnosis. In patients with arteriovenous fistulas,
ultrasound can probe the vascular breach for applying precise
compression bandaging treatment to reduce patient pain
(55, 65). Additionally, patients with pseudoaneurysms can
be treated not only with ultrasound-guided compression
bandaging (56, 66) but also with ultrasound-guided injection of
thrombin (67).

Limitations

Interventional methods via DRA are only now emerging.
The application of ultrasound has been recommended by some
scholars (Figure 6). However, due to the special anatomical

location of the AS, such as the abundant bony structures
and the narrow range (15), it is not easy for the ultrasound
probe to fully contact the examination site, which increases
the difficulty of ultrasound examination. Moreover, unskilled
operators require a learning curve (7), which may prolong
the procedure time. Therefore, ultrasound guidance is difficult
to apply in high-volume centers. The main disadvantage of
ultrasound is the lack of a uniform definition and resolution
of the machine or the measurement technique, which will
influence the measurement results. To adapt to the anatomical
characteristics of the AS, a smaller probe needs to be designed to
achieve flexible exploration of the target vessels.

In conclusion, ultrasound has certain clinical application
value in the process of DRA intervention. In the near future, as
medical technology continues to be improved, the application of
ultrasound in the interventional treatment of DRA may become
more widespread.
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Background: We investigated the pleiotropic effects of an angiotensin

receptor-neprilysin inhibitor (ARNi) on collateral-dependent myocardial

perfusion in a rat model of coronary arteriogenesis, and performed

comprehensive analyses to uncover the underlying molecular mechanisms.

Methods: A rat model of coronary arteriogenesis was established by

implanting an inflatable occluder on the left anterior descending coronary

artery followed by a 7-day repetitive occlusion procedure (ROP). Coronary

collateral perfusion was measured by using a myocardial particle infusion

technique. The putative ARNi-induced pro-arteriogenic effects were further

investigated and compared with an angiotensin-converting enzyme inhibitor

(ACEi). Expression of the membrane receptors and key enzymes in the

natriuretic peptide system (NPS), renin-angiotensin-aldosterone system

(RAAS) and kallikrein-kinin system (KKS) were analyzed by quantitative

polymerase chain reaction (qPCR) and immunoblot assay, respectively.

Protein levels of pro-arteriogenic cytokines were measured by enzyme-linked

immunosorbent assay, and mitochondrial DNA copy number was assessed

by qPCR due to their roles in arteriogenesis. Furthermore, murine heart

endothelial cells (MHEC5-T) were treated with a neprilysin inhibitor (NEPi)
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alone, or in combination with bradykinin receptor antagonists. MHEC5-T

proliferation was analyzed by colorimetric assay.

Results: The in vivo study showed that ARNis markedly improved coronary

collateral perfusion, regulated the gene expression of KKS, and increased

the concentrations of relevant pro-arteriogenic cytokines. The in vitro

study demonstrated that NEPis significantly promoted MHEC5-T proliferation,

which was diminished by bradykinin receptor antagonists.

Conclusion: ARNis improve coronary collateral perfusion and exert pro-

arteriogenic effects via the bradykinin receptor signaling pathway.

KEYWORDS

angiotensin receptor-neprilysin inhibitor, angiotensin-converting enzyme inhibitor,
kallikrein-kinin system, heart failure, myocardial infarction, coronary collateral
perfusion, arteriogenesis

Introduction

Heart failure (HF) is a major negative prognostic factor
in patients after myocardial infarction (MI). Despite this,
efforts to improve myocardial repair have not been translated
into clinical therapies. Post-MI HF remains a leading cause
of morbidity and mortality worldwide, and is marked by a
sharply rising prevalence in the Western population over age
of 75 years (1). Recently, an angiotensin receptor-neprilysin
inhibitor (ARNi) was approved as a first-in-class drug for the
treatment of HF in both Europe and the U.S., representing
a new milestone in pharmaceutical treatment for HF (2).
ARNi is a sodium supramolecular complex of a neprilysin
inhibitor (NEPi) (i.e., Sacubitril) and an angiotensin receptor
blocker (ARB) (i.e., Valsartan) at a 1:1 ratio. Neprilysin
(NEP), also known as neutral endopeptidase, enzymatically
degrades natriuretic peptides (NPs), which includes atrial
natriuretic peptide (ANP), B-type natriuretic peptide (BNP),
and C-type natriuretic peptide (CNP). The natriuretic peptide
system (NPS) plays a key role in cardiovascular homeostasis
by regulating a wide spectrum of physiological processes,
such as natriuresis and vasodilation. Therefore, NEPis are
used clinically to counteract the defects of NPS during the
pathological process of HF (3). However, because NEP also
depletes angiotensin I (Ang I) and angiotensin II (Ang II),
the NEPi (Sacubitril) is combined with the ARB (Valsartan)
to further reduce the Ang II-induced vasoconstriction (4).
Hence, the pharmacological mechanisms of ARNis are based
on augmentation of NPS and inhibition of renin-angiotensin-
aldosterone system (RAAS), thereby countering the damage
caused by sustained neurohormonal overactivation of RAAS
and sympathetic nervous system (SNS) in chronic HF (5).

Yet, the cardiovascular hormone regulation modulated
by ARNis is not limited to NPS and RAAS. Since NEP

cleaves a wide range of peptides such as bradykinin (BK)
and kallidin (KD), the kallikrein-kinin system (KKS) is also
involved in the hormonal regulation by ARNi (Figure 1). KKS
is a key proteolytic system regulating vascular permeability,
blood pressure and collateral blood flow (6). KKS exerts its
biological functions by stimulating two G protein-coupled
receptors (GPCRs): bradykinin receptor 1 (BDKRB1) and
bradykinin receptor 2 (BDKRB2). Notably, our group was
the first to demonstrate that arteriogenesis is modulated by
bradykinin receptor signaling (7). Here, arteriogenesis is defined
as the remodeling and outgrowth of pre-existing collateral
arteries following stenosis or occlusion. More specifically,
arteriogenesis is an adaptive response that a small collateral
arteriole (native collateral) converts into a larger conduit
artery, thereby restoring the nutritive blood flow to ischemic
area (8). Therefore, arteriogenesis is regarded as the most
effective compensatory mechanism to prevent cardiovascular
ischemia (9).

For decades, clinicians and scientists have focused on
therapeutic arteriogenesis by investigating the pleiotropic roles
of new or classical medications in this context (10). Indeed,
our latest study verified that cerebral arteriogenesis can be
therapeutically stimulated by an angiotensin-converting enzyme
inhibitor (ACEi) through the bradykinin receptor signaling
pathway (11). As the cornerstones in cardiovascular disease
management, ACEis cause inhibition of angiotensin-converting
enzyme (ACE, also known as kininase II). ACE not only
converts Ang I to Ang II, but also degrades BK and bradykinin-
(1-8) (BK1-8). Therefore, inhibition of ACE accumulates BK
and BK1-8, which in turn activate the bradykinin receptors
directly or indirectly (12). Interestingly, because NEP is a
major kininase like ACE, it is speculated that NEPis can
stabilize and activate bradykinin receptors like ACEis, thereby
exerting further cardiovascular protective effects. Therefore, in
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FIGURE 1

Pharmacological mechanisms of ARNis and ACEis in NPS, RAAS, and KKS. Blue lines indicate inhibitory or blocking effects, red lines indicate
activating or stimulating effects, and red dashed lines indicate the hypothetical activating effects of NEPis on bradykinin receptors. AGT:
angiotensinogen, Ang-(1-7): angiotensin-(1-7), Ang-(1-9): angiotensin-(1-9), BK1-4: bradykinin-(1-4), BK1-5: bradykinin-(1-5), BK1-7:
bradykinin-(1-7), BK1-8: bradykinin-(1-8), dAK: des-Arg10-kallidin, HMWK: high-molecular-weight kininogen, LMWK: low-molecular-weight
kininogen, NT-proANP: N-Terminal proANP, NT-proBNP: N-Terminal proBNP, NT-proCNP: N-Terminal proCNP, PK: plasma kallikrein, TK: tissue
kallikrein. (A) Membrane receptors in NPS are NPRA, NPRB, and NPRC; key enzymes in NPS are NEP1 and NEP2. Precursor molecules of
pro-ANP, pro-BNP, and pro-CNP break up into active ligands (ANP, BNP, and CNP) and corresponding inactive amino-terminal fragments
(NT-proANP, NT-proBNP, and NT-proCNP), respectively. (B) Membrane receptors in RAAS are AGTR1, AGTR2, MAS1 proto-oncogene (MAS1);
key enzymes in RAAS are ACE1 and ACE2. ACE1 converts Ang I to Ang II and subsequently activates AGTR1 and AGTR2. Either NEP1 or ACE2
converts Ang I or Ang II to Ang-(1-7), which then activates MAS1. (C) Membrane receptors in KKS are BDKRB1 and BDKRB2, both ACE1 and NEPs
are involved in degradation of BK and KD in multiple steps. BK is cleaved by PK from HMWK, while KD is cleaved by TK from LMWK. BK and KD
are the ligands of BDKRB2. BK and KD can be converted to BK1-8 and dAK, respectively. BK1-8 and dAK are the ligands of BDKRB1.

our current study, we hypothesized that coronary arteriogenesis
can be therapeutically enhanced beyond its natural time
course by administration of ARNis, and the putative ARNi-
induced pro-arteriogenic effects are based on activation of
bradykinin receptors.

To investigate the role of ARNis on coronary
collateralization, a suitable animal model is needed. By
conducting a repetitive occlusion procedure on the left anterior
descending artery (LAD), a rat model of coronary arteriogenesis
has been established successfully (Figure 2) (13). The current
study consists of three sub-projects. (1) First, we investigated
the effects of ARNis on coronary arteriogenesis by assessing
collateral-dependent myocardial perfusion in a rat model. Since
the ARNi is a dual-acting complex composed of a NEPi and an
ARB, the effects of the ARB (Valsartan) were also investigated.
(2) Second, to uncover the underlying molecular mechanism of
ARNi-induced coronary arteriogenesis, we analyzed mRNA and
protein expression levels of the relevant membrane receptors
and key enzymes, concentrations of pro-arteriogenic cytokines
and mitochondrial DNA copy number. Since ACEi-induced
cerebral arteriogenesis was characterized in our recent study
(11), an ACEi (Ramipril) was also investigated for coronary
arteriogenesis for comparison. (3) Finally, we investigated the
role of the NEPi (Sacubitril) on murine endothelial cells (ECs)

proliferation, and functionally validated whether the putative
NEPi-induced pro-arteriogenic effects were modulated by the
bradykinin signaling pathway in vitro.

Materials and methods

Surgical protocol

Male Sprague-Dawley rats (300–350 g) were sedated by
using ketamine (75 mg/kg; i.p.) (Wirtschaftsgenossenschaft
deutscher Tierärzte eG) and xylazine (5 mg/kg; i.p.) (Bayer AG)
before endotracheal intubation. Endotracheal general anesthesia
was maintained during surgery by using isoflurane (1.2% in 95%
O2/5% CO2) (CP-Pharma Handelsgesellschaft mbH).

Left-sided thoracotomy was performed to expose the rat
heart. The so called “occluder” consists of a latex balloon (a
micro-pneumatic snare mounted within an umbrella sheath)
and a catheter, the former part was implanted on the heart wall.
In brief, a 5-0 Prolene suture was tied around the proximal
LAD when the latex balloon was inflated with 0.6 ml of air.
The latex balloon was connected to the catheter, which was
protected by a stainless steel coil and externalized between the
rat’s scapulae, and finally connected to an air pump machine
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FIGURE 2

Schematic representation of rat model of coronary arteriogenesis. RV, right ventricle; LV, left ventricle; LAD, left anterior descending artery.
(A–D) A highly flexible latex balloon catheter is fixed around the proximal LAD, compressed air is used to briefly and temporarily inflate the
catheter, repetitively ligating the LAD, and thus stimulating coronary collateral development. (E) Established rat model with the stainless steel
coil. (F) Sample of excised rat heart with the occluder. The figures were partly generated using Servier Medical Art, provided by Servier, licensed
under a Creative Commons Attribution 3.0 unported license.
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outside of the animal cage. The machine was pumping according
to a relevant procedure described hereinafter and supplying air
through the catheter to the latex balloon. Consequently, the
LAD was cyclically blocked and unblocked during the inflation
and deflation of the latex balloon (Figure 2 and Supplementary
Video).

Repetitive occlusion procedure

It has been verified that the repetitive occlusion of a main
coronary artery is an optimal method to establish animal models
of coronary arteriogenesis (13). In addition, a moderate intensity
and duration of myocardial ischemia are necessary to initiate
collateral development (14). The repetitive occlusion procedure
(ROP) began on the next day of occluder implantation surgery.
The preset ROP consists of 7 × 24-h repetitive routines, and
each 24-h individual routine again consists of 3 × 8-h repetitive
routines, and each 8-h individual routine again consists of a 2-h
and 20-min stimulating stage and followed by a 5-h and 40-
min resting stage. Further, each stimulating stage again consists
of 7 × 20-min repetitive routines, and each 20-min individual
routine again consists of a 40-s balloon inflation and followed
by an 18-min and 20-s balloon deflation.

Microspheres–based myocardial
perfusion measurement

The sensitivity and ability to measure myocardial perfusion
in intact tissue using the stable isotope-labeled microspheres
have been validated by comparison with the standard
conventional radioactive method (15). Since the injected
microspheres circulate in the blood and finally deposit in the
region supplied by its corresponding artery, the deposited
microsphere concentration is proportional to the blood flow.
Given that the occluder was implanted around the LAD and
the aim of our experiment was to evaluate coronary collateral
perfusion, the LAD-dependent myocardial region distal to the
occluder was referred to as the collateral dependent zone (CZ),
and the left circumflex artery-dependent myocardial region
was referred to as the normal zone (NZ). In order to ensure
as many microspheres as possible enter the CZ, microspheres
were injected rapidly during the occluder was inflated. In brief,
15 µl of 5 × 105 isotope-labeled 15 µm-diameter microspheres
were injected twice into the left ventricle (LV) on Day 0 (the
day of occluder implantation) (Samarium STERIspheres,
BioPAL, Inc.), and Day 7 (the day of animal sacrifice) (Gold
STERIspheres, BioPAL, Inc). After sacrificing, 100 mg of NZ
and CZ were collected, respectively and sent to BioPAL, Inc., for
further analysis.

During the measurement of microspheres-based myocardial
perfusion (MMP), the microsphere activity concentration was
expressed as disintegrations per minute per gram (dpm/g). Here,

MMP of different myocardial regions (CZ and NZ) at different
time points (Day 0 and Day 7) were recorded, respectively.
Specifically, MMP of CZ at Day 0, MMP of CZ at Day 7, MMP
of NZ at Day 0 and MMP of NZ at Day 7 were represented
by MMPCZ(D0), MMPCZ(D7), MMPNZ(D0), and MMPNZ(D7),
respectively. MMP at Day 0 was regarded as a reference at
baseline, and the difference value of MMP between Day 7 and
Day 0 was represented by 1MMP. Specifically, the difference
value of MMPCZ between Day 7 and Day 0 was represented by
1MMPCZ [MMPCZ(D7) – MMPCZ(D0)]; similarly, the difference
value of MMPNZ between Day 7 and Day 0 was represented by
1MMPNZ [MMPNZ(D7) – MMPNZ(D0)].

Animal grouping and treatment
protocol

All experimental animals were randomly assigned to
the following groups (n = 6–8/group): (1) SHAM group:
the occluder was implanted but without any procedures of
inflation or deflation for 7 days, meanwhile, distilled water
(0.5 ml per day) was administrated via gavage. (2) ROP-Ctrl
group: ROP procedure was conducted for 7 days, meanwhile,
distilled water (0.5 ml per day) was administrated via gavage.
(3). ROP+ARB group: ROP procedure was conducted for
7 days, meanwhile, Valsartan (31 mg/kg per day) (Novartis
International AG) was dissolved in 0.5 ml distilled water
and administrated via gavage. (4). ROP+ACEi group: ROP
procedure was conducted for 7 days, meanwhile, Ramipril
(1 mg/kg per day) (AbZ-Pharma GmbH) was dissolved in 0.5 ml
distilled water and administrated via gavage. (5) ROP+ARNi
group: ROP procedure was conducted for 7 days, meanwhile,
Sacubitril/Valsartan (68 mg/kg per day) (Novartis International
AG) was dissolved in 0.5 ml distilled water and administrated
via gavage.

Analysis for mRNA expression of
membrane receptors and key enzymes

Tissue samples from CZ (n = 6/group) were snap frozen
and stored in liquid nitrogen before RNA isolation. Two cubic
millimeter tissue from CZ was homogenized using the liquid
nitrogen grinding method. Total RNA was extracted using
the Trizol reagent (Thermo Fisher Scientific) in compliance
with the manufacturer’s instructions. Quantitative analysis of
RNA was performed using the NanodropTM Microvolume
Spectrophotometer (Thermo Fisher Scientific). 1 µg of total
RNA was reverse transcribed into cDNA by using the
QuantiTect Reverse Transcription Kit (QIAGEN) and the
peqSTAR thermal cycler (VWR International). The obtained
cDNA was diluted in 60 µl RNAse/DNAase-free water. The
quantitative polymerase chain reaction (qPCR) based analysis
was performed by using the LightCycler R© 96 Real-Time PCR
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System (Roche). Each reaction system consists of 1 µl cDNA,
1 µl of forward/reverse primer each, 7 µl RNase/DNase-free
water and 10 µl PowerTrack SYBR Green Master Mix (Thermo
Fisher Scientific). 40 cycles of three-step qPCR were performed,
all samples were run in triplicate. All of the primers were
synthesized by the Eurofins Genomics Germany GmbH, the
detailed sequences of primers are showed in Table 1.

Immunoblot assay

Total proteins were extracted from CZ by using the
MinuteTM total protein extraction kit (Invent Biotechnologies).
Protein samples were separated on 10% SDS-PAGE and
transferred to PVDF membranes (Merck Chemicals GmbH).
After incubation in 5% milk (Carl Roth GmbH) in TBST for
1 h at room temperature, membranes were incubated overnight
at 4◦C with diluted primary antibodies: Anti-NPR-A+NPR-B
antibody (ab139188) (1:300), Anti-NEP1 antibody (ab79423)
(1:1000), Anti-ACE1 antibody (ab254222) (1:1000), Anti-ACE2
antibody (ab108252) (1:200), Anti-KLK1 antibody (ab131029)
(1:1000), Anti-beta Actin antibody (ab115777) (1:1000) and
Anti-alpha Tubulin antibody (ab7291) (1:5000). After washing
with TBST three times, membranes were incubated with 1:5000
diluted conjugated peroxidase-labeled secondary antibodies
Goat Anti-Mouse IgG H&L (HRP) (ab205719) or Goat Anti-
Rabbit IgG H&L (HRP) (ab205718) at room temperature
for 1 h, followed by washing with TBST three times. The
PVDF membrane was reacted with the PierceTM ECL Western
Blotting Substrate (Thermo Fisher Scientific) for 1 min at
room temperature. After absorbing the liquid, blots were
visualized by using the VWR R© Imager CHEMI Premium (VWR
International) system, and analyzed by using the Quantity One
Software (Bio-Rad Laboratories). All the primary and secondary
antibodies were purchased from Abcam. Each experiment for
target protein analysis was repeated three times.

Enzyme-linked immunosorbent assay

Total proteins were extracted from CZ by using the
MinuteTM total protein extraction kit (Invent Biotechnologies).
Quantification of total proteins was achieved by using the
PierceTM BCATM Protein-Assay (Thermo Fisher Scientific).
Measurements of protein concentrations of granulocyte-
macrophage colony-stimulating factor (GM-CSF), monocyte
chemoattractant protein-1 (MCP-1) and vascular endothelial
growth factor (VEGF) were performed by using the Rat GM-
CSF ELISA Kit (Assay Genie, RTFI00020), MCP1 (CCL2)
Rat ELISA Kit (Abcam, ab100778) and VEGF Rat ELISA
Kit (Abcam, ab100787), respectively. Concentrations were
measured spectrophotometrically by light absorbance using the
Spark multimode microplate reader (Tecan Group AG). All
samples were run in triplicate. The final concentration was
expressed as pg/µg total protein.

Analysis of mitochondrial DNA copy
number

Two cubic millimeter tissue from LV were homogenized by
using the liquid nitrogen grinding method. Genomic DNA was
extracted by using the DNeasy Blood & Tissue Kit (Qiagen)
according to the manufacturer’s instructions. Quantitative
analysis of DNA was performed using the NanodropTM

Microvolume Spectrophotometer (Thermo Fisher Scientific).
DNA was further diluted to a final concentration of 50 ng/µl.
The mitochondrial copy number (mtDNA-CN) was expressed
relative to a nuclear DNA specific gene proliferator-activated
receptor-γ coactivator-1α (PGC-1α). Here, mtDNA-CN was
calculated according to the formula: mtDNA-CN = 2 × 21Ct,
1CT = CTPGC−1α – CTmtDNA. 60 cycles of a two-step qPCR
were performed.

Cell culture and treatment

Murine heart endothelial cells (MHEC5-T) (Leibniz
Institute DSMZ-German Collection of Microorganisms and
Cell Cultures GmbH) were grown in RPMI 1640 medium
(Thermo Fisher Scientific) containing 10% fetal bovine serum
(Sigma-Aldrich Chemie GmbH). Cells were treated with 0.01,
0.1, 1, 10, and 20 µM of the compounds as follows: Ramipril
(ACEi) (Sigma-Aldrich Chemie GmbH), Valsartan (ARB)
(Sigma-Aldrich Chemie GmbH), Sacubitril calcium salt (NEPi)
(Sigma-Aldrich Chemie GmbH), Valsartan and Sacubitril
calcium salt (ARNi), R715 [antagonist of BDKRB1 (BDKRB1i)]
(Tocris Bioscience) and HOE 140 [antagonist of BDKRB2
(BDKRB2i)] (Enzo Life Sciences GmbH) to determine the
optimal concentration.

Cell proliferation assay

MHEC5-T were cultured in a 96-well plate with 4000
cells per well. After 4 h attachment, cells were cultured in
RPMI-1640 medium alone as control or containing 0.01 µM
Ramipril (ACEi), 0.01 µM Ramipril and 0.01 µM R715
(ACEi + BDKRB1i), 0.01 µM Ramipril and 0.01 µM HOE 140
(ACEi + BDKRB2i), 0.01 µM Ramipril, 0.01 µM R715 and
0.01 µM HOE 140 (ACEi + BDKRB1i + BDKRB2i); 0.01 µM
Sacubitril calcium salt (NEPi), 0.01 µM Sacubitril calcium
salt + 0.01 µM R715 (NEPi + BDKRB1i), 0.01 µM Sacubitril
calcium salt and 0.01 µM HOE 140 (NEPi + BDKRB2i),
0.01 µM Sacubitril calcium salt, 0.01 µM R715 and 0.01 µM
HOE 140 (NEPi + BDKRB1i + BDKRB2i). Cell proliferation
was assessed by using the WST-1 Assay Kit (Cell Proliferation)
(Abcam) according to the manufacturer’s instructions.
Absorbance was spectrophotometrically measured at 450 nm
by using the Spark multimode microplate reader (Tecan Group
AG), and expressed as optical density (O.D.).
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TABLE 1 List of qPCR primers sequences.

Gene Accession no. Forward Reverse

NPRA NM_012613.1 CCTTTCAGGCTGCCAAAAT ATCCTCCACGGTGAAGTTGA

NPRB NM_053838.1 TCTATGCCAAGAAGCTGTGG CCAGGCCTTCCAAGTAGAAA

NPRC NM_012868.1 TGACACCATTCGGAGAATCA CATCTCCGTAAGAAGAACTGTTGA

NEP1 NM_012608.2 GGATCTTGTAAGCAGCCTCAGC AGTTGGCACACCGTCTCCAG

NEP2 NM_001107997.1 AAGGCGGCAGAGACCAGAGAC CTTGATGGACTGGATGGCGAACTC

AGTR1a NM_030985.4 GCTTCAACCTCTACGCCAGTGTG CGAGACTTCATTGGGTGGACGATG

AGTR2 NM_012494.3 TAGTCTCTCTCTTGCCTTGG CTGACCTTCTTGGATGCTCT

MAS1 NM_012757.2 TGACAGCCATCAGTGTGGAGA GCATGAAAGTGCCCACAGGA

ACE1 NM_012544.1 GACGGAAGCATCACCAAGGAGAAC CTAGGCACTGGAGGGCAGAGAC

ACE2 NM_001012006.1 AAGCCACCTTACGAGCCTCCTG ACAATGCCAACCACTACCGTTCC

BDKRB1 NM_030851.1 CCAAGACAGCAGTCACCATCAA CAGCAGGTCCCAGTCTTCTAG

BDKRB2 M59967.2 ATCACCATCGCCAATAACTTCGA CACCACGCGGCACAG

KLK1 NM_012593.1 GGAGAGTTGGAAGGAGGCAAAGAC TTGGTGTAGATGGCTGGCATGTTG

KLK10 NM_001004100.1 TCCAGAGCGAGCAACTGAGGTC GTCGTGTTCATCTGAGCGGAGTG

GAPDH NM_017008 AGACAGCCGCATCTTCTTGT CTTGCCGTGGGTAGAGTCAT

18S X00686 TCAACTTTCGATGGTAGTCGCCGT TCCTTGGATGTGGTAGCCGTTTCT

mtDNA NC_001665.2 ACACCAAAAGGACGAACCTG ATGGGGAAGAAGCCCTAGAA

PGC-1α NM_031347.1 ATGAATGCAGCGGTCTTAGC AACAATGGCAGGGTTTGTTC

Statistical analysis

All statistical analyses were performed by using IBM SPSS
26 or Graphpad prism 9. Relative mRNA expression fold change
and mtDNA-CN were given as mean ± standard error of the
mean (SEM), other parameters were given as mean ± standard
deviation (SD). Kolmogorov–Smirnov test was performed to
analyze the distribution of quantitative variables. Normally
distributed data (1MMP, protein expression levels, O.D. values
of cytokines concentrations and cell proliferation) were analyzed
by one-way analysis of variance (Fisher’s protected least
significant difference test), abnormally distributed data (Relative
mRNA expression fold change and mtDNA-CN) were analyzed
by Kruskal–Wallis test. Comparison of MMP between Day 0 and
Day 7 was performed using a paired t-test. P-values less than
0.05 (≤0.05) were considered to be statistically significant.

Results

Angiotensin receptor-neprilysin
inhibitors markedly improve coronary
collateral perfusion

First, MMPCZ(D7) was significantly higher than MMPCZ(D0)

in all ROP groups, but it was unchanged in the SHAM group
(Figure 3A and Table 2). Moreover, 1MMPCZ in all ROP

groups were significantly greater than in the SHAM group. In
addition, 1MMPCZ in the ROP+ARNi group was significantly
greater than in the ROP-Ctrl group and ROP+ARB group.
Although 1MMPCZ in the ROP+ARB group was significantly
greater than in the SHAM group, it remained unchanged
when compared with the ROP-Ctrl group (Figure 3B and
Table 2). In contrast, MMPNZ(D7) was unchanged compared
with MMPNZ(D0) in all groups (Figure 3A). With regard to
1MMPNZ , no significant difference was detected between all
groups (Table 2).

Angiotensin receptor-neprilysin
inhibitors regulate natriuretic peptide
system, renin-angiotensin-aldosterone
system, and kallikrein-kinin system

mRNA and protein expression levels of the membrane
receptors and key enzymes in NPS, RAAS, and KKS were
analyzed, respectively (Figure 1). With regard to NPS, results
showed that the mRNA expression levels of natriuretic peptide
A receptor (NPRA), natriuretic peptide B receptor (NPRB) and
natriuretic peptide C receptor (NPRC) in the ROP+ARNi group
were highest among all groups, but these results were statistically
non-significant. The mRNA expression levels of neprilysin-
1 (NEP1) in the ROP+ACEi group (0.60-fold ± 0.06) were
significantly lower than in the SHAM group (1.00-fold ± 0.19)
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FIGURE 3

Measurement of myocardial collateral perfusion. MMP, microspheres-based myocardial perfusion; MMPCZ, MMP of CZ; MMPNZ, MMP of NZ;
1MMPCZ, difference value of MMPCZ at Day 7 and Day 0. (A) Microspheres-based myocardial perfusion at Day 0 and Day 7. Blue lines indicate
changes of MMPNZ from Day 0 to Day 7, red lines indicate the changes of MMPCZ from Day 0 to Day 7. ∗∗∗∗P ≤ 0.0001, compared to Day 0.
(B) Difference value of MMPCZ among groups. ∗∗∗∗P ≤ 0.0001, compared to SHAM, ††††P ≤ 0.0001, compared to ROP-Ctrl, ‡‡‡‡P ≤ 0.0001,
compared to ROP+ARB.

TABLE 2 Measurement of the coronary collateral perfusion.

Group MMPCZ(D0)

(dmp/g)
MMPCZ(D7)

(dmp/g)
1 MMPCZ
(dmp/g)

MMPNZ(D0)

(dmp/g)
MMPNZ(D7)

(dmp/g)
1 MMPNZ
(dmp/g)

SHAM 203626 ± 10391 211218 ± 14218 7591 ± 19957 1117493 ± 3072 1119576 ± 3299 2084 ± 4451

ROP-Ctrl 287118 ± 18279 619780 ± 11321#### 332663 ± 21728∗∗∗∗ 1124653 ± 6334 1130470 ± 2118 5818 ± 6984

ROP+ARB 279846 ± 17332 600495 ± 44262#### 320649 ± 53317∗∗∗∗ 1127521 ± 9373 1130063 ± 7646 2541 ± 11744

ROP+ARNi 303161 ± 10094 799348 ± 20406#### 496186 ± 21723∗∗∗∗††††‡‡‡‡ 1126644 ± 8494 1128854 ± 9321 2210 ± 16523

MMP, microspheres-based myocardial perfusion; MMPCZ(D0) , MMP of CZ at Day 0; MMPCZ(D7) , MMP of CZ at Day 7; 1MMPCZ , difference value between MMPCZ(D7) and
MMPCZ(D0) ; MMPNZ(D0) , MMP of NZ at Day 0; MMPNZ(D7) , MMP of NZ at Day 7; 1MMPNZ , difference value between MMPNZ(D7) and MMPNZ(D0) . ####P ≤ 0.0001, compared
to Day 0, ∗∗∗∗P ≤ 0.0001, compared to SHAM, ††††P ≤ 0.0001, compared to ROP-Ctrl, ‡‡‡‡P ≤ 0.0001, compared to ROP+ARB.

(P = 0.0372). In addition, the mRNA expression levels of
neprilysin-2 (NEP2) in the ROP+ARNi group (0.45-fold ± 0.06)
were significantly lower than in the SHAM group (1.00-
fold ± 0.28) (P = 0.0275) and the ROP+ACEi group (1.04-
fold ± 0.18) (P = 0.0052) (Figure 4A). Moreover, results from
immunoblot assay indicated that the protein expression levels of
NPRA + NPRB were unchanged between all groups. However,
the protein expression levels of NEP1 in the ROP+ACEi group
(0.42-fold ± 0.18) were significantly lower than in the SHAM
group (1.00-fold ± 0.38) (P = 0.0023), ROP-Ctrl group (0.75-
fold ± 0.18) (P = 0.0489), and ROP+ARNi group (1.11-
fold ± 0.25) (P = 0.0004), respectively (Figures 4D, E).

With regard to RAAS, results showed that the mRNA
expression levels of angiotensin II receptor type 1a (AGTR1a)
in either the ROP+ACEi group or the ROP+ARNi group
were higher than in the ROP-Ctrl group, but no significant

differences were detected. In contrast, the mRNA expression
levels of angiotensin II receptor type 2 (AGTR2) in the
ROP+ARNi group (0.29-fold ± 0.17) were significantly lower
than in the ROP-Ctrl group (0.90-fold ± 0.42) (P = 0.0412).
In consequence, the relative mRNA expression ratios of
AGTR1a/AGTR2 in the ROP+ARNi group were highest among
all groups. In addition, the mRNA expression levels of
angiotensin converting enzyme 1 (ACE1) in the ROP+ACEi
group (3.00-fold ± 0.81) were significantly higher than in
the ROP-Ctrl group (0.63-fold ± 0.17) (P = 0.0037) and in
the SHAM group (1.00-fold ± 0.22) (P = 0.0275). Moreover,
ACE1 mRNA expression levels were also significantly higher
in the ROP+ARNi group (2.84-fold ± 0.59) compared with
the ROP-Ctrl group (P = 0.0033) and the SHAM group
(P = 0.0247). Similarly, the mRNA expression levels of
angiotensin converting enzyme 2 (ACE2) in the ROP+ACEi
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FIGURE 4

Molecular and biochemical quantification of target molecules of NPS, RAAS, and KKS. (A) Relative mRNA expression levels of membrane
receptors and key enzymes in NPS. (B) Relative mRNA expression levels of membrane receptors and key enzymes in RAAS. (C) Relative mRNA
expression levels of membrane receptors and key enzymes in KKS. (D,E) Relative protein expression levels of target molecules. (A–C) Data were
given as mean ± standard error of the mean (SEM) and presented here as 2-1 CT values and normalized against SHAM. *P ≤ 0.05, **P ≤ 0.01,
***P ≤ 0.001, compared to SHAM. †P ≤ 0.05, ††P ≤ 0.01, compared to ROP-Ctrl. ‡‡P ≤ 0.01, ‡‡‡P ≤ 0.001, compared to ROP+ACEi.

group (1.91-fold ± 0.44) were significantly higher than in
the ROP-Ctrl (0.79-fold ± 0.18) (P = 0.0373). Besides, ACE2
mRNA expression levels were significantly higher in the
ROP+ARNi group (1.91-fold ± 0.36) compared with the SHAM
group (1.00-fold ± 0.20) (P = 0.0373) and the ROP-Ctrl
group (P = 0.0143). As a consequence, the relative mRNA
expression ratios of ACE1/ACE2 in either the ROP+ACEi

group (1.48-fold ± 0.15) (P = 0.0017) or the ROP+ARNi
group (1.39-fold ± 0.11) (P = 0.0023) were significantly higher
than in the ROP-Ctrl group (0.77-fold ± 0.09) (Figure 4B).
Moreover, the protein expression levels of ACE1 in the
SHAM group (1.00-fold ± 0.33) were significantly higher
than in the ROP-Ctrl group (0.49-fold ± 0.30) (P = 0.0058),
ROP+ACEi group (0.34-fold ± 0.21) (P = 0.0008), and
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FIGURE 5

Analysis of pro-arteriogenic cytokines. (A–C) Protein concentrations of pro-arteriogenic cytokines. *P ≤ 0.05, **P ≤ 0.01, compared to SHAM.
†P ≤ 0.05, ††P ≤ 0.01, compared to ROP-Ctrl.

the ROP+ARNi group (0.50-fold ± 0.22) (P = 0.0086),
respectively (Figures 4D, E).

Finally, with regard to KKS, the mRNA expression levels
of BDKRB1 in the ROP+ARNi group (1.11-fold ± 0.43)
were significantly higher than in the ROP-Ctrl group (0.32-
fold ± 0.22) (P = 0.0367). BDKRB1 mRNA expression
levels were also higher in the ROP+ACEi group compared
with the ROP-Ctrl group, but the results were without any
statistical significance. In addition, the mRNA expression levels
of BDKRB2 in the ROP+ACEi group (1.00-fold ± 0.15)
were significantly higher than in the ROP-Ctrl group (0.56-
fold ± 0.08) (P = 0.0453). BDKRB2 mRNA expression levels
were slightly higher in the ROP+ARNi group compared with
the ROP-Ctrl group. In addition, the relative mRNA expression
ratios of BDKRB1/BDKRB2 in either the ROP+ACEi group or
the ROP+ARNi group were higher than in the ROP-Ctrl group,
but no statistical significance was reached. Moreover, the mRNA
expression levels of kallikrein 1 (KLK1) in the ROP+ARNi group
(1.82-fold ± 0.43) were significantly higher than in the ROP-Ctrl
group (0.72-fold ± 0.22) (P = 0.0500). In addition, the mRNA
expression levels of kallikrein 10 (KLK10) were unchanged
between all groups. As a consequence, the relative mRNA
expression ratios of KLK1/KLK10 in the ROP+ACEi group
(1.63-fold ± 0.40) were significantly higher than in the ROP-
Ctrl group (0.68-fold ± 0.24) (P = 0.0275). The KLK1/KLK10
mRNA expression ratios were also significantly higher in the
ROP+ARNi group (2.12-fold ± 0.22) compared with the SHAM
group (1.00-fold ± 0.33) (P = 0.0412) and the ROP-Ctrl group
(P = 0.0019) (Figure 4C). Furthermore, the protein expression
levels of KLK1 in both the ROP+ACEi group (1.43-fold ± 0.42)
(P = 0.0043) and the ROP+ARNi group (1.29-fold ± 0.50)
(P = 0.0165) were higher than in the ROP-Ctrl group (0.66-
fold ± 0.33) (Figures 4D, E).

Angiotensin receptor-neprilysin
inhibitors increase pro-arteriogenic
cytokines concentrations

MCP-1 concentration in the ROP+ARNi group
(2.13 ± 0.74 pg/µg total protein) was significantly higher
than in the ROP-Ctrl group (0.92 ± 0.61 pg/µg total protein)
(P = 0.0359). Moreover, MCP-1 concentration in the ROP-
Ctrl group was markedly lower than in the SHAM group
(2.06 ± 1.50 pg/µg total protein) (P = 0.0457) (Figure 5A).
In addition, GM-CSF concentration in the ROP+ACEi group
(0.0299 ± 0.0064 pg/µg total protein) was significantly
higher than in the SHAM group (0.0170 ± 0.0084 pg/µg
total protein) (P = 0.0116) and the ROP-Ctrl group
(0.0150 ± 0.0097 pg/µg total protein) (P = 0.0045). GM-
CSF concentration was significantly higher in the ROP+ARNi
(0.0306 ± 0.0072 pg/µg total protein) compared with the
SHAM group (P = 0.0081) and ROP-Ctrl (P = 0.0031)
(Figure 5B). Regarding VEGF concentration, results showed
that there was no statistical significance between all groups
(Figure 5C).

Angiotensin receptor-neprilysin
inhibitors hardly affect mitochondrial
genome synthesis

mtDNA-CN in either the ROP+ACEi group (0.73-
fold ± 0.07) or the ROP+ARNi group (0.77-fold ± 0.12) was
slightly lower than in either the SHAM group (1.00-fold ± 0.10)
or the ROP-Ctrl (0.98-fold ± 0.11), however, these results were
not statistically significant.
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FIGURE 6

Effects of ACEi, NEPi, ARB, ARNi, and antagonists of bradykinin receptors on MHEC5-T proliferation. (A–D) Effects of ACEi, NEPi, ARB, ARNi on
MHEC5-T proliferation at different concentrations, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, compared to control. (E) Effects of ACEi
and antagonists of bradykinin receptors on MHEC5-T proliferation. ***P ≤ 0.001, ****P ≤ 0.0001, compared to control. †††P ≤ 0.001,
††††P ≤ 0.0001, compared to ACEi. (F) Effects of NEPi and antagonists of bradykinin receptors on MHEC5-T proliferation. **P ≤ 0.01, compared
to control. †P ≤ 0.05, †††P ≤ 0.001, compared to NEPi.

Neprilysin inhibitors exert
pro-arteriogenic effects through the
bradykinin receptor signaling pathway

In vitro experiments were performed to investigate the roles
of ACEis, ARBs, NEPis, and ARNis on MHEC5-T proliferation.
The results showed that 0.01 µM ACEi (0.1797 ± 0.0086)
significantly promoted cell proliferation compared with the
control (0.1677 ± 0.0088) (P = 0.0196) (Figure 6A). Similarly,
both 0.01 µM NEPi (0.2311 ± 0.0080) (P = 0.0009) and 0.1 µM
NEPi (0.2294 ± 0.0177) (P = 0.0014) significantly promoted
cell proliferation compared with the control (0.1969 ± 0.0180)

(Figure 6B). In contrast, both 10 µM ARB (0.1495 ± 0.0069)
(P = 0.0008) and 20 µM ARB (0.1318 ± 0.0101) (P < 0.0001)
significantly inhibited cell proliferation compared with the
control (0.1693 ± 0.0202) (Figure 6C). Moreover, ARNi
(NEPi + ARB) significantly inhibited cell proliferation in
a concentration-dependent manner from 0.01 to 20 µM
(Figure 6D).

Then, we functionally validated whether the pro-
arteriogenic effects of ACEis and ARNis were mediated
through the bradykinin signaling pathway. The results
showed that ACEi (0.1421 ± 0.0086) significantly promoted
cell proliferation compared with control (0.1276 ± 0.0109)
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(P = 0.0010). In contrast, ACEi in combination with BDKRB1i
(0.1213 ± 0.0070) (P < 0.0001) or BDKRB2i (0.1254 ± 0.0069)
(P = 0.0002) significantly inhibited cell proliferation compared
with ACEi alone. However, ACEi in combination with
BDKRB1i and BDKRB2i (0.1460 ± 0.0055) showed a markedly
increased cell proliferation when compared with control
(P = 0.0001) (Figure 6E). Furthermore, NEPi (0.1505 ± 0.0119)
significantly promoted cell proliferation compared with
control (0.1294 ± 0.0115) (P = 0.0018). In contrast, NEPi in
combination with BDKRB2i (0.1344 ± 0.0105) (P = 0.0141),
or NEPi in combination with BDKRB1i and BDKRB2i
(0.1276 ± 0.0169) (P = 0.0008) significantly inhibited cell
proliferation compared with NEPi alone (Figure 6F).

Discussion

In case of coronary occlusion, collateral growth is the
most efficient compensatory mechanism to adequately supply
blood to ischemic myocardium. This study demonstrated
for the first time that ARNis significantly improve coronary
collateral perfusion in vivo. Furthermore, we demonstrated that
NEPis exert pro-arteriogenic efforts via the bradykinin receptor
signaling pathway in vitro.

In our current research, we validated again that ROP is an
ideal approach to stimulate coronary collateral growth. Most
importantly, administration of 7-day ROP+ARNi significantly
increased coronary collateral perfusion compared with ROP
alone. In contrast, ROP+ARB had no effect on coronary
collateral perfusion. Thus, we confirmed that the ARNi induced
improvement in coronary collateral perfusion was due to the
NEPi (Sacubitril), rather than the ARB (Valsartan). This result
is consistent with our most recent study, in which a beneficial
effect of an ARB (Candesartan) on cerebral collateral blood flow
was not observed (11).

Neprilysin degrades both BK and NPs, and there is
overwhelming evidence that both BK and NPs are the most
potent endogenous vasodilators modulating coronary blood
flow (CBF). It has been well documented that exogenous BK
increased CBF in a dose-dependent manner (16), while NPs
enhanced coronary artery dilation and increased coronary flow
velocity (17, 18). The results presented here were obtained in
an established rat model of coronary arteriogenesis. Hence,
the improvement in myocardial perfusion was clearly the
result of chronic remodeling of the coronary collateral arteries
rather than a transient regulation of vascular tone. BK and
NPs exert their biological functions by binding bradykinin
receptors and natriuretic peptide receptors, respectively. Indeed,
increasing evidence suggests that both bradykinin receptors and
natriuretic peptide receptors play critical role in collateral artery
development (7, 19, 20).

Therefore, in the second part, by analyzing the relevant
membrane receptors and key enzymes in NPS, RAAS and KKS,

we aimed to understand the underlying molecular mechanism
and cross-talk in these three hormonal systems under the
administration of ACEis or ARNis. First, NPS is the most
prevalent system regulated by ARNis. Hence, we analyzed three
major membrane receptors (NPRA, NPRB, NPRC) in NPS,
and the results showed that their mRNA expression levels were
highest in the ROP+ARNi group among all groups, but a
statistical significance was not confirmed. NEP1 is one of the key
degradative enzymes in NPS. Our results showed that ACEis,
but not ARNis, significantly inhibited NEP1 expression at both
mRNA and protein expression levels. Yet, ARNis significantly
inhibited the mRNA expression levels of NEP2. Currently, there
are no specific studies that clarify the effect of ACEis on the
NEP family. However, Pare et al. analyzed the candidate genes
associated with ACEi-induced angioedema in a genome-wide
study, and the results showed that NEP variants were likely
involved in ACEi-induced immunoregulation (21), which may
explain the putative ACEi-modulated downregulation of NEP1
mRNA expression observed in our study. Regarding NEP2,
Bland et al. demonstrated a high expression of NEP2 in the
soluble melanogaster embryo fraction (22). Our previous in vivo
study also demonstrated that embryonic stage is the most critical
phase for arterial identity (23). To date, however, little is known
about NEP2 in the context of vascular adaptations.

Second, with respect to RAAS, the main membrane
receptors are AGTR1a (AGTR1 consists of AGTR1a and
AGTR1b, the first subunit is strongly expressed in the heart)
and AGTR2 (24). Our results showed that ARNis significantly
downregulated AGTR2 mRNA expression and led to an
upregulation of the AGTR1a/AGTR2 ratio. In principle both
Ang I and Ang II are cleaved by NEP, so inhibition of
NEP increases their concentrations in the circulation system.
Indeed, it was reported that NEPis increased blood pressure
in normotensive subjects (25), which was identified as an
Ang II-dependent effect (26). Although both AGTR1 and
AGTR2 have the similar binding affinity for Ang II, they exert
opposite biological functions in cardiovascular homeostasis
(27). However, an imbalance of the AGTR1/AGTR2 ratio should
be theoretically reversed when the ARB (Valsartan) is combined
with the NEPi (Sacubitril). In this regard, numerous studies have
shown that the cardiovascular protective function of ARBs was
partly due to the enhancement of the biological effect of AGTR2
(28). In addition, recent preclinical studies indeed demonstrated
that ARNis downregulated AGTR1 expression but upregulated
AGTR2 expression at the transcriptional level (29, 30), which
are in contrast to our finding. Here, the underlying mechanism
is still not clear.

With regard to the key enzymes in RAAS, our results showed
that the mRNA expression levels of both ACE1 and ACE2
were upregulated under the administration of either ACEis or
ARNis, and a greatly increased ACE1/ACE2 ratio was observed.
Indeed, early in the development of ACEis, it was reported
that administration of ACEis upregulated ACE mRNA (31, 32),
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which was considered as a negative feedback effect of inhibited
ACE activity and decreased Ang II levels (33). However, studies
subsequently reported that ACEis decreased ACE1 mRNA
expression but increased ACE2 (34, 35). It is now generally
accepted that ACE2 converts Ang II to Ang-(1-7), which is a
potent vasodepressor that counteracts the vasopressor Ang II.
Therefore, ACEis exert an important cardiovascular protective
function by regulating the imbalance of the ACE1/ACE2 ratio
(36). In contrast, Emilsson et al. recently reported that ACEis
even increased serum protein levels of ACE1, whereas ACE2
levels remained unchanged (37). Still, the roles of ACEis and
ARNis on ACEs expression in this context remain controversial.

Third, to verify our hypothesis that ARNis functionally
activate KKS like ACEis, we analyzed the mRNA expression
of bradykinin receptors and two members of the tissue
kallikrein family. Our results showed that the gene expression
of bradykinin receptors was modulated by both ARNis and
ACEis. Notably, an upregulated mRNA expression of BDKRB1
was observed in the ROP+ARNi group, while an upregulated
mRNA expression of BDKRB2 was observed in the ROP+ACEi
group, respectively.

The mechanism of ACEis on bradykinin receptor activation
has been intensively investigated in numerous studies. In
summary, as agonists, ACEis directly active BDKRB1 by binding
the zinc finger motif of the second extracellular loop. As
allosteric enhancers, ACEis indirectly resensitize BDKRB2 by
altering the conformation of ACE domains of the ACE-
BDKRB2 receptor heterodimer. Here, the possible molecular
mechanisms of NEPis on bradykinin receptor activation seem
conceivable. First, inhibition of NEP leads to increased BK
concentration levels, which thereby stabilizing and activing
BDKRB1 and BDKRB2. Second, it is speculated that NEP
may also associate with BDKRB2 to form a “NEP-BDKRB2
heterodimer,” thereby enhancing peptide ligand binding and
activating BDKRB2 (38). Intriguingly, it has been reported
that NEP was much more responsible for kininase function
(68 ± 2%) than ACE (9 ± 0.4%) in the murine kidney (39).
If NEP has a stronger effect on BK degradation than ACE
in the heart, we speculate that NEPis may be more efficient
than ACEis to stimulate coronary arteriogenesis therapeutically
in ischemic cardiovascular disease, and likely through the
bradykinin receptor signaling pathway.

Previous research demonstrated that NEPis could augment
the beneficial effect of KKS by particularly stimulating BDKRB2.
Ura et al. reported that NEPi-induced increase in renal kinin
levels were blocked by the BDKRB2 antagonist (HOE140) (40).
In addition, Deddish et al. demonstrated that NEPis resensitized
BDKRB2 in human pulmonary fibroblasts (38). However, in our
current study, only an upregulated BDKRB1 mRNA expression
was detected under the administration of ARNi, suggesting
that BDKRB1 plays a greater role than BDKRB2 in ARNi-
induced arteriogenesis. Indeed, we previously observed a large
reduction in peripheral arteriogenesis in BDKRB1 knock out

mice, and a minor reduction in BDKRB2 knock out mice (7).
Therefore, BDKRB1 can be regarded as a novel pro-arteriogenic
therapeutic target in GPCR drug discovery.

Furthermore, our work showed that both ACEis and ARNis
regulated gene expression of the kallikreins, KLK1 and KLK10.
KLK1 converts low-molecular-weight kininogen (LMWK) to
KD. KD is the ligand of BDKRB2, which is known to exert
numerous biological processes implicated in vascular growth
(41). In contrast, several studies concluded that KLK10 is
a tumor suppressor gene, which is a major modulator of
inhibition of vascular cell proliferation and migration (42, 43).
Theoretically, downregulation of KLK10 mRNA levels could
be associated with vascular cell proliferation and migration,
which are the prerequisites of arteriogenesis. Therefore, we
considered the mRNA expression ratio of KLK1/KLK10 as
a pro-arteriogenic indicator. Here, our results showed for
the first time that both ACEis and ARNis significantly
upregulated this pro-arteriogenic ratio. In addition, our results
also showed that both ACEis and ARNis upregulated KLK1 at
the translational level.

Many research has been made regarding the expression ratio
of AGTR1/AGTR2, ACE1/ACE2, and BDKRB1/BDKRB2 (44–
46). Upregulation or imbalance of these ratios was considered a
hallmark of cardiac decompensation and arterial inflammation.
Most investigators attributed the pharmacological benefits of
ACEis or ARBs to rebalancing of these ratios (34). However,
arteriogenesis is a process in which immune activation
and inflammatory activation play crucial roles. In particular,
leukocyte extravasation is triggered after arterial occlusion.
Subsequently, monocytes adhere and transmigrate across
vascular endothelium, and differentiate into macrophages,
which release numerous cytokines (e.g., GM-CSF, MCP-1,
and VEGF). These pro-arteriogenic cytokines significantly
promote ECs proliferation via the paracrine signaling processes
(47). In summary, at the mechanistic level, there are both
beneficial and adverse effects of ACEis and ARNis therapy,
but ultimately the beneficial effects predominate, leading to
improved collateral formation.

Because paracrine factors play a critical role in
arteriogenesis, we analyzed whether administration of
ACEis or ARNis would result in therapeutic modulation
of three main pro-inflammatory cytokines at the protein level.
Our results suggested that the pro-arteriogenic cytokines
were strongly induced during therapeutic modulation of
arteriogenesis. Here, we demonstrated that ARNis, but not
ACEis, significantly increased MCP-1 concentration, and that
both ACEis and ARNis increased GM-CSF concentration.
It has been reported that MCP-1 plays an important role in
monocyte/macrophage activation, and that GM-CSF stimulates
the release of pluripotent monocyte cells from the bone marrow
into the collateral circulation (48–50). The therapeutic and
pro-arteriogenic roles of GM-CSF and granulocyte colony-
stimulating factor (G-CSF) have been demonstrated in a
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variety of animal models of coronary, cerebral, and peripheral
arteriogenesis, respectively (13, 51, 52). Yet, a modulation of
VEGF at the protein level by ACEis or ARNis was not confirmed
in our current study.

Vascular regeneration can be regarded as a plastic process,
in which physiological and pathophysiological processes work
against each other, ultimately the former gains the upper
hand (53). Mitochondrial dysfunction is a hallmark of age-
related cardiovascular disease. In fact, the heart is a “muscle
pump” that constantly has an extraordinarily high demand for
adenosine triphosphate, which is why it has a high density
of mitochondria (54). Sabbah et al. demonstrated that ARNis
could ameliorate left ventricular mitochondrial dysfunction
(55). However, there was no study demonstrating the role of
ARNis in mitochondrial biogenesis, whereas previous research
has shown that administration of ACEis increased mtDNA-
CN (56, 57). Yet, a beneficial effect of ARNis or ACEis on
myocardial mitochondrial biogenesis was not confirmed in
our current study.

To verify our hypothesis that ARNis exert pro-arteriogenic
effects via the bradykinin receptor signaling pathway, additional
in vitro experiments were performed in this study. Because
it was confirmed here that NEPis, rather than ARBs,
promoted endothelial proliferation, the NEPi (Sacubitril) was
analyzed for the possible stimulation of bradykinin receptors.
Hence, in subsequent in vitro experiments, we verified our
hypothesis that NEPis, like ACEis, exert their biological
function on ECs through the bradykinin receptor signaling
pathway. Here, we have shown for the first time that NEPis
significantly promoted MHEC5-T proliferation, which can
be abrogated by antagonists of bradykinin receptors. Thus,
it can be demonstrated that NEPis exert pro-arteriogenic
effects via the bradykinin receptor signaling pathway. In
particular, since a stronger inhibition of cell proliferation
was observed in the NEPi + BDKRB2i treatment group
compared with the NEPi + BDKRB1i treatment group,
BDKRB2 plays a greater role than BDKRB1 in NEPi-induced
endothelial proliferation.

Vascular proliferation and migration play crucial roles
in various contexts of arterial remodeling. The endothelium
is a thin monocellular layer that lines the inner surface
of the heart and blood vessels. As a receptor-effector, the
endothelium has the property to respond to physical or
chemical stimuli. It maintains vasomotor balance and vascular
homeostasis by producing agonistic and antagonistic substances
(58). Conversely, endothelial dysfunction is characterized by
an imbalanced vasodilation and vasoconstriction (59). It
has been demonstrated that endothelial dysfunction precedes
atherosclerosis (60). Because atherosclerotic lesions result in
the migration of vascular smooth muscle cells from the media
to intima (61, 62), and endothelial integrity is maintained
by replacement of damaged ECs (63), atherosclerosis is
characterized by pathologic intimal thickening. In contrast,

with regard to arteriogenesis, collateral arterioles undergo
active outward remodeling, which is associated with wall
thickening and lumen enlargement. Here, ECs proliferation
and migration are essential for collateral artery formation. It
is speculated that novel medications for cardiovascular disease
may shift the process of pathologic atherosclerosis toward
physiological arteriogenesis (64). Recent research has shown
that arterial network expansion complemented collateral arterial
development to recover from an ischemic insult, in which
endothelial function plays an important role in arterial flow
recovery (65, 66).

From bench to bedside, ARNis were used only for
HF patients with reduced ejection fraction (HFrEF) at the
very beginning after it appeared. On the positive side,
the indications of ARNis were expanded for both HF
with preserved ejection fraction (HFpEF) (approved by the
U.S. Food and Drug Administration) (67) and hypertension
(approved by the China Food and Drug Administration)
(68) in 2021. In addition, results of the PARADISE-MI
trial (n = 5661) showed that administration of ARNis
reduced the composite outcome by 10% compared with
ACEis, and provided additional clinical benefits in patients
with acute MI (69). Meanwhile, results from another multi-
center randomized control clinical trial conducted in China
(n = 7556) showed that ARNis were superior to ACEis
in reducing major adverse cardiovascular events after MI
(70). Considering that our current study suggests that
ARNis significantly facilitate coronary collaterals development,
which is the most effective mechanism for maintaining
stable blood perfusion after arterial stenosis or occlusion,
ARNis may improve the prognosis of patients post-MI HF
(tertiary prevention), or even reduce the incidence of new-
onset MI (secondary prevention). More research is still
needed to provide a rationale for the clinical efficacy and
safety of ARNi in MI.

Conclusion

In summary, the results presented here indicate
that (1) ARNis improve coronary collateral perfusion
by stimulating arteriogenesis therapeutically. (2) NEPis
promote endothelial proliferation via the bradykinin receptor
signaling pathway.

Limitations

First, since our primary finding clearly showed that
ARNis significantly increased coronary arteriogenesis, it
would be supportive to demonstrate the increase in vessel
lumen of collateral arteries angiographically. We have already
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successfully verified the morphological features by visualizing
angioarchitecture in a rat model of cerebral arteriogenesis
(7, 47). However, anatomically, the situation of rat coronary
collaterals is more complicated. Second, it would be more
promising to evaluate the role of ARNis on coronary collateral
perfusion by using the bradykinin receptor knock out mouse
model. However, it is too challenging to perform microsurgery
and set up ROP system in the heart of a mouse. Finally,
because antibodies against some targets are not available,
and the specificity of some antibodies has been controversial,
the analysis of these targets at the translational level could
only be partial.
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