
S T AND A RD A R T I C L E

Effect of physiological and pharmacological stress on heart
rate, blood pressure, and echocardiographic measurements in
healthy Warmblood horses

Alexander Dufourni | Eva Buschmann | Ingrid Vernemmen |

Glenn Van Steenkiste | Gunther van Loon | Annelies Decloedt

Equine Cardioteam Ghent University,

Department of Internal Medicine,

Reproduction and Population Medicine,

Faculty of Veterinary Medicine, Ghent

University, Merelbeke, Belgium

Correspondence

Alexander Dufourni, Equine Cardioteam Ghent

University, Department of Internal Medicine,

Reproduction and Population Medicine, Ghent

University, Salisburylaan 133, 9820

Merelbeke, Belgium.

Email: alexander.dufourni@ugent.be

Abstract

Background: Echocardiographic measurements are important prognostic indicators

but might be influenced by heart rate and blood pressure. This is particularly impor-

tant when comparing repeated examinations.

Hypothesis: To determine the effect of physiological stress at mildly increased heart

rates and pharmacological challenge using IV administration of N-butylscopolammonium

bromide and metamizol sodium on heart rate, blood pressure, and echocardiographic

measurements.

Animals: Twenty healthy Warmblood horses.

Methods: Randomized crossover study. Horses were examined echocardiographically

by 2-dimensional, M-mode, pulsed wave (PW) Doppler, and PW tissue Doppler imag-

ing with simultaneous ECG recording and noninvasive blood pressure measurements

during rest, physiological stress, and pharmacological challenge. Cardiac dimensions

and functions were measured by a blinded observer. Data were analyzed using

repeated-measures analysis of variance.

Results: Mean heart rate and arterial blood pressure were significantly higher during

physiological stress (46 ± 2 bpm, 93 ± 16 mm Hg) and pharmacological challenge (62

± 13 bpm, 107 ± 17 mm Hg) compared with rest (34 ± 3 bpm, 86 ± 12 mm Hg;

P < .05). Compared with rest, physiological stress resulted in increased left atrial
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fractional area change (34.3 ± 7.5 vs 27.3 ± 5.1%; P = .01) and left ventricular late

diastolic radial wall motion velocity (13 ± 3 vs 10 ± 2 cm/s; P = .01) but had no sig-

nificant effect on most other echocardiographic variables. Compared with rest, phar-

macological challenge led to significantly decreased left atrial and diastolic ventricular

dimensions (left ventricular internal diameter: 10.3 ± 0.9 vs 10.7 ± 0.8 cm; P = .01),

increased aortic and pulmonary diameters, and ventricular wall thickness.

Conclusions and Clinical Importance: Physiological stress at mildly increased heart

rates significantly enhanced atrial pump function. Larger heart rate and blood pres-

sure increases during pharmacological challenge resulted in altered cardiac dimen-

sions. This should be taken into account when evaluating echocardiographic

measurements at increased heart rates.

K E YWORD S

equine, hypertension, N-butylscopolammonium bromide, pharmacological challenge test,
physiological stress, tachycardia

1 | INTRODUCTION

Echocardiography is the diagnostic method of choice to investigate

cardiac structures and to determine or compare cardiac dimensions.1-6

The assessment of cardiac dimensions during repeated exams has an

important prognostic value as progressive cardiac dilatation suggests

progressive cardiac disease.3,7,8 Prerequisites to minimize measure-

ment variability are well-defined imaging guidelines and adequate

operator training.6 Between-day intraobserver and interobserver vari-

ability should be taken into account when evaluating alterations in

cardiac dimensions during longitudinal follow-up.1,6 Generally, the

interobserver measurement variability appears to be a more important

factor than the intraobserver variability, which emphasizes that pref-

erably the same operator should perform sequential recordings and

measurements in the same patient to minimize test-retest variability.6

However, slight changes in heart rate (HR) or blood pressure

(BP) might influence measurements or measurement repeatability in

case of follow-up examinations, among other related and determina-

tive factors, such as preload, afterload, contractility, hydration, or car-

diovascular status of the patient.4 The general advice is to perform

echocardiographic examinations in adult horses at physiological HR

ranging from 28 to 48 beats per minute (bpm) in the absence of exter-

nal stressors. However, HR can be higher because of disease or stress,

especially at the start of the examination, and often decreases as the

echocardiographic exam continues.9,10

Sedation of the horse is usually contraindicated for echocardiog-

raphy because of drug effects on HR, rhythm, contractility, preload,

and afterload.4 Administration of detomidine hydrochloride resulted

in decreases in HR and cardiac output (CO) with a tendency to

increases in left atrial and ventricular dimensions.11-15 Cardiac dimen-

sions and function were also altered during physiological (treadmill

exercise, lunging exercise) or pharmacological stress testing with atro-

pine (parasympatholytic drug), or dobutamine (sympathomimetic

drug), with high HR above 80 bpm and important increases in BP.16-23

Postexercise evaluation of cardiac variables and pharmacological

stress testing demonstrated decreases in left ventricular dimensions

with increases in interventricular septum and left ventricular free wall

thicknesses as well as an increased left ventricular fractional shorten-

ing (FS).18-20,23-27 However, the influence of slight changes within the

normal physiological range of HR on echocardiographic variables of

cardiac function has not been investigated yet. Heart rate and BP

might vary during the echocardiographic exam as a result of stress

because of an unknown environment. This effect might also be imi-

tated by pharmacological challenge. N-butylscopolammonium bromide

(NBB) is a routinely used anticholinergic drug with an antagonistic

effect on muscarinic receptors of the parasympathetic nervous sys-

tem.28 NBB is commonly used for the treatment of abdominal pain

and bronchoconstriction in horses and has important cardiovascular

effects as transient tachycardia and hypertension.28-30

Aim of this study was to compare echocardiographic variables

including 2-dimensional (2D), M-mode, pulsed wave (PW), and PW tis-

sue Doppler imaging (PW TDI) in healthy, trained Warmblood horses

at different physiological heart rates and during transient mild tachy-

cardia and hypertension after IV administration of NBB and metamizol

(NBBM). We hypothesized that cardiac dimensions would be

decreased at higher HR and BP.

2 | MATERIALS AND METHODS

2.1 | Animals and experimental design

A randomized crossover study was performed. The study sample included

20 healthy, trained adult Warmblood horses with a regular heart rhythm

and no audible cardiac murmur. The study was approved by the ethical

committee of the Faculty of Veterinary Medicine and Bioscience Engi-

neering (EC2020/100), and written owner informed consent was

obtained. Body condition score was estimated based on the Henneke
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Body condition score scale.31 Height at the withers, body length, and

chest circumference were measured for all horses. Body length was

determined from the most cranial point of the shoulder to the tuber

ischiadicum; chest circumference was measured caudal of the elbow.

Body weight (BW) was estimated using the following formula32-34:

BW¼ chest circumference2�body length=11900

Serum was collected by jugular venipuncture before the examina-

tion at rest, centrifugated, and stored at �80�C upon analysis. Cardiac

troponin I concentrations were determined by the Alinity i STAT High-

Sensitive Troponin-I assay (chemiluminescent microparticle immunoas-

say) on the Alinity i analyzer (Abbott, Illinois) to check for absence of

myocardial disease. All cardiac troponin I concentrations were within

normal limits (<0.06 ng/mL) as assumed for a normal health state (inclu-

sion criterion for this study). A resting and exercise ECG was performed

to confirm absence of pathological dysrhythmias.35

Data collection occurred between April and July 2021. Echocardio-

graphic examination was performed 4 times for each horse in a random

order: twice at rest, once during physiological stress, and once during

pharmacological challenge. For each examination, image acquisition was

performed from the left and right side in a random order. Bilateral car-

diac auscultation was performed immediately before image acquisition.

A continuous ECG was recorded throughout the entire echocardio-

graphic exams to determine HR during image acquisition. Repetitive,

consecutive, and noninvasive BP measurements were performed start-

ing on and simultaneously with the acquisition of ultrasonographic

images to determine diastolic arterial BP (DAP), mean arterial (MAP),

and systolic arterial BP (SAP). An indirect oscillometric BP device

(Cardell Veterinary Monitor, 9401, Midmark, Florida), with the cuff

placed around the base of the tail (coccygeal artery), was used as previ-

ously reported by Vera et al (2020),36,37 with a cuff width of 9 cm to

achieve the ideal cuff width-to-tail circumference ratio between 0.4 and

0.6. Measurements for NIBP were taken according to the running time

of the oscillometric BP device: approximately every 2 to 3 minutes at

lower heart rates and approximately every minute at higher heart rates.

Only measurements where the HR of the device approximated the true

HR were taken into account. A minimum of 15 BP measurements per

scan were performed, and the average value was used for further analy-

sis. One cardiac examination at rest included a full echocardiographic

exam to evaluate cardiac dimensions, function, and valvular regurgita-

tion.8,38 The other cardiac examination at rest was performed to assess

measurement repeatability and was performed either on the same or

another day. Target HR at rest ranged between 30 and 35 bpm. Both

exams at rest were performed in the stable of the horse within its famil-

iar environment. The cardiac exam under physiological stress at mildly

increased physiological HR was performed by examination of the horse

in an unknown environment and, if needed, immediately after forward

or backward walking of the horse to introduce slight stress. Target HR

for the physiological stress exam was 40 to 45 bpm. The resting period

between the rest and physiological stress examinations was at least

1 hour, which allowed the horse to return to its resting state. The phar-

macological challenge exam was performed after IV administration of

0.2 mg/kg NBB and 25 mg/kg metamizol sodium (NBBM, Buscopan

compositum, Boehringer Ingelheim Vetmedica GmbH, Germany). Image

acquisition was started 2 minutes after administration, when tachycar-

dia and hypertension were present, and finished within 25 minutes.28

The wash-out period between the pharmacological challenge and other

examinations was at least 7 days to clear the body from the drug taking

into account an elimination half-life of 6 hours for NBB.

2.2 | Echocardiography

Echocardiography was performed using a 1.5 to 4.6 MHz phased array

probe (M5Sc-RS) at a frequency of 1.7/3.3 MHz with simultaneous

ECG recording (base-apex; Vivid IQ, GE Healthcare, Diegem, Belgium)

by an experienced Diplomate of the European College of Equine Inter-

nal Medicine (ECEIM). All echocardiographic exams were performed by

the same operator. One of the resting echocardiographic examinations

included a full echocardiographic exam to check for normality of all car-

diac structures including 2D-, color, M-mode, tissue, and PW Doppler

techniques.39 For the other exams, a shorter predetermined echocardio-

graphic protocol was performed. Two-dimensional images included

2 right parasternal long-axis 4-chamber views (R-4C) with focus on

either the ventricles or the atria, the right parasternal long-axis view of

the left ventricular outflow tract (R-LVOT), the right parasternal short-

axis view of aorta and the left atrium (R-LASAX/AoSAX), and the left

parasternal long-axis view of left ventricle (LV), mitral valve, and left

atrium (L-LVLAX). M-mode images were obtained from the right para-

sternal short-axis view of the LV at the chordal level (R-LVSAXch). PW

TDI images were obtained from the R-LVSAXch view. Left ventricular

free wall velocity was assessed with the pulsed wave Doppler cursor

positioned within the subendocardial region at end-diastole and a sam-

ple volume width of 5.0 mm. The blood flow velocity profile across the

aortic valve was evaluated by pulsed wave Doppler echocardiography

(PWD) obtained from the left parasternal long-axis left ventricular out-

flow tract view (L-LVOT). Color flow Doppler imaging was performed to

check for valvular regurgitation. A minimum of 3 loops of 3 consecutive

cardiac cycles were recorded for off-line analysis.

2.2.1 | Off-line analysis

Images were analyzed using EchoPAC Software Version 203

(GE Healthcare, Diegem, Belgium) by a single observer (Diplomate

ECEIM) who was blinded for horse and scan (rest/physiological

stress/pharmacological challenge). For each echocardiographic vari-

able, the mean of 3 measurements from 3 different cardiac cycles

was used for further analysis. Cycles following a second-degree

atrioventricular or sinoatrial block were not used for analysis. Mean

HR was determined from the RR intervals before the analyzed car-

diac cycles. An overview of cardiac measurements is presented

within Supplemental Table S1.34,40 Measurements on the R-4C

view included left atrial and ventricular dimensions.34 Active left

atrial fractional area change (LA FAC) was calculated as LA FAC =

DUFOURNI ET AL. 3
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([R-LAApLAX � R-LAAaLAX]/R-LAApLAX) � 100, as reported

earlier,40-42 whereby R-LAApLAX and R-LAAaLAX are considered as left

atrial area at the onset of the P wave and during maximal atrial contraction,

respectively. Fractional area change of LV area (LV FAC) was calculated as

LV FAC = ([R-LVAdendLAX � R-LVAsendLAX]/R-LVAdendLAX) � 100.39

On the R-LVOT view, the aortic diameter at the level of the sino-

tubular junction and the pulmonary artery diameter in short-axis were

measured.34,39 The ratio of the pulmonary artery diameter and aortic

diameter at peak-systole was calculated (R-LVOT PADspeak/AoD-

speak).
34 Pulmonary artery diameter was measured along the direction of

the ultrasound beam while ensuring that the diameter was not overesti-

mated by measuring an oblique section of the pulmonary artery. On the

right short-axis view of the aorta and the left atrium, aortic diameter (R-

AosxDsend) and LA diameter (R-LAsxDmax) were measured at end-systole,

and the ratio was calculated (R-LAsxDmax/AosxDsend) as described by De

Clercq et al.40 For R-AosxDsend, the aorta calipers were placed along a

line extending from the commissure between the noncoronary and right

coronary aortic valve cusps. For R-LAsxDmax, calipers were placed in a

line extending from and parallel to the commissure between the non-

coronary and left coronary aortic valve cusps to the distant margin of

the left atrium, ensuring not to measure inside pulmonary vein ostium

II.43 M-mode measurements from the right short-axis LV view at

chordal level were performed.34,39 FS of the LV (LV FS), LV relative wall

thickness (RWTdM_ch), the LV internal volume at end-diastole (LVIVd)

and end-systole (LVIVs), the left ventricular stroke volume (LV SV), ejec-

tion fraction (LV EF), and CO (LV CO) were calculated using the formu-

las below.8,34,39,44 Volumetric assessment of the left ventricular

dimensions was performed based on an area-length method.8,44

LVFS %ð Þ¼ LVIDdM_ch�LVIDsM_ch½ �=LVIDdM_chð Þ�100

RWTdM_ch cmð Þ¼ IVSdM_chþLVFWdM_chð Þ=LVIDdM_ch

LVEDVal ¼ð0:85�LVEDAlx
2Þ=LVEDL

LVESVal ¼ð0:85�LVESAlx
2Þ=LVESL

LV SVal mLð Þ¼ LVEDVal�LVESVal

LV EFal %ð Þ¼ ð LVEDVal�LVESVal½ �=LVEDValÞ�100

LV COal L=minð Þ¼HR�SV=1000

PW TDI analysis of the LV free wall enabled to determine the

peak radial wall motion velocity during early (Em) and late diastole (Am)

as well at peak-systole (Sm). The Em/Am ratio was calculated.38,39,45,46

On the PWD trace of aortic flow, the pre-ejection period (L-PWD

AoV PEP) and the ejection time (L-PWD AoV ET) were measured. The

ratio of L-PWD AoV LVPEP/LVET was calculated.8 Velocity time inte-

gral (L-PWD AoV VTI) and maximal velocity (L-PWD AoV Velmax) of

aortic blood flow were measured. LV SV (L-PWD AoV SV) and CO (L-

PWD AoV CO) were calculated using following formulas8:

L�PWD AoVSV mLð Þ¼ R�LVOTspeak
� �2�0:785

�L�PWD AoV VTI

L�PWD AoVCO L=minð Þ¼ �
R�LVOTspeak
� �2

�0:785�L�PWDAoV VTI�HR
�
=1000

2.2.2 | Data analysis

Based on a power analysis using G*Power, a minimum sample size

of 20 horses was required to detect a 5% to 10% difference in car-

diac chamber dimensions12 (α = 0.025 to account for multiple

comparisons between groups, 1 � β = 0.80). Statistical analysis

was performed using SPSS Statistics 28 (IBM, Brussels, Belgium).

Mean HR, BP, and echocardiographic variables were compared

between rest (short protocol), physiological stress, and pharmaco-

logical challenge using a repeated-measures analysis of variance

with post hoc Bonferroni correction for multiple comparisons.

Normality of the distribution of the variables was checked by

visual inspection of the QQ plots and histograms, the Kolmogorov-

Smirnov test, and Shapiro-Wilk test. Normally distributed data are

presented as mean ± standard deviation (SD). Non-normally dis-

tributed data are presented as median [range]. The overall signifi-

cance level for the general linear model for repeated measures

(univariate analysis of variance) was ≤.001 to correct for multiple

comparisons. For each variable, familywise P values <.05 were con-

sidered significant (post hoc Bonferroni correction for multiple

comparisons). Mean differences and 95% confidence intervals

(CI) of the differences of means between physiological stress and

rest as well as between pharmacological challenge and rest were

calculated and reported.

2.2.3 | Reliability of echocardiographic variables

To assess image acquisition and measurement variability, both

exams at rest were measured by the same observer, and the

within-subject variance for repeated measurements (residual

mean square) was determined by statistical analysis. The within-

subject SD (sw) was calculated as the square root of the residual

mean square.47 Measurement variability was reported as the

within-subject coefficient of variation (CV) and the repeatability

coefficient (RC, 95% intermeasurement difference according to

British Standards Institution [BSI] recommendations).47 The

within-subject CV was calculated by the formula CV = (within-

subject SD (sw)/mean) � 100, expressed as a percent value. The

RC, the absolute value below which the difference between the

mean of 2 measurements at rest will lie with a 95% likelihood, was

calculated by the formula: 1.96 � √2 � sw (=2.77 � sw). The

degree of variability was defined as CV <5%, very low variability;

5% to 15%, low variability; 16% to 25%, moderate variability; and

>25%, high variability.47

4 DUFOURNI ET AL.
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3 | RESULTS

The study sample included 11 geldings and 9 mares. The mean age of

the horses was 14 ± 5 years. Median body condition score was 5/9

(range, 4-6/9).31 Mean height at the withers was 165 ± 5 cm, mean

body length was 193 ± 6 cm, and mean chest circumference was

183 ± 11 cm. Mean estimated BW was 544 ± 71 kg. HR was signifi-

cantly lower at rest compared with physiological stress and pharmaco-

logical challenge (Table 1). Mean arterial BP was significantly higher

during physiological stress compared with rest, whereas DAP, SAP as

well as pulse pressure (PP) did not significantly increase. Diastolic

arterial BP, MAP, and SAP increased significantly between rest and

pharmacological challenge (Table 1).

Table 2 summarizes the between-examination measurement vari-

ability and the comparison of the echocardiographic variables at rest,

physiological stress, and pharmacological challenge. The CV of mea-

surement variability between the 2 scans at rest can be classified as

low for most of the echocardiographic variables. Very-low to low-

measurement variabilities were seen for 2D and M-mode variables

with exception for RV internal diameter at end-systole (RVIDsM_ch)

(moderate variability). Higher measurement variabilities were seen for

PWD variables and calculated variables in general.

During physiological stress at mildly increased HR below 50 bpm,

indices of left atrial contractile function differed significantly com-

pared with rest, with increases in active LA FAC and Am (Figure 1),

whereas LAAa decreased. It should be noted that R-LAAdend showed

a smaller change compared with R-LAAa. LV FAC increased signifi-

cantly. No significant differences were observed for most other 2D

left atrial, left ventricular, aortic and pulmonary dimensions, or calcu-

lated variables of cardiac function. No significant changes in left-sided

aortic PWD variables were present (Table 2).

Pharmacological challenge with NBBM led to significant changes

in 2D, M-mode, PWD, and PW TDI echocardiographic variables com-

pared with rest. Left atrial and diastolic left and right ventricular

dimensions decreased. An increase in active left atrial fractional area

change, diastolic septal wall thickness, left ventricular relative, and

free wall thickness were noted. Aortic and pulmonary dimensions

increased, whereas LV SV and EF decreased. In addition, a decrease in

PW TDI variable Sm was seen (Table 2). All horses included in this

study tolerated the pharmacological challenge test very well, and no

pathological dysrhythmias were observed after administration of

NBBM. Figure 2 depicts scatter plots indicating individual data points

for the echocardiographic variables LAAa, active LA FAC, Am, and LV

internal diameter at end-diastole (LVIDdM_ch) during the different

scans.

4 | DISCUSSION

Overall, no clinically relevant differences were found in our study for

most 2D, M-mode, and PWD echocardiographic variables in healthy

Warmblood horses at slightly increased heart rates during stress

(40-45 bpm) compared with rest (30-35 bpm). Small, statistically sig-

nificant differences were found for some echocardiographic variables

at slightly increased physiological heart rate, but the mean difference

fell inside the RC value provided for the respective variable, indicating

that the measurement difference might be more likely the result of

measurement variation than a true response to physiological stress

(Table 2). However, physiological stress did result in significant

increases in measures of left atrial contractile function (active LA FAC,

Am). This might reflect an increased left atrial pump function at physi-

ologically higher HR because of an altered autonomic tone and ven-

tricular filling pressures. The left and right atrium act as a reservoir for

venous return during ventricular systole and contribute in an impor-

tant way to cardiac preload. During early-to-mid ventricular diastole,

blood stored in the atria is emptied into the ventricles, whereas active

atrial contraction establishes the final ventricular volume during late

ventricular diastole.5,48-50 As HR increases, diastolic ventricular filling

time and preload decreases.50,51 Active left atrial FAC increased sig-

nificantly in our study because of decreases in left atrial area at atrial

TABLE 1 Average heart rate, diastolic, mean arterial, and systolic blood pressure as well as the calculated pulse pressure during
echocardiography.

Variable Unit

Rest Physiological stress

Difference between
means (95% CI)

Pharmacological challenge

Difference between
means (95% CI)

ANOVA

F test
P valueMean ± SD Mean ± SD Mean ± SD

HR bpm 34 ± 3a 46 ± 2b 11.4 (5.7 to 17.1) 62 ± 13c 27.9 (22.2 to 33.6) <.001

DAP mm Hg 71 ± 7a 75 ± 7a 4.3 (�2.5 to 11.1) 88 ± 14b 17.1 (10.3 to 24.0) <.001

MAP mm Hg 86 ± 7a 93 ± 8b 7.4 (0.4 to 14.5) 107 ± 14c 20.9 (13.9 to 28.0) <.001

SAP mm Hg 114 ± 8a 122 ± 12a 7.6 (�1.0 to 16.2) 139 ± 13b 24.7 (16.1 to 33.2) <.001

PP mm Hg 43 ± 5 47 ± 9 3.3 (�2.7 to 9.3) 51 ± 10 7.5 (1.6 to 10.3) .01

Note: The heart rate was calculated as the mean based on the RR interval preceding the analysed cardiac cycles for echocardiographic measurements. The

overall significance level for the general linear model for repeated measures (Univariate Analysis of Variance) was < 0.001 to correct for multiple

comparisons. For each variable, mean values with different superscripts indicate a statistically significant difference between examinations after Bonferroni

correction for multiple comparisons (P < .05). Identical superscripts indicate no statistically significant difference between examinations. Mean difference

and its 95% CI are reported.

Abbreviations: ANOVA, analysis of variance; CI, confidence interval; DAP, diastolic arterial blood pressure; HR, heart rate; MAP, mean arterial blood

pressure; PP, pulse pressure; SAP, systolic arterial blood pressure; SD, standard deviation.
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contraction. This finding of an increased active LA FAC demonstrates

an enhanced booster pump function of the LA at slightly increased

physiological HR in horses.40,48,50 Significant increases in PW TDI Am

further support an increased atrial pump function at slightly increased

heart rates. TDI has been suggested to be a promising tool for a more

sensitive, quantitative, global, or focal assessment of myocardial func-

tion in horses compared with other echocardiographic techniques.39

LA active pump function and LV compliance are the major determi-

nants of the Am velocity, whereas the peak early-to-late diastolic filling

velocity ratio (Em/Am ratio) reflects the relative contribution of atrial

pump function to ventricular filling.5,8,39,46,48 An excellent correlation

between Am velocity and atrial function as well as LA ejection fraction,

force, and kinetic energy has been demonstrated in a large number of

studies in human medicine.50 In healthy human individuals and cats,

an age- and HR-related increase in tissue Doppler Am velocities have

been described.50,52,53 These findings emphasize the importance of

HR while evaluating atrial contractile function by PW TDI echocardi-

ography.50 This increased left atrial pump function at physiologically

higher HR should be considered during the echocardiographic assess-

ment of horses under hospital conditions as this situation should be

considered as stressful event. It should be noticed that active LA FAC

was calculated from area measurements before atrial contraction

(LAAp) and at maximal atrial contraction (LAAa), as previously

reported.40-42 The left atrial area at atrial contraction refers to the

truly smallest area of the LA during cardiac cycle, and atrial contrac-

tion acts as additional filling of the LV before atrioventricular valve

closure. Left atrial FAC calculated in this way was shown to be useful

to assess the risk of atrial fibrillation recurrence postconversion.41,42

Left atrial FAC has also been calculated using different area measure-

ments, namely the area before atrial contraction (named LAAa in

those studies, instead of LAAp) and the area at mitral valve closure

(named LAAmin in those studies).5,54 The latter corresponds to the

LAAdend of our study, which represents the atrial area after atrial con-

traction, and is influenced by the PQ interval. During physiological

stress, LAAa showed a larger decrease (from 46.4 ± 6.2 cm2 to 41.0

± 6.0 cm2, P < .001) compared with LAAdend (from 51.0 ± 7.9 cm2 to

47.2 ± 6.9 cm2, P = .03). During pharmacological challenge, LAAdend

showed no significant decrease, whereas LAAa was significantly

decreased (P < .001). These results suggest that the measurement

during true atrial contraction more correctly reflects atrial booster

pump function.

Pharmacological challenge with NBBM, a parasympatholytic agent

with anticholinergic and antimuscarinic properties, caused similar echocar-

diographic effects as classical pharmacological stress testing, with

decreased left ventricular dimensions and stroke volume and increased

relative ventricular wall and interventricular septum thicknesses.18,20,23,27

Cardiovascular effects of NBBM on HR and BP were visible within

2 minutes after IV administration of NBBM with a gradual reduction to

baseline which occurred beyond image acquisition, similar to the findings

of Morton et al,28 who showed significant peak effects on HR and BP

within 2 minutes after IV administration of NBB. Peak HR elevation

occurred in the study of Morton et al 5 minutes post administration of

NBB and persisted 25 minutes for DAP, MAP, and SAP and 50 minutes

for HR with a gradual return to baseline.28 Geimer et al documented a

significant increase in HR and CO for at least 16 minutes and a short

decrease in SV after administration of NBBM.55 Pharmacological chal-

lenge in our study with NBBM led to significant decreases for most atrial

and ventricular dimensions, volumes, and areas. Decreased left ventricular

end-diastolic dimensions (LVIDdM_ch and LV end-diastolic volume [LVED-

Val]) are considered as a surrogate for diastolic ventricular filling and a

noninvasive measurement of cardiac preload (Table 2).51,56 Although LA

FAC was increased, LV Am and Em/Am ratio were not altered. Therefore, it

appears that the effects of an increased heart rate and a decreased dia-

stolic LV filling time outweigh the effects of an enhanced left atrial

booster pump function, leading to a decreased LV preload and filling.51

Aortic dimensions increased significantly during pharmacological chal-

lenge in our study, as described in human patients with hypertension,

probably because of increases in BP.57-60 Left ventricular PEP increased,

F IGURE 1 Pulsed wave tissue Doppler recording of the left ventricular free wall myocardial velocity from a right short axis view of the left
ventricle at chordal level at 2 different physiological heart rates in a healthy Warmblood mare of 17 years old. The peak radial wall motion
velocity during late diastole (Am) indicated by arrows is higher at a heart rate of 44 beats per minute (bpm) (B, physiological stress scan) compared
with a heart rate of 34 bpm (A, rest scan).
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which might be related to alterations in heart rate, conduction velocity,

left ventricular end-diastolic pressure, left ventricular end-diastolic vol-

ume, afterload, and the inotropic state of the myocardium. The latter has

been reported to be the dominant factor.61 Left ventricular PEP is influ-

enced by the sympathetic activity of beta-1 adrenoreceptors and should

therefore shorten under stimulation.62 The unexpected prolongation of

LVPEP might be explained by increases in BP, which leads to a prolonged

time to overcome the aortic pressure.63,64 Increases in pulmonary dimen-

sions after pharmacological challenge might also be caused by an increase

in mean pulmonary arterial pressure, although this was not measured

directly. These findings should be considered when examining horses with

substantially increased heart rates or BP.

Repeatability of echocardiographic measurements in horses has

been evaluated in a number of studies.1,5,6 Overall, 2D and M-mode

measurements appeared to be more repeatable compared with other

echocardiographic techniques.1,5,65 A clinically significant difference

in echocardiographic variables should be larger than the 95% inter-

measurement difference according to British Standards Institution

(RC).47 Statistically significant differences were identified for a num-

ber of variables after induction of physiological or pharmacological

stress in our study, but many of these results do not represent clini-

cally relevant differences because of the inherent measurement vari-

abilities of the variables. However, mild increases in heart rate from

30 - 35 to 40 - 45 bpm may limit the effects of physiological stress in

our study as heart rates might raise substantially during an echocar-

diographic exam under physiological stress. In addition, our study

sample included healthy warmblood horses without an audible cardiac

murmur or substantial valvular regurgitation. In cases with valvular

regurgitation, small differences in HR and BP might contribute to sig-

nificant changes in echocardiographic variables as the degree of val-

vular regurgitation is heavily influenced by variations in heart rate and

BP.66,67 Further research is needed to investigate the influence of

F IGURE 2 Scatter plots indicating individual data points for the echocardiographic variables left atrial area at maximal atrial contraction
(LAAa), active left atrial fractional area change (LA FAC), peak radial wall motion velocity during late diastole (Am), and left ventricular internal
diameter at end-diastole (LVIDdM_ch) during the different scans.
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small changes in HR and BP on echocardiographic dimensions in

horses with valvular disease.25 Echocardiographic assessment of

horses under hospital conditions might result in higher HR and BP

alterations which mimic those obtained in our study during the phar-

macological challenge. This could result in clinically significant differ-

ences in echocardiographic measurements.

Our study has several limitations. An a priori power analysis was

conducted. The sample size was sufficient to demonstrate a 5% to

10% difference in cardiac chamber dimensions, depending on the vari-

ability of the different measurements. Therefore, differences of <5%

could have been missed. However, these differences were deemed to

be clinically insignificant. Increases in HR caused by physiological

stress could in some horses only be achieved by forward or backward

walking of the horse during the echocardiographic examination. This

might have influenced image quality compared with the examinations

at rest or during pharmacological challenge. In our experiment, BP

was measured noninvasively and correlations with invasive measure-

ment techniques have not been performed. A percentage of error

(15%-28%) has been reported between noninvasively and invasively

BP measurements for standing horses.68 However, aim of our study

was to estimate and differentiate trends in BP among scans and not

to assess BP most precisely or accurately. For this purpose, the used

technique and type of device have been validated in horses.69 The

order in which image acquisition was performed during the pharmaco-

logical challenge could have had an influence on the results as images

acquired shortly after drug administration may be more prone to drug

effects than those recorded later on. Therefore, image acquisition was

performed in random order. Furthermore, the physiological stress scan

was performed at only mildly increased HR. In a clinical setting, HR

might rise substantially during an echocardiographic exam and exceed

45 bpm, which could lead to significant differences compared with

rest. This situation could be more comparable to the pharmacological

challenge, although BP might not rise as substantially. Hydration state

of the horses was not assessed during this crossover study, although

hydration deficits or hypovolemia could have affected echocardio-

graphic variables during the different scans.70 However, none of the

horses showed clinical signs of dehydration during clinical examina-

tions before the scans and hydration deficits were assumed to be

unlikely. A few reported echocardiographic variables are prone to

error or limitations. Assessment of RV echocardiographic variables is

influenced by respiration as well as apical trabeculation. Therefore, RV

measurements appear generally to be less reliable. Decloedt et al.

(2015) demonstrated a low variability for most 2D and M-mode echo-

cardiographic variables (CV < 15% for RVIDdM_ch and RVIDsM_ch).
20

Our study showed low to moderate CV's for RV M-mode variables.

Volumetric variables are calculated variables based on geometric

assumptions and subsequently prone to error.51 PW Doppler–derived

LV SV and CO are calculated estimates based on aortic dimensions

and outflow velocity profiles, which are highly angle dependent. Inad-

equate alignment, variation in cursor placement, and inaccuracies in

the determination of the flow area predispose to error. PW Doppler

echocardiographic variables are therefore generally regarded to be

less reliable and accurate.39

In conclusion, physiological stress with mildly increased HR

(40-45 bpm) resulted in increases in ventricular peak radial wall

motion velocity during atrial contraction, reflecting an increased left

atrial pump function. Most other left atrial, left ventricular, aortic and

pulmonary 2D, M-mode, or Ao PWD measurements did not differ sig-

nificantly with mildly increased HR (40-45 bpm) in healthy horses.

This finding emphasizes an important influence of HR on measures of

atrial contractile function. Pharmacological challenge with NBBM led

to decreased left atrial and diastolic ventricular dimensions and

increased aortic and pulmonary dimensions.
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