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Complementary utilization of echocardiographic imaging along with pressure-volume 

catheterization reveals ventricular-arterial decoupling of the pressure overloaded 

right ventricle in mice. 

 

Abstract 

New Findings: 

What is the central question of this study? 

The aim is to investigate whether complementary assessment of non-invasive 

ultrasound imaging along with closed chest-derived intra-cardiac pressure-volume 

catheterization is applicable to mice for an in-depth characterization of right 

ventricular (RV) function even upon maintained pressure overload. 

What is the main finding and its importance? 

Characterization of RV function by the complementary utilization of 

echocardiographic imaging along with pressure-volume catheterization reveals 

ventricular-arterial decoupling upon maintained pressure overload where RV systolic 

function correlates rather with ventricular-arterial coupling than contractility while 

diastolic function well correlates with RV diastolic pressure. This combinational 

approach allows us to better phenotype RV function/dysfunction in genetically 

modified and/or pharmacologically treated mice. 

 

Assessment of right ventricular (RV) function in rodents is a challenge due to the 

complex RV anatomy and structure. Subsequently, the best characterization of RV 

function is achieved by accurate cardiovascular phenotyping, involving a 

combination of non-invasive imaging and intra-cardiac pressure-volume 

measurements. We sought to investigate the feasibility of two complementary 

phenotyping techniques for the evaluation of RV function in an experimental mouse 

model of sustained RV pressure overload. Mice underwent either Sham surgery 

(n=5) or pulmonary artery banding (PAB) (n=8) to induce isolated RV pressure 

overload. After three weeks indices of RV function were assessed by 

echocardiography (Vevo2100) and closed chest-derived invasive pressure-volume 
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measurements (PVR-1030). PAB resulted in RV hypertrophy and dilatation 

accompanied by systolic and diastolic dysfunction. Invasive RV hemodynamic 

measurements demonstrate an increased end-systolic as well as arterial elastance 

after PAB as compared to sham, resulting in ventricular-arterial decoupling. 

Regression analysis revealed that TAPSE is rather correlated with ventricular-arterial 

coupling (r²=0.77, p=0.002) than RV contractility (r²=-0.61, p=0.07). Furthermore, 

IVRT/RR and E/E’ correlate well with RV end-diastolic pressure (r²=0.87, p=0.0001 

and r²=0.82, p=0.0009; respectively). Commonly used indices of systolic RV function 

are associated with RV-arterial coupling rather than contractility, while diastolic 

indices are interrelated with end-diastolic pressure where there is maintained 

pressure overload. 

 

 

Introduction 

Right ventricular (RV) failure due to sustained pressure overload is the major cause 

of mortality in patients suffering from congenital heart diseases and pulmonary 

arterial hypertension (PAH) (Bogaard et al., 2009a; Naeije & Manes, 2014). PAH 

itself is characterized by a progressive elevation of pulmonary vascular resistance 

leading to RV hypertrophy and ultimately RV failure in most patients (Schermuly et 

al., 2011; Rabinovitch, 2012), while a subgroup of patients adapt with a 

compensated RV hypertrophy without immediate RV failure (Rich et al., 2010). 

Consequently, the accurate assessment of RV indices by non-invasive imaging 

along with intra-cardiac measures are essential to diagnose rising filling pressures, 

diastolic dysfunction and reduced ejection volumes (Voelkel et al., 2006; Pokreisz et 

al., 2007; Borgdorff et al., 2015b).  

Pre-clinically, the precise characterization of RV function in rodents is hampered by 

the complex RV geometry. However, the availability of genetically modified mice 

allows performing more detailed pharmacological and molecular-mechanistic studies 

to better understand the physiology and pathology of the human disease. 

Furthermore, as miniature sensor technology progresses, first studies assessing 

simultaneous RV pressure and volume in small animals via open-chest approaches 
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were reported (Faber et al., 2006; Bartelds et al., 2011; Kapur et al., 2013; Borgdorff 

et al., 2013, 2015b; de Raaf et al., 2015; Szulcek et al., 2016). However, opening the 

chest and insertion of the catheter through the RV free wall cause loss of 

intrathoracic pressure, changes of myocardial integrity and trauma.  

Evidence from experimental PAH suggests that pulmonary artery banding (PAB) 

challenged animals develop pressure overload-induced compensatory RV 

hypertrophy (Bogaard et al., 2009b) or RV failure (Borgdorff et al., 2015b), 

depending on the severity of pulmonary artery constriction and duration of 

maintained RV pressure overload. PAB is an animal model that induces isolated 

shear stress on the RV myocardium without affecting the pulmonary circulation 

which recently has drawn more attention. 

To date, there have been no data reported that describe load-dependent and load-

independent indices of systolic as well as diastolic RV function by the 

complementary usage of non-invasive imaging along with closed chest-derived 

invasive pressure-volume determinations, particularly in mice subjected to PAB. 

Thus, we hypothesized that the combination of trans-thoracic echocardiographic 

imaging along with closed chest-derived intra-cardiac pressure-volume 

measurements is feasible and allows for assessment of RV indices in mice - even 

upon three weeks of sustained RV pressure overload by PAB. 

 

Methods 

Ethical approval 

All Experiments were performed according to institutional guidelines that comply with 

national and international regulations (EU directive 2010/63). The local authorities for 

animal research approved the study protocol (Regierungspräsidium Giessen). 

Experimental protocol 

Male C57BL/6 mice with a body weight of 20 ± 2 g (12 weeks of age) were obtained 

from Charles River Laboratories (Sulzfeld, Germany) and randomized into two 

groups: group 1, Sham-operated controls (n=5 mice) or group 2, chronic pulmonary 

artery banded (PAB) animals (n=8 mice). All mice were kept under identical housing 

conditions, underwent echocardiographic analysis and terminal hemodynamic 

evaluation three weeks upon surgery. 
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Pulmonary artery banding (PAB) 

Pulmonary artery banding (PAB) was performed as described previously by our 

group (Novoyatleva et al., 2013; Kojonazarov et al., 2013; Janssen et al., 2015). 

Briefly, animals received a subcutaneous injection of 0.05 mg/kg buprenorphine 

hydrochloride for analgesia, were anesthetized by continuous isoflurane inhalation 

(2.0-2.5 % mixed in 100 % oxygen), intubated and mechanically ventilated. 

Subsequently, when animals lost their pedal withdrawl reflex and muscles relaxed – 

suggesting medium plane of anesthesia – the main pulmonary artery was constricted 

with a small titanium ligating clip (Hemoclip; Edward Weck, Research Triangle Park, 

NC) to a width of 0.3 mm in diameter after which the chest was closed and the 

animals allowed recovering. Sham control mice were subjected to equally performed 

surgery except applying the clip to the pulmonary artery. Post-operative analgesia 

was maintained by administration of 4 mg/kg carprofen mixed in drinking water. 

Echocardiography 

Transthoracic echocardiography was performed by an experienced sonographer in a 

blinded manner with a Vevo2100 system (Visualsonics, Toronto, Canada) to 

measure RV wall thickness (RVWT), RV internal diameter (RVID) and TAPSE as 

described previously (Savai et al., 2014). Pulmonary artery (PA) velocity time integral 

(VTI) was measured from the pulsed-wave Doppler flow velocity profile of the RV 

outflow tract in the parasternal short-axis view. By combining PA VTI, pulmonary 

artery area and heart rate, the echocardiographically derived cardiac output (CO) 

was determined in sham and PAB mice. Cardiac index (CI; ml min–1 body weight-1) 

was calculated as cardiac output (CO; ml min–1) normalized to body weight. The 

transtricuspidal early diastolic E-wave peak velocity was recorded from the apical 

four-chamber view. Tissue Doppler imaging (TDI) was used to measure early (E’) 

diastolic peak velocity at the lateral corner of the tricuspid annulus. TDI-derived 

isovolumic relaxation time (IVRT), isovolumic contraction time (IVCT) and ejection 

time (ET) were measured and myocardial performance index (MPI) was calculated 

as a sum of IVRT and IVCT divided to ET.  

Catheterization 

All animals underwent terminal hemodynamic evaluation by pressure-volume 

analysis in blinded fashion. Mice were anaesthetized via sustained isoflurane 

inhalation (1.5-2 %) and core body temperature was maintained constant at 37° C 
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during the whole experiment. Prior to data recordings, the catheter was zeroed in 

pre-warmed saline using appropriate MPVSultra software (ADinstruments, Oxford, 

UK). Subsequently, the right external jugular vein was cannulated in all animals by 

the same single segment pressure-volume catheter (PVR1030, ADinstruments, 

Oxford, UK) connected to a MPVSultra pressure-volume unit to record relative 

volume units (RVUs), advanced into the RV and once in longitudinal position, 

steady-state signals were recorded (2k/s sampling rate). The end-systolic pressure-

volume relation (ESPVR) was recorded during transient preload reduction through 

inferior vena cava (IVC) occlusion utilizing a cotton tipped applicator (871-PC DBL, 

Puritan, Maine, USA). Then, the same catheter was pulled out of the RV and used to 

cannulate the right carotid artery, introduced into the aorta and systemic blood 

pressure recorded. Terminally, all mice were euthanized by exsanguination and the 

RVs dissected from left ventricle (LV) and interventricular septum (S) for tissue 

weight measurements. 

Data analysis 

Hemodynamic data analysis was performed in Labchart software (ADinstruments, 

Oxford, UK). Therefore, in every mouse, echocardiographically determined stroke 

volume (in µl) was utilized to calibrate the catheter-derived arbitrary conductance 

signal into catheter-derived stroke volume in µl and in combination with heart rate 

into cardiac output (CO) as it was described before (Faber et al., 2006; Borgdorff et 

al., 2012; Andersen et al., 2014). End-systolic elastance (Ees) was calculated as 

slope of ESPVR and arterial elastance (Ea) was computed from RV end-systolic 

pressure divided by stroke volume. Ventricular-arterial coupling efficiency is defined 

as Ees to Ea ratio. 

Statistics 

All data are presented as mean±SD. Statistical comparison of two groups for 

significance was performed by two-tailed unpaired student’s t test. Correlation was 

analyzed using Spearman’s correlation calculated in GraphPad Prism software (La 

Jolla, CA, USA). 

 

Results 

Sustained RV pressure overload results in RV hypertrophy and dysfunction 
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First, we did not detect post-operative mortality neither in sham or PAB-challenged 

mice. Three weeks after surgery we evaluated whether chronic RV pressure 

overload induced RV hypertrophy and dysfunction (Table 1). Notably, PAB-

challenged mice tended to decrease in bodyweight as compared to sham operated 

controls (23.25±1.41 vs. 25.00±1.87 g, p>0.05). However, in comparison with sham 

controls, three weeks of sustained RV pressure overload resulted in a significant 

increase in RV hypertrophy determined as RV/(LV+S) ratio (0.37±0.07 vs. 0.20±0.02, 

p=0.0003) and RV dysfunction reflected by reduced cardiac index (0.38±0.11 vs. 

0.58±0.03 ml·min-1·BW-1, p=0.003) without affecting systemic blood pressure 

(70.77±8.02 vs. 79.10±3.09 mmHg, p>0.05) nor heart rate (439.60±38.90 vs. 

481.80±19.64 bpm, p>0.05) (Table 1). 

Echocardiographic evaluation indicates RV hypertrophy, dilatation and both, 

systolic as well as diastolic dysfunction 

Second, we utilized non-invasive trans-thoracic ultrasound imaging to characterize 

RV function. Robust RV hypertrophy was indicated by raised RV wall thickness 

(0.54±0.09 vs. 0.26±0.04 mm, p<0.0001) (Figure 1A) accompanied by impaired RV 

systolic function as demonstrated by diminished TAPSE (1.04±0.11 vs. 1.44±0.06 

mm, p<0.0001) (Figure 1B) upon PAB as compared with sham operated controls. 

Furthermore, three weeks of maintained RV pressure overload in comparison with 

sham control caused RV dilatation as RV internal diameter increased significantly 

(2.36±0.32 vs. 1.59±0.10 mm, p<0.001) (Figure 1C). These changes were 

compounded by impairment of diastolic function shown via increased isovolumic 

relaxation time (IVRT/RR, 16.00±1.46 vs. 11.37±1.08 %, p<0.0001) (Figure 1D) and 

ratio of the early diastolic peak velocity measured by Pulsed wave Doppler (E peak) 

to early diastolic peak obtained during Tissue Doppler Imaging (E’ peak) (E/E’, 

22.41±4.94 vs. 10.81±1.72, p=0.0004) (Figure 1E) plus impaired global cardiac 

function determined by myocardial performance index (0.88±0.10 vs. 0.60±0.05, 

p<0.02) (Figure 1F), a parameter indicating both systolic and diastolic RV function. 

Pressure-volume analysis demonstrates RV systolic as well as diastolic 

dysfunction, hyper-contractility and ventricular-arterial decoupling 

Subsequent to echocardiographic evaluation, intra-cardiac pressure-volume 

measurements were performed to invasively assess RV hemodynamics. Therefore 

and as invasive pressure-volume measurements are highly dependent on accurate 
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catheter placement along the RV longitudinal axis, we utilized ultrasound to guide 

the catheter into the correct position avoiding direct contact with the RV free wall nor 

IVS during the whole cardiac cycle. 

Three weeks of isolated RV pressure overload robustly induced RV hypertrophy as 

RV/BW increased significantly (1.11±0.22 vs. 0.70±0.05 mg·g-1, p=0.01) (Figure 2A), 

accompanied by elevated RV systolic (RVSP: 57.38±11.85 vs. 24.60±4.02 mmHg, 

p=0.0001) (Figure 2B) and diastolic (RVDP: 3.56±1.91 vs. 0.55±0.18 mmHg, p=0.01) 

(Figure 2C) pressures as compared to sham controls. These changes were 

compounded by a reduced stroke volume (20.72±7.17 vs. 30.14±1.84 µl, p<0.05) 

(Figure 2D) despite RV hyper-contractility (Ees: 1.64±0.86 vs. 0.62±0.20 mmHg·µl-1, 

p<0.04) (Figure 2E) upon PAB. The afterload, partially reflected by arterial elastance 

(3.15±1.49 vs. 0.82±0.14 mmHg·µl-1, p=0.01) (Figure 2F), increased more than three 

times upon maintained PAB resulting in arterial-ventricular decoupling (Ees/Ea: 

0.53±0.13 vs. 0.77±0.24, p<0.04) (Figure 2G). Representative steady-state pressure-

volume loops as well as continuous data collection during transient preload reduction 

revealed obvious differences between Sham- and PAB-challenged mice (Figure 2H). 

RV systolic function correlates with arterial-ventricular coupling rather than 

contractility while RV diastolic function interrelates with diastolic pressure 

Non-invasively determined TAPSE as an indicator of systolic RV function showed 

borderline interrelation with pressure-volume loop-derived contractility index end-

systolic elastance (Ees, r²=-0.61, p=0.07) (Figure 3A). However, TAPSE most 

accurately positively correlated with ventricular-arterial coupling (Ees/Ea, r²=0.77, 

p=0.002) (Figure 3B). Non-invasively assessed isovolumic relaxation time (IVRT/RR, 

r²=0.87, p=0001) (Figure 3C) and E/E’ (r²=0.82, p=0.0009) (Figure 3D) are well 

correlated with RV diastolic pressure. 

 

Discussion 

Within this study, we characterized RV function by non-invasive ultrasound imaging 

along with invasive intra-cardiac hemodynamic measures in mice. We demonstrate 

the feasibility of complementary assigning echocardiographic evaluation together 

with closed chest-derived pressure-volume measurements for the characterization of 

RV function in mice with sustained RV pressure overload-induced hypertrophy. We 
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also report, that RV systolic function in mice correlates with ventricular-arterial 

coupling rather than RV contractility, while RV diastolic function interrelates with end-

diastolic pressure. 

In many experimental studies in the literature, data interpretation is hampered by the 

lack of RV pressure-volume analysis (Borgdorff et al., 2015a) which remains the gold 

standard to assess the RV response to pressure overload (Vogel, 2008; Chesler et 

al., 2009; Spruijt et al., 2014; Voelkel et al., 2015). Indeed, the use of pressure-

volume analysis as means of load-independent contractility measurements has long 

time been restricted to the LV since RV anatomy aggravates accurate conductance 

signal acquisition. Indeed, under conditions with normal RV pressure and function it 

is challenging to generate reliable data but upon even modestly elevated load, the 

RV shape resembles the more spherical LV unburden pressure-volume 

measurements. In our study, we utilized conventional echocardiographic-derived RV 

stroke volume and heart rate to convert it into cardiac output and calibrate the 

catheter-derived conductance signal. We determine end-systolic elastance during 

preload reduction, as cardiac output per se does not reflect contractility due to its 

load-dependency. Accordingly, several clinical and pre-clinical studies demonstrate 

that pressure-volume loop-derived analysis of RV contractility by end-systolic 

elastance - even calculated by single-beat estimation (Brimioulle et al., 2003) - is a 

very sensitive tool providing greater insights into RV function or dysfunction, that 

may not be recognized by conventional catheterization (Faber et al., 2006; Vogel, 

2008; Spruijt et al., 2014). Therefore, we went further and evaluated RV function by 

the complementary assignment of non-invasive ultrasound imaging along with closed 

chest-derived pressure-volume catheterization in mice. 

There is now considerable evidence that emphasizes a significant role for RV 

contractility and decoupling of the ventricular-arterial system in PAH (Kuehne et al., 

2004; Pagnamenta et al., 2010; Sanz et al., 2012; Spruijt et al., 2015). It was shown 

that ventricular-arterial coupling predicts outcome in PH patients (Vanderpool et al., 

2015) and further clinical data indicate that progression of PAH-associated RV 

dysfunction leads to RV failure with increased RV contractility but importantly, 

impaired RV ventricular-coupling in most patients (Kuehne et al., 2004; Galie et al., 

2007), while a subgroup of patients adapt with preserved contractility and 

compensated RV hypertrophy (Rich et al., 2010; Tedford et al., 2013). Accordingly, a 
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recently published experimental study by Borgdorff and co-workers demonstrates 

that rats develop either clinical signs of heart failure upon tight pulmonary artery 

banding or adapt without signs of heart failure (Borgdorff et al., 2015b). Importantly, 

while indices of systolic function deteriorate upon chronic pressure-overload as 

compared with sham-operated animals, pressure-volume loop-derived contractility 

measures indicate a hyper-contractile RV – even in animals with clinical signs of 

heart failure – accompanied by ventricular-arterial decoupling. Basically, optimal 

coupling efficiency is achieved if contractility is matched to vascular load (Naeije & 

Manes, 2014). Pulmonary artery constriction selectively elevates RV afterload 

leading to a hyper-contractile response of the RV which was also shown at different 

time points after pressure overload induction in other species (Leeuwenburgh et al., 

2002; Gaynor et al., 2005; Apitz et al., 2012). These and our data suggest that the 

observed contractility elevation together with RV dilatation and hypertrophy is 

insufficient to compensate for a dramatically increased afterload leading to 

ventricular-arterial decoupling and diminished RV ejection volumes.  

In our study, pulmonary artery constriction was moderate and did not lead to very 

severe RV failure three weeks upon disease commencement. However, in 

accordance with the previously published experimental studies (Egemnazarov et al., 

2015; Kapur et al., 2013; Janssen et al., 2015), we herein demonstrate that chronic 

pressure overload resulted in RV hypertrophy, dilatation, impaired systolic as well as 

diastolic function and increased RV contractility accompanied by ventricular-arterial 

decoupling. 

Interestingly, couple of studies in experimental PAH models demonstrate preserved 

ventricular-arterial coupling with contractility elevation that match the increased 

afterload thereby maintaining RV ejection volumes (Wauthy et al., 2004; Fesler et al., 

2006; Rex et al., 2008) while others indicate decoupling and reduced RV output 

(Kerbaul et al., 2004, 2006, 2007; Missant et al., 2007; Pagnamenta et al., 2010; 

Rondelet et al., 2012). Here, we can speculate that severity of afterload elevation, 

duration of progressive RV pressure overload and species may account for these 

differences. 

Previous work has also been shown that metabolic adaptation to chronic hypoxia 

unaffected ventricular-arterial coupling in mice (10 days, 10% O2) (Tabima et al., 

2010; Schreier et al., 2013). Furthermore, it was demonstrated that in the mouse 
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model of Sugen5416 injection followed by 28 days of chronic hypoxia that hypoxic 

adaptation had no effect on ventricular-arterial coupling (Wang et al., 2013). These 

effects were measured by admittance technology and open-chest approaches. As 

chronic hypoxia primarily results in vasoconstriction of pulmonary vessels with 

compensatory RV adaptation that can be reversed by re-exposure to normoxia, we 

thought to investigate whether progressive high RV wall stress per se affects 

ventricular-arterial coupling in mice. 

Guihaire and co-authors demonstrated in a porcine model of chronic pressure 

overload that non-invasively assessed indices of RV function rather interrelate with 

ventricular-arterial coupling than contractility (Guihaire et al., 2013). In our study, 

regression analyses support this observation by demonstration of better correlation 

between non-invasively assessed TAPSE with ventricular-arterial coupling than 

contractility. Furthermore, we show that non-invasive indices of diastolic function well 

correlate with RV end-diastolic pressure. This is conform with experimental and 

clinical data out of the literature indicating that RV diastolic stiffness contributes to 

functional impairment of the RV in pulmonary arterial hypertension (Egemnazarov et 

al., 2015; Rain et al., 2013). 

There are several limitations to this study. First, the usage of a retrograde technique 

for catheter insertion into the RV longitudinal axis may account for small changes in 

RV volumes as tricuspid regurgitation may occur. Second, cardiac output 

determination by conventional echocardiography may not reflect absolute RV 

volumes due to weaknesses of this technique leading to vague conductance 

calibration. Third, the catheter-derived conductance signal may comprise blood and 

partially myocardial muscle resistivity. 

All together, our ability to deeply characterize RV function and ventricular-arterial 

coupling in mice – even after chronic pressure overload – will allow us to better 

phenotype genetically modified animals and to explore the effects of 

pharmacological compounds in the setting of isolated RV pressure overload-induced 

dysfunction and failure. Future studies employing more follow-up time points upon 

pulmonary artery constriction in mice are warranted that may further define the 

course of RV remodeling, ventricular-arterial decoupling and the development of RV 

failure in response to PAH-associated RV pressure overload. 
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Figure Legends 

Figure 1: Echocardiographic functional measurements 

RV hypertrophy, measured as RV wall thickness (RVWT, mm) (A), tricuspid annular 

plane systolic excursion (TAPSE, mm) (B), RV dilatation, measured by RV internal 

diameter (RVID, mm) (C), isovolumic relaxation time to electrocardiogram-derived 

RR interval (IVRT/RR, %) (D), ratio of the transtricuspidal E peak velocity to tissue 

Doppler derived E’ peak velocity (E), myocardial performance index (MPI, Tei index) 

(F) and representative echocardiographic measurements derived from sham- and 

PAB-challenged mice (G). Data are shown as mean±SD. for n=5 mice subjected to 

sham and n=8 mice to PAB surgery. Two-tailed unpaired student’s t-test was used 

for two group comparison. 
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Figure 2: Hemodynamic characterization of RV function 

RV hypertrophy, measured as ratio of RV to body weight (BW) (RV/BW) (A), RV 

systolic pressure (RVSP, mmHg) (B), RV diastolic pressure (RVDP, mmHg) (C), 

stroke volume (SV, µl) (D), RV contractility, measured as end-systolic elastance 

(Ees, mmHg·µl-1) (E), arterial elastance (Ea, mmHg·µl-1) (F) and representative 

continuous pressure-volume recordings during transient preload reduction (G). Data 

are shown as mean±SD. for n=5 mice subjected to sham and n=8 mice to PAB 

surgery. Two-tailed unpaired student’s t-test was used for two group comparison. 
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Figure 3: Linear regression analyses of non-invasively assessed RV systolic 

and diastolic indices versus invasively determined parameters in sham and 

PAB operated animals 

Correlation between echocardiographically measured tricuspid annular plane systolic 

excursion (TAPSE, mm) and end-systolic elastance (Ees, mmHg·µl-1) (A), 

interrelation between tricuspid annular plane systolic excursion (TAPSE, mm) and 

end-systolic elastance to arterial elastance ratio (Ees/Ea) (B), correlation between 

isovolumic relaxation time to electrocardiogram-derived RR interval (IVRT/RR, %) 

and RV diastolic pressure (RVDP, mmHg) (C), correlation between E/E’ and RV 

diastolic pressure (RVDP, mmHg) (D). Spearman’s correlation analysis, r²: goodness 

of fit. Two-tailed unpaired student’s t-test was used for two group comparison. 
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Table 1: Basic animal characteristics 

 

 

 

g- gram, ns. – not significant, RV – right ventricle, LV – left ventricle, S – septum, 

mmHg – millimeter of mercury, bpm – beats per minute, BW – body weight. All 

parameters are expressed as mean±SD. The p-value was calculated by using two-

tailed unpaired student’s t-test. 

 


