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Abstract

Background: Left-sided congestive heart failure (CHF) is characterized by increased

filling pressures and related Doppler echocardiographic (DE) filling patterns.

Hypothesis: Doppler echocardiographic variables of left ventricular filling derived

from transmitral flow, pulmonary vein flow, and tissue Doppler can be used to detect

CHF in cats with hypertrophic cardiomyopathy (HCM).

Animals: Forty-seven client-owned cats.

Methods: Prospective clinical cohort study. Cats underwent physical examination,

thoracic radiography, analysis of N-terminal pro-brain natriuretic peptide (NT-

proBNP), and transthoracic echocardiography and were divided into 3 age-

matched groups: Group 1 (apparently healthy control), Group 2 (preclinical HCM),

and Group 3 (HCM and CHF). Measured and calculated variables included respi-

ratory rate, DE estimates, serum NT-proBNP concentration, and radiographic

CHF score. Groups were compared using ANOVA, and receiver operating charac-

teristic (ROC) curve and multivariate analyses were used to identify diagnostic

cutoffs for the detection of CHF.

Results: Fifteen cats were in Group 1, 17 in Group 2, and 15 in Group 3. The ROC

analysis indicated that the ratio of peak velocity of early diastolic transmitral flow to

peak velocity of late diastolic transmitral flow (area under the curve [AUC], 1.0;

diagnostic cutoff, 1.77; P = .001), ratio of left atrial size to aortic annular dimension

Abbreviations: A, peak velocity of late diastolic transmitral flow; A0 , peak velocity of late diastolic mitral annular motion measured at the lateral mitral annulus; Adur, duration of late diastolic

transmitral flow wave; Ao, aortic annular dimension; ARdur, duration of late diastolic pulmonary vein atrial reversal flow wave; AUC, area under the ROC curve; CHF, congestive heart failure;

CI, confidence interval; CV, coefficient of variation; D, peak velocity of diastolic pulmonary vein flow; DCM, dilated cardiomyopathy; DE, Doppler echocardiography; DMVD, degenerative mitral

valve disease; E, peak velocity of early diastolic transmitral flow; E0 , peak velocity of early diastolic mitral annular motion measured at the lateral mitral annulus; EAfus, peak velocity of fused

early and late transmitral flow velocities; E0A0fus, peak velocity of the fused early and late diastolic tissue Doppler waveforms measured at the lateral mitral annulus; HCM, hypertrophic
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(AUC, 0.91; diagnostic cutoff, 1.96; P = .003), left atrial diameter (AUC, 0.89; cutoff,

18.5 mm; P = .004), diastolic functional class (AUC, 0.89; cutoff, class 2; P = .005),

respiratory (AUC, 0.79; cutoff, 36 breaths per minute [brpm]; P = .02), and the ratio of

the peak velocity of fused early and late transmitral flow velocities to the peak velocity

of the fused early and late diastolic tissue Doppler waveforms (AUC, 0.74; cutoff, 15.1;

P = .05) performed best for detecting CHF.

Conclusions and Clinical Importance: Various DE variables can be used to detect

CHF in cats with HCM. Determination of the clinical benefit of such variables in initi-

ating treatments and assessing treatment success needs further study.

K E YWORD S
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1 | INTRODUCTION

Congestive heart failure (CHF) is a life-threatening clinical syndrome

characterized by debilitating clinical signs, cardiac dysfunction with neu-

rohormonal activation, increased filling pressures, and corresponding

radiographic abnormalities. The most common cause of CHF in cats is

hypertrophic cardiomyopathy (HCM).1 Diastolic dysfunction is the func-

tional hallmark of this disease leading to increased left ventricular

(LV) filling pressure (LVFP).2,3 Congestive heart failure is recognized by

the presence of acute tachypnea, labored breathing, and pulmonary

crackles on thoracic auscultation. When available, cage-side thoracic

ultrasound examination may offer supportive evidence by identifying B-

lines and confirming left atrial (LA) enlargement. Ultimately, the final

diagnosis is confirmed by thoracic radiography. Differentiating between

cardiac and noncardiac causes of respiratory distress in cats can be

difficult radiographically (eg, in cats with pleural effusion or concurrent

cardiac and pulmonary disease). In addition, the radiographic distribu-

tion of pulmonary edema in cats is quite variable, making the rapid and

unequivocal diagnosis of CHF difficult in some cats.4 Accurate detection

of increased LVFP and CHF by Doppler echocardiographic (DE) would

decrease diagnostic uncertainty.

Many DE variables have been prospectively evaluated for their

potential use to estimate increased LVFP in people and dogs.5-14 In

addition to the traditional ratio of peak early (E) diastolic to peak late

(A) diastolic transmitral flow velocity (E:A), previous studies identified

indices such as the ratio (E:E0) of E to peak early diastolic tissue motion

velocity (E0) and the ratio of E to isovolumic relaxation time (E:IVRT) as

most useful in the detection of increased filling pressures.15-22 The

value of DE in the echocardiographic diagnosis of CHF has been dem-

onstrated in dogs with degenerative mitral valve disease (DMVD) and

dilated cardiomyopathy (DCM).22,23 Additional variables that aided in

the detection of CHF included resting respiratory rate and LV diastolic

functional class.22,23 Diagnostic cutoffs for clinical decision-making var-

ied considerably between DMVD and DCM in dogs to such a degree

that individual variables,22,23 although very useful in DCM, were with-

out diagnostic value in dogs with DMVD. Because HCM in cats, a dis-

ease functionally characterized by diastolic dysfunction with preserved

or hyperdynamic systolic function, is very distinct from DMVD and

DCM in dogs, data from dogs cannot be extrapolated to cats with

HCM. Therefore, the diagnostic value and diagnostic cutoffs used in

the detection of CHF in cats with HCM remain unknown. Moreover, as

demonstrated in humans with heart failure and preserved ejection frac-

tion (eg, HCM), many DE estimates of LVFP are less reliable in detecting

the presence of heart failure.7,24 Therefore, independent validation of

DE variables is necessary in cats with HCM, which was the aim of our

study. Our hypothesis was that DE variables can be used to detect the

presence of CHF in cats with HCM.

2 | MATERIALS AND METHODS

The study protocol was reviewed and approved by the Institutional

Animal Care and Use Committee (Protocol #2016A00000096) and

the Clinical Research Committee (Protocol #2016V10) of the Depart-

ment of Veterinary Clinical Sciences, College of Veterinary Medicine,

The Ohio State University, Columbus, Ohio.

2.1 | Cats, clinical examinations, and group
assignment

Forty-seven client-owned cats were prospectively studied. Cats were rec-

ruited over a period of 2 years based on an echocardiographic diagnosis

of either an apparently normal heart25 or diagnosis of HCM characterized

by idiopathic LV wall thickening of ≥6 mm.25 All cats underwent a thor-

ough physical examination and a 2-dimensional (2D), M-mode, and DE

study (Vivid E9 with EchoPac software package BT13 version 113.1.3,

GE Medical Systems, Waukesha, WI, USA). In addition, thoracic radiogra-

phy (Digital radiography system EDR-6, Sound-Eklin, Carlsbad, CA, USA),

systolic blood pressure measurement (ultrasonic Doppler flow detector,

Parks Medical Electronics Inc, Aloha, OR, USA), and measurement of

serum N-terminal pro-brain natriuretic peptide (NT-proBNP) concen-

tration were performed in all cats with HCM. Serum thyroid hormone

concentrations were measured in HCM cats >6 years of age. Heart rate
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and respiratory rate were determined during the initial physical examina-

tion and recorded as the number of beats and respirations per minute,

respectively. Cats with increased blood pressure (repeated measure-

ments >170 mm Hg), hyperthyroidism, arterial thromboembolism, atrial

fibrillation, and ventricular tachycardia and with evidence of concurrent

diseases or conditions such as pulmonary disease, renal failure, or neopla-

sia were excluded. Using clinical, radiographic, and echocardiographic

data, cats were divided into 3 groups for statistical analysis: apparently

healthy (Group 1), occult HCM (Group 2), and HCM with CHF (Group 3).

Congestive heart failure was diagnosed based on history, physical exami-

nation findings, and the presence of pulmonary edema, pleural effusion,

pericardial effusion, or some combination of these, detected during imag-

ing. Plasma NT-pro-BNP concentration provided supportive data for

group assignment. In Group 2, cardiac medications were not permitted

(eg, atenolol, pimobendan, angiotensin-converting enzyme inhibitors)

except for clopidogrel. In cats with CHF at presentation (Group 3), no

treatments other than clopidogrel and furosemide (given within

<24 hours of thoracic radiographs and echocardiography) were permitted.

All cats were sedated using butorphanol (Butorphanoltartrate injection,

Butorphic; 0.2-0.25 mg/kg IM). Acepromazine (Acepromazine maleate

injection, Vetone; 0.03 mg/kg IM) was administered in 1 cat that

required additional sedation. Six cats received gabapentin (Gabapentin

capsules, Ascend) before the hospital visit (100 mg/cat, PO).

2.2 | Thoracic radiography

Thoracic radiographs were taken in 3 to 4 different imaging planes

(right lateral, left lateral, and either ventral dorsal or dorsal ventral pro-

jections). They were assessed by the attending clinician for initial

group allocation (Group 2 versus Group 3). The radiographic images

also were assessed collectively by a board-certified radiologist (A. H.)

at the end of the recruitment period. All radiographs were ordered

randomly and coded. The observer was aware of the principal diagno-

sis (HCM), but was blinded to other patient and diagnostic data. Ini-

tially, CHF status (yes/no) was determined, and cardiac mensuration

performed (vertebral heart scale, VHS) using standard methods.26 In

addition, a radiographic CHF score (see Appendix) was applied using

visual criteria and variable weights: presence of cardiomegaly, pulmo-

nary venous congestion, pulmonary infiltrates compatible with cardio-

genic edema, pleural effusion, and caudal vena cava distention.4,26,27

This process led to a final quantitative radiograph CHF score for each

cat with HCM (minimum score, 0; maximum score, 12). A score of

>2.0 was considered diagnostic of CHF.

2.3 | Collection of blood and analysis
of N-terminal-proBNP

In cats with HCM with or without CHF, 3 to 5 mL of blood was collected

from the medial saphenous vein and placed into serum tubes. After

approximately 20 minutes of storage at room temperature (22�C-24�C)

to allow for stable clot formation, samples were centrifuged at 3000g for

10 minutes and further processed within 15 minutes. The serum was

separated and placed in plastic cryotubes and stored at −80�C for a

maximum of 16 weeks until batch analysis. Samples were shipped on dry

ice to the reference laboratory (IDEXX Laboratories, Westbrook,

MA, USA) where analysis was performed.

Serum NT-proBNP concentration was determined using the second-

generation enzyme-linked immunosorbent assay for cats using antibodies

raised against the N-terminal portion of proBNP. The maximum measur-

able concentration was 1500 pmol/L. Coefficients of variation for intra-

assay accuracy are reported as 1.6% to 6.3%.28

2.4 | Echocardiography

Transthoracic 2D, M-mode, and DE examinations were performed pri-

marily by a single operator (M. N. R) under the supervision of a board-

certified cardiologist. The cats were imaged in right and left lateral

recumbency with a digital ultrasound system (Vivid E9 with EchoPac

software package BT13 version 113.1.3, GE Medical Systems, Wau-

kesha, WI, USA) and a sector transducer with a nominal frequency of

6 or 12 MHz. Right parasternal standard imaging views optimized for

the left atrium (LA), left ventricle (LV; long and short axes), and LV

outflow tract (long axis), and left apical parasternal standard imaging

views optimized for the LV inflow tract and longitudinal motion of the

lateral mitral annulus or the LV outflow tract were used for data

acquisition.11,25 Two-dimensional cine loops and Doppler tracings

were recorded and stored. A simultaneous 1-lead ECG was recorded.

Heart rate was determined from R-R intervals on the ECG at the time

IVRT was measured. Measurements were obtained from digital still

images as an average of 3 to 5 cardiac cycles, unrelated to the phase

of respiration. Only high-quality images were used for data analysis.

All measurements were performed collectively at the end of the

recruitment period by 1 investigator (M. N. R). All studies were labeled

by medical record number only and ordered randomly before analysis.

2.5 | Echocardiographic data analysis

Nineteen variables were measured and 7 variables were calculated as

described previously in cats.11,29,30 A 2D right parasternal 4-chamber

image was used to obtain the maximum (systolic) septal-to-caudal

dimension of the LA (LAD)29,31 using the distance from blood-tissue

interface to blood-tissue interface and digital calipers provided by the

ultrasound system. Maximum area of the LA (LAA)32 was quantified

by planimetry in the same imaging view. The thickest dimensions of

the interventricular septum (IVSd) and left ventricular free wall

(LVFWd) at end-diastole also were obtained from 2D right parasternal

long axis images, using the leading edge-to-trailing edge method.

From an LV short-axis image and at the level of the papillary muscles,

the end-diastolic thickness of the IVSd and LVFWd were measured

(leading edge-to-trailing edge). Using LV short-axis M-mode at the

same level, LV dimensions in systole (LVIDs) and diastole (LVIDd) were

measured using the leading edge-to-leading edge method. From the
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right parasternal short-axis heart base view, the LA and aortic dimen-

sions (Ao) were obtained at early diastole (inner edge-to-inner edge

method) and the LA:Ao ratio calculated.33 From a left apical

5-chamber recording, IVRT was measured as the time period from the

aortic valve closure click to the beginning of transmitral flow using a

pulsed wave sample volume of 3 to 6 mm length placed in an interme-

diate position between the LV inflow and outflow tract.11,29 Trans-

mitral flow was recorded as recommended.29,34 Peak velocity of E and

A were measured. When the E and A waves were fused, the peaks of

the fused waveforms were measured (EAfus). When the E wave was

clearly distinguishable from the A wave, but partially fused, only the

E velocity was recorded and the A velocity was considered unreliable.

Partially fused E and A waves were measured when the velocity inter-

cept between the deceleration phase of the E wave and the accelera-

tion phase of the A wave was <0.4 m/s, although it is recommended

in people to measure if the intercept is <0.2 m/s.29,35 When possible,

duration of the A wave (Adur) was measured from the beginning to

the end of the A wave. Pulmonary venous flow was recorded from

either the right parasternal short-axis view at the heart base, the left

apical 4-chamber view, or the left cranial parasternal view optimized

for the LA appendage, with minimized baseline filter, optimized veloc-

ity scale, and a pulsed wave sample volume of 3 to 4 mm placed at

approximately 5 mm within the pulmonary vein (PV).29,34 Peak veloc-

ity of systolic (S wave) and diastolic (D wave) flow were quantified,

and the flow pattern was determined to be either systolic dominant

(S > D) or diastolic-dominant (D > S). The velocity and duration of the

late diastolic reversal wave (PV AR and PV ARdur) were measured.

Pulsed wave Doppler-derived velocities of myocardial wall motion

were recorded from an apical left parasternal 4-chamber view opti-

mized for the lateral mitral annulus, with a sample volume of 3 to

4 mm placed at the lateral aspect of the mitral annulus. Peak E0 was

measured. When E0 and late (A0) diastolic mitral annulus motion

waves were summated, peak velocity of the summated wave was

recorded (E0A0fus). Variables calculated included LV shortening frac-

tion (LV-SF = [LVIDd-LVIDs]/LVIDd × 100), the ratio between E to A

(E:A), the ratio between the duration of A to the duration of AR (Adur:

ARdur), the ratio of E to E0 (E:E0), and the ratio of E to IVRT (E:IVRT).

When the waveforms were fused, the following ratios were calcu-

lated: EAfus:E0A0fus and EAfus:IVRT. Left ventricular diastolic function

was classified primarily based on the E:A ratio (E:A class)29: Class 1:

normal pattern (1.0 ≤ E:A ≤ 2.0), Class 2: relaxation delay pattern (E:

A < 1.0), Class 3: pseudonormal pattern (1.0 ≤ E:A ≤ 2.0), and Class 4:

restrictive pattern (E:A > 2.0). Classes 1 and 3 were discriminated by

evaluating for the presence of LA dilatation, hypertrophy of the left

ventricle, and a low E0 (<6 cm/s)29 all indicating pseudonormal rather

than normal filling if E:A was between 1.0 and 2.0. In alignment with

anecdotal evidence, for cats >12 years of age, any observed E:A

between 1.0 and 2.0 was considered pseudonormal transmitral flow

because a physiologic age-related relaxation delay pattern would be

expected in such cats.29 Tachycardia led to a high number of cats with

fused transmitral waveforms, making classification of LV diastolic

function using solely the E:A ratio impossible. Therefore, an

alternative method was applied and led to the variable, diastolic class

(or D-class). This method considered 7 variables based on LA size,

IVRT, E:A, pulmonary venous flow, Adur:ARdur, E0, and E:E0 for classi-

fication.29 If nonsummated, with clearly separated E and A waves,

preference was given to the E:A ratio for diastolic class assignment.

If E and A waves were summated, at least 2 of the remaining 6 vari-

ables had to be interpretable for final class assignment.

Measurement reliability was determined for selected echocardio-

graphic variables. Nine echocardiograms (all groups represented) were

randomly selected from the study pool for repeated analyses by

1 observer (M. N. R) to determine intraobserver measurement variability.

The same 9 echocardiograms underwent repeated analyses by a second

independent observer (K. E. S.) to determine interobserver measurement

variability. Both investigators were blinded to the results of prior studies.

2.6 | Statistical analysis

Statistical analyses were performed using commercially available soft-

ware (SAS version 9.4 [2016], Cary, NC, USA; GraphPad Prism, version

8, GraphPad Software, Inc, San Diego, CA, USA). All data were visually

inspected and tested for normality using the Shapiro-Wilk test. An

extreme value was found for respiratory rate and was replaced by the

group mean value of that variable. Descriptive statistics were calcu-

lated, and frequencies or median and 5th and 95th percentiles were

reported for each variable. Continuous variables were compared

among groups using 1-way ANOVA or the Kruskal-Wallis test, which-

ever was appropriate. When significance was detected among the

3 groups, a Dunn's or Tukey's post hoc test was performed. Depending

on the expected cell counts of the corresponding contingency tables,

chi-square or Fisher's exact test was used to explore the association

between Groups 2 and 3 and other categorical variables. Receiver

operating characteristic (ROC) curve analysis was performed to assess

the diagnostic accuracy of each variable to detect the presence of

CHF. The area under the ROC curve was used as a summary measure

for diagnostic accuracy and is reported with 95% confidence intervals

(CIs). Diagnostic cutoffs for each variable were chosen on the basis of

the highest of various combinations of sensitivity (Sn) and specificity

(Sp) using Youden's index (Y = Sn + Sp − 1). Multivariable ROC analy-

sis was performed using the variables that were significant (P ≤ .05) in

the univariate ROC analysis to identify the combination of variables

that best detected the presence of CHF. For this purpose, different

submodels were tested against the full model by taking a submodel at

a time as a reference model. Significance level was set as P ≤ .05.

Observer variability of echocardiographic measurements was cal-

culated by (SD/average of measurements) × 100 and expressed as

the coefficient of variation (CV) in percent and also as an absolute

value.36

3 | RESULTS

Demographic data and results of physical examination are summarized

in Table 1. In Group 3, 7 cats (47%) had received furosemide within
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TABLE 1 Demographic data and results of physical examination in 15 control cats and 32 cats with hypertrophic cardiomyopathy (HCM)

Group

1 2 3

n 15 17 15

Age (years) 6.43 (2.87-12.25) 6.68 (1.67-12.65) 7.37 (2.0-15.5)

Body weight (kg) 4.21 (2.8-7.41) 5.05 (30.1-7.25) 5.86 (4.31-8.30)a

Sex (female:male) 13:2 6:11 3:12

Respiratory rate (min−1) 36 (20-52) 34 (20-60) 48 (36-120)a,b

Heart rate (min−1) 200 (150-245) 200 (130-250) 200 (150-270)

Systolic heart murmur 1 (7%) 16 (94%) 9 (60%)b

Gallop 0 3 (18%) 4 (27%)

Arrhythmia 0 4 (24%) 3 (20%)

Notes: Group 1, apparently healthy; Group 2, occult HCM; Group 3, HCM with CHF. Median (5th and 95th percentiles) for continuous data and number

(n) or percent (%) for frequency data. Frequency data (systolic heart murmur, gallop, and arrhythmia) only statistically compared between Groups 2 and 3.
aWithin a row, values between Groups 1 and 3 differ (P ≤ .05).
bWithin a row, values between Groups 2 and 3 differ (P ≤ .05).

TABLE 2 Radiographic composite congestive heart failure (CHF) score, serum concentrations of NT-proBNP, and selected echocardiographic
variables in 15 control cats and 32 cats with hypertrophic cardiomyopathy

Group 1 n Group 2 n Group 3 n

Radiographic CHF score N/A 0 1 (0-2) 17 5 (0.25-10.75)a 15

NT-proBNP (pmol/L) N/A 0 496 (24-1500) 16 1500 (496-1500)a 13

HR (min−1) 162 (120-236) 15 185 (113-240) 17 198 (155-275) 15

LAD (mm) 13.20 (11.07-15.43) 15 14.78 (12.1-24)b 17 20.57 (18.53-25.17)a,c 15

LA:Ao 1.40 (1.25-1.67) 15 1.51 (1.29-2.35)b 17 2.24 (1.62-2.82)a,c 15

IVRT (ms) 49 (38-58) 15 60 (29-78) 17 37 (26-89) 15

E (m/s) 0.66 (0.50-0.93) 13 0.64 (0.54-0.93) 12 0.82 (0.49-0.92) 4

A (m/s) 0.53 (0.35-1.03) 13 0.78 (0.55-1.07)b 9 0.25 (0.21-0.29)a,c 4

EAfus (m/s) 0.91 (0.73-1.03) 6 0.94 (0.64-1.22) 13 0.85 (0.70-1.46) 13

E0 (cm/s) 7.46 (5.55-9.58) 12 4.23 (3.3-10.10) 10 4.09 (2.72-4.80) 4

E0A0fus (cm/s) 9.84 (7.97-13.00) 5 8.66 (4.87 10.87) 10 4.90 (3.40-11.43) 12

E:A ratio 1.19 (0.80-1.90) 13 0.81 (0.57-1.70) 9 3.30 (1.77-4.45)a,c 4

E:IVRT 1.44 (0.89-2.05) 13 1.27 (0.76-3.21) 12 2.22 (1.14-3.55) 4

EAfus:IVRT 1.69 (1.49-2.45) 6 2.28 (0.82-4.04) 11 2.34 (0.81-4.16) 13

E:E0 9.49 (6.29-12.48) 12 14.34 (7.54-19.52)b 8 14.64 (10.26-19.01) 2

EAfus:E0A0fus 9.36 (7.38-9.73) 5 11.43 (8.5-13.46)a, 10 17.59 (7.39-24.62)b.c 12

PV AR (m/s) 0.22 (0.17-0.30) 13 0.26 (0.16-0.53)b 15 0.29 (0.18-0.61)c 13

PV ARdur (ms) 56 (49-84) 13 59 (44-102) 15 70 (53-95)a,c 12

Adur:ARdur 0.91 (0.6-1.31) 11 0.98 (0.38-1.18) 6 0.69 (0.66-0.71) 2

PV S dominant/D dominant 8/6 14 16/0 16 7/8a 15

Notes: Group 1, apparently healthy; Group 2, preclinical HCM; Group 3, HCM with CHF. Median (5th and 95th percentiles) for continuous data and num-

ber (n) or percent (%) for frequency data. Frequency data (PV S dominant/D dominant) only statistically compared between Groups 2 and 3.

Abbreviations: A, peak velocity of late diastolic transmitral flow; Adur, duration of the late diastolic transmitral flow wave; E, peak velocity of early diastolic trans-

mitral flow; E0, peak velocity of early diastolic lateral mitral annular motion; N/A, not applicable; EAfus, peak velocity of fused early and late diastolic transmitral

flow waves; E0A0fus, peak velocity of fused early and late diastolic lateral mitral annular motion waves; HR, heart rate during echocardiography; IVRT, isovolumic

relaxation time; LA:Ao, ratio of left atrial diameter to the aortic annular dimension measured from a right parasternal short-axis view; LAD, maximum left atrial

cranial-caudal dimension measured from a right parasternal long axis view; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PV AR, peak velocity of the late

diastolic pulmonary vein atrial reversal flow wave; PV ARdur, duration of the late diastolic pulmonary vein atrial reversal flow wave; PV D dominant, diastolic-

dominant pulmonary vein flow (systolic flow wave < diastolic flow wave); PV S dominant, systolic dominant pulmonary vein flow (systolic flow wave > diastolic

flow wave).
aWithin a row, values between Groups 2 and 3 differ (P ≤ .05).
bWithin a row, values between Groups 1 and 2 differ (P ≤ .05).
cWithin a row, values between Groups 1 and 3 differ (P ≤ .05).
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12 hours before the study, but they were determined to be in active

CHF at study time based on radiographic or echocardiographic find-

ings or both. Results of the radiographic composite score, NT-proBNP

and selected echocardiographic variables are presented in Tables 2

and 3. All cats in Group 2 had a radiographic CHF score ≤2.0,

whereas 12 of the 15 cats in Group 3 had a radiographic CHF score

>2. The score of ≤2 found in 3 cats of Group 3 is attributed to their

imaging diagnosis of CHF being based primarily on pericardial

effusion (in addition to clinical signs, LV wall thickening, and LA

enlargement), which cannot easily be identified on radiographs.

Because the NT-proBNP measurements were performed using a

second-generation ELISA with an maximum measurable concentra-

tion of 1500 pmol/L and data points were not normally distributed,

1500 pmol/L was identified as both the median and the upper value

of the 95th percentile for Group 3. Repeating analyses (summarized

in Tables 2 and 3) without the cats with pericardial effusion neither

changed the significance level reported nor caused clinically relevant

changes of the AUCs as presented in Table 3. A high frequency of

summated waveforms for transmitral flow and tissue Doppler (EAfus

and E0A0fus) was observed in the cats of our study owing to sinus

tachycardia or poor atrial function (38% of all cats, 73% of cats in

Group 3). The majority of cats in Groups 1 and 2 had separated

TABLE 3 Distribution of categories (number of observations and
%) of left ventricular (LV) diastolic dysfunction and frequency of LV
systolic dysfunction as determined by E:A class and D-class and
shortening fraction, respectively, in control cats and cats with
hypertrophic cardiomyopathy

Group 1

(n = 15)

Group 2

(n = 17)

Group 3

(n = 15)

E:A class

Normal flow 10 (67) 0 0

Delayed relaxation flow pattern 3 (20) 10 (59) 1 (6.5)

Pseudonormal flow 0 2 (12) 1 (6.5)

Restrictive flow 0 0 3 (20)

n.d. 2 (13) 5 (29) 10 (67)

Diastolic class (D-class)

Normal flow 11 (73) 1 (6) 0

Delayed relaxation flow pattern 4 (27) 11 (65) 0

Pseudonormal flow 0 4 (24) 8 (53)

Restrictive flow 0 1 (5) 7 (47)

Systolic dysfunction (SF < 30%) 0 0 27

Notes: Group 1, apparently healthy; Group 2, preclinical HCM; Group

3, HCM with CHF. Frequency data (systolic dysfunction) only statistically

compared between Groups 2 and 3. The distribution of the categories of

LV diastolic dysfunction (diastolic flow patterns) between Groups 2 and

3 were significantly different (P ≤ .05) for both E:A class and D-class.

Abbreviations: D-class, designation of diastolic functional class based on a

composite of 7 Doppler echocardiographic variables including LAD, IVRT,

transmitral flow, tissue Doppler and pulmonary venous flow variables37; E:A

class, diastolic functional class determined primarily from the E:A ratio10 and

using the presence of left atrial dilation, hypertrophy of the left ventricle,

and a low E0 to distinguish “normal” from “pseudonormal”; n.d., not deter-
mined because of fused flow waves; SF, shortening fraction.

E
A
fu
s:
E
´A
´f
us

E
:E
´

F IGURE 1 Scatter plots of respiratory rate, 2-dimensional, and
Doppler echocardiographic variables of left ventricular filling in
17 cats with occult HCM (Group 2) and 15 cats with congestive heart
failure secondary to HCM (Group 3). Respiratory rate (median,
34 versus 48 brpm, P = .001); LAD (median, 14.78 versus 20.57,

P < .001); E:A ratio (median, 0.81 versus 3.3, P < .001); class of LV
diastolic function (D-class, median, 1 versus 2, P < .05); IVRT (median,
59 versus 37 ms, P = .28), EAfus:E0A0fus (median 11.4 versus 17.6,
P = .03), Adur:ARdur (median, 0.98 versus 0.69, P = .22), and E:E0

(median 14.34 versus 14.64, P = .90). The bars represent median and
interquartile range. Bars are not present for the categorical variable
(D-class) or when there were less than 3 observations per group
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waveforms, but only 4 of the cats in Group 3 had separated E and A

waves. Therefore, E:A class only could be determined in 33% of the

cats in Group 3. In contrast, the method for determining D-class

based on a composite of multiple variables29 allowed for determina-

tion of diastolic class in all cats. Of note, 3 cats with CHF had pro-

longed IVRT (>60 ms)29 including a 14-year-old cat with restrictive

LV filling (E:A > 2.0, diastolic-dominant PV flow, and E:E0 > 15) with

an IVRT of 66 ms and a 3-year old cat with pseudonormal LV filling

and an of IVRT 64 ms.

Figure 1 illustrates the median and scatter plots of respiratory

rate, LAD, E:A ratio, D-class IVRT, EAfus:E0A0fus, E:IVRT, and Adur:

ARdur between groups of cats with HCM.

Table 4 summarizes the results of the univariate ROC analysis

and presents variables that best detected the presence of CHF

(P < .05). In contrast, IVRT (P = .41), E (P = .85), EAfus (P = .77), Adur:

ARdur (P = .21), Adur − AR dur (P = .18), E:IVRT (P = .21), EAfus:IVRT

(P = .41), and E:E0 (P = .33) did not perform well in detecting CHF.

Results of multivariate ROC analysis are presented in Table 5. Data on

intra- and interobserver measurement variability of echocardiographic

indices are summarized in Table 6. Coefficients of variation were

<10% for all variables except EAfus:IVRT.

TABLE 4 Results of univariate
receiver operating characteristic (ROC)
curve analysis and optimal diagnostic
cutoffs of clinical and echocardiographic
variables in the prediction of congestive
heart failure (CHF) in 32 cats without
heart failure (Groups 1 and 2 combined)
and 15 cats with hypertrophic
cardiomyopathy (HCM) and CHF (Group
3) or 17 cats with HCM without CHF
(Group 2) and 15 cats with HCM and
CHF (Group 3)

Variable AUC 95% CI Cutoff Sn Sp P

Groups 1 and 2 combined versus Group 3

E:A ratio 0.97 0.93-0.99 1.77 1.00 0.90 <.001

LAD (mm) 0.94 0.86-0.99 18.5 1.00 0.90 <.001

D-class 0.94 0.88-0.99 2 1.00 0.84 <.001

LA:Ao 0.94 0.88-0.99 1.61 1.00 0.78 <.001

E:A class 0.85 0.74-0.95 2 1.00 0.71 .001

Respiratory rate (brpm) 0.79 0.64-0.92 36 1.00 0.51 .02

EAfus:E0A0fus 0.78 0.57-0.98 15.0 0.63 1.00 .02

Group 2 versus Group 3

E:A ratio 1.00 1.00-1.00 1.77 1.00 1.00 .001

LA:Ao 0.91 0.79-0.99 1.96 0.84 0.82 .003

LAD (mm) 0.89 0.75-0.99 18.5 1.00 0.85 .004

D-class 0.89 0.78-0.99 2 1.00 0.71 .005

E:A class 0.79 0.64-0.95 3 0.91 0.71 .006

Respiratory rate (brpm) 0.79 0.61-0.94 36 1.00 0.51 .02

EAfus:E0A0fus (cm/s) 0.74 0.51-0.98 15.1 0.63 1.00 .05

Note: See Tables 1 and 2 for remainder of the key.

Abbreviations: AUC, area under the ROC curve; D-class, diastolic functional class;29 Sn, sensitivity;

Sp, specificity.

TABLE 5 Results of multivariate receiver operating characteristic
(ROC) curve analysis of clinical and echocardiographic variables in the
prediction of congestive heart failure (CHF) in 32 cats without heart
failure (Groups 1 and 2 combined) and 15 cats with hypertrophic
cardiomyopathy (HCM) and CHF (Group 3) or 17 cats with HCM
without CHF (Group 2) and 15 cats with HCM and CHF (Group 3)

Model AUC 95% CI P

Groups 1 and 2 combined versus Group 3

D-class + LAD 0.96 0.90-1.00 <.05

LAD + EAfus:E0A0fus 0.94 0.86-1.00 <.05

Group 2 versus Group 3

D-class + LAD 0.92 0.82-1.00 <.05

LAD + EAfus:E0A0fus 0.92 0.80-1.00 <.05

Note: See Tables 1-3 for key.

TABLE 6 Intra- and interobserver measurement variability of
13 echocardiographic variables assessed in 9 randomly selected cats

Intraobserver Interobserver

CV% Absolute CV% Absolute

LAD (mm) 1.50 0.24 5.63 0.92

LA:Ao 3.00 0.05 5.55 0.09

IVRT (ms) 4.47 2 6.69 3

E (m/s) 2.35 0.02 1.11 0.01

EAfus (m/s) 1.80 0.02 5.08 0.05

E0 (cm/s) 5.69 0.31 6.07 0.34

E0A0fus (cm/s) 4.31 0.35 4.90 0.37

E:A ratio 3.12 0.05 2.66 0.06

E:IVRT 4.66 0.08 7.51 0.15

Adur:ARdur 4.01 0.04 5.62 0.04

E:E0 4.26 0.48 6.82 0.71

EAfus:E0A0fus 2.88 0.33 4.70 0.65

EAfus:IVRT 6.10 0.14 12.95 0.27

Note: See Table 2 for remainder of the key.

Abbreviation: CV, coefficient of variation.
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4 | DISCUSSION

Most cats present with tachypnea and labored breathing as the first

manifestation of CHF. Clinical assessment, along with thoracic radio-

graphs or NT-proBNP or both, is the first step in the evaluation of such

patients. However, there are limitations to these methods and thus a

noninvasive assessment of LVFP is necessary. Increased filling pressure

is a pathophysiological hallmark of CHF.6-9,19,22,38 The results of our

prospective study confirm earlier findings in dogs22 that presence of

CHF (and thus, increased LVFP) also can be detected by DE in cats with

HCM. The transmitral E:A ratio, measures of LA size, and diastolic func-

tional class best allowed for the detection of CHF in our study. In addi-

tion, the echocardiographic variables and diagnostic thresholds found

to be most useful in the detection of CHF in cats with HCM differed

relevantly from those reported in dogs with DCM and DMVD.22 There-

fore, disease-specific echocardiographic variables and diagnostic cutoffs

must be considered in the echocardiographic diagnosis of CHF.

4.1 | Detection of CHF using single
echocardiographic variables of LA size and LV diastole

In our study of cats with HCM, LA enlargement measured by LAD and

LA:Ao performed equally well in supporting the diagnosis of CHF in cats

with respiratory distress. In the absence of hemodynamically relevant

mitral regurgitation, LA enlargement is largely caused by LV diastolic

dysfunction with a resulting increase in LVFP. The importance of other

causes such as atrial myocarditis, neurohormonal activation, or primary

genetic abnormalities is unknown. Therefore, LA enlargement currently

is considered a morphophysiologic expression39 of LV diastolic dysfunc-

tion, with increasing LA size corresponding to progressively worse LV

diastolic function and atrial hypertension.39,40 Our results confirm previ-

ous findings on the association between LA size and CHF status in cats

with HCM.41,42 Progressive LA dilatation (and dysfunction) reflects the

severity and chronicity of the disease37,38,43 and consistently has been

reported as a negative prognostic indicator in people40,44 and cats41,42,45

with HCM. Left atrial size is 1 of the 4 major diagnostic criteria in the

echocardiographic evaluation of LV diastolic function and the noninva-

sive assessment of LVFP in people based on the 2016 American Society

of Echocardiography/European Association of Cardiovascular Imaging

guidelines.38 Left atrial enlargement, found in cats with respiratory dis-

tress and thus increased pretest probability for heart failure, is a simple

and easy-to-acquire echocardiographic finding to not only identify heart

disease in cats but also to determine the severity of LA pressure over-

load and thus support the clinical diagnosis of left-sided CHF.

In general, DE estimation of LVFP is more challenging when LV sys-

tolic function is preserved.38,43,44 Under such circumstances, individual

variables of transmitral flow have rather weak correlations with filling

pressures, as demonstrated in people with HCM.7,24,44,46 Although LV

filling variables correlate closely with heart failure status in DCM, a con-

dition characterized by a systolic dysfunction-dominant influence on LV

filling,7,8,22,38 they are much less accurate for DMVD22,38 and

HCM,6,7,24,38 conditions characterized by volume overload dominance

or delayed relaxation-dominant influence on LV filling, respectively.

Although early validation studies7 rejected the usefulness of DE in the

detection of increased LVFP in humans with HCM, it was found later

that filling pressures can be estimated with reasonable accuracy in HCM

using the E:E0 ratio (r = 0.82, P < .001) whereas both IVRT and E:A were

not suitable.6 The modest correlation between DE variables and LVFP in

HCM likely is related to the phenotypic and functional heterogeneity of

the disease with variable degrees of wall thickness, muscle mass, amount

of fiber disarray and fibrosis, and obstructive versus nonobstructive

physiology.38,43 These differences lead to different combinations of

abnormal relaxation, chamber compliance, and myocardial stiffness with

resultant variations of transmitral flow patterns.38 Recent guidelines38

for the evaluation of LV diastolic function in humans with HCM recom-

mend a more comprehensive approach in the determination of LVFP not

based on single DE variables but rather considering a variety of indices

including transmitral flow (E:A and E), tissue Doppler (E0 and E:E0), 2D

(LA volume), PV flow (AR dur and Adur:ARdur), and peak velocity of tri-

cuspid regurgitation. Our results confirm, at least in part, prior findings

on LV filling flow patterns in HCM in cats41,47 and people.6,8,48,49 The E:

A ratio, if available, was significantly different among groups and most

useful in the detection of CHF, with a ratio ≥1.77 suggesting presence

of CHF with high accuracy. In contrast, E, IVRT, E:IVRT, E:E0, and vari-

ables of PV flow were less useful in heart failure diagnosis. In humans

with HCM, an E:A ratio ≤0.80 and a mitral E velocity ≤0.50 m/s reliably

rule out increased filling pressures whereas an E:A ≥ 2.0 confirms

increased LVFP with high accuracy.38,43,50-53 For results that do not fall

within these 2 groups, E0 and E:E0 , LA volume index and tricuspid regur-

gitation velocity also are considered.43 Similar guidelines do not exist for

cats, but a comprehensive, multivariable approach should be given pre-

cedence over the evaluation of individual variables in the detection of

increased filling pressures in cats with HCM.

The high incidence of summated transmitral filling flow waveforms

observed in our study (approximately 75% in cats with CHF) was chal-

lenging in the evaluation of LV diastolic function and led to the investi-

gation of the novel variable EAfus:E0A0fus to detect increased filling

pressures and CHF. This variable was significantly different among

groups, and a diagnostic threshold of 15.0 (Group 1 and Group 2 versus

Group 3) and 15.1 (Group 2 versus Group 3) had high Sp (100%) for the

diagnosis of CHF but modest Sn (63%) with AUC of 0.78 and 0.74,

respectively. Although diagnostic accuracy was relatively low with only

3 of 4 cats correctly identified (considering the AUC), the use of this

variable may be appealing in cats with fused EA and E0A0 waves when

other, more useful variables are not readily available.

In addition to the E:A ratio, other ratio indices frequently have been

used in the detection of increased filling pressures and CHF. The ratio-

nale for the use of E:E0 and E:IVRT is to correct for the influence of

impaired relaxation on a variable that is largely dependent on relaxation

and filling pressure (E velocity).10,29,44 Controversy exists regarding the

use of E:E0 in people with HCM, with some studies reporting reasonably

good correlation with LVFP,6,16,17 and others rejecting such associa-

tions.7,24,46 Our results support the lack of correlation between the

presence of CHF and E:E0 because no significant difference between E:

E0 in cats with occult HCM and those with CHF was found. However,
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because of the small number of observations, our study is likely under-

powered to reliably detect differences between groups. More data are

needed to fully assess the diagnostic value of E:E0 in cats with HCM.

The E:IVRT ratio is another index used to correct for the effects of

relaxation on E, and thus relates to LVFP. This variable recently was

found to best detect the presence of CHF in dogs with pacing-induced

heart failure21 and CHF secondary to DCM and DMVD.22 However, E:

IVRT performed poorly in detecting heart failure in our study, which is

in agreement with results of a previous retrospective study in cats with

HCM,41 although both studies were limited by a small number of data

points, minimizing their validity. Absence of a true relationship between

E:IVRT and LVFP in HCM because of the diverse morphological and

functional features of HCM as well as a disproportionate effect of del-

ayed relaxation on DE variables in HCM are potential reasons for the

poor performance of E:IVRT.

The time between completion of systole and onset of transmitral

flow determines IVRT. The latter is a surrogate marker of relaxa-

tion11,54 but is also largely influenced by LVFP.55 Because impaired

relaxation is an integral part of the pathophysiology of HCM and high

filling pressure is a key hemodynamic characteristic of CHF, IVRT

should be prolonged in preclinical disease and shortened in HCM with

CHF. Low IVRT has been found very useful diagnostically in the DE

detection of CHF in dogs.21-23 Similar observations were made in our

study, and most cats with CHF had low IVRT. However, prolonged

IVRT did not always rule out CHF as would be expected. Three of

15 cats (20%) with CHF had prolonged IVRT. In 1 cat with E:A > 2.0

and diastolic-dominant pulmonary venous flow (both suggestive of a

restrictive filling pattern with high LVFP), IVRT was increased at

66 ms (normal, 37-60 ms).29 Another cat with pseudonormal LV fill-

ing (E:A between 1.0 and 2.0 suggestive of increased LVFP) also had

increased IVRT at 64 ms. In these cases, the interpretation of IVRT

was misleading because prolonged IVRT suggested relatively nor-

mal filling pressure, thus masking the presence of CHF.

4.2 | Detection of CHF using echocardiographic
composite variables (class of diastolic function)

For a variety of reasons outlined above, echocardiographic detection of

increased LVFP and CHF cannot be accomplished reliably using

single echocardiographic variables.38,43,44 Instead, grading systems that

consider a composite of multiple key echocardiographic indices and

establishment of diastolic functional classes have been used. Echocardio-

graphic staging of LV diastolic dysfunction in humans with HCM in

accordance with disease severity and prognosis has been reported as

early as 198749 and refined later.5,8,38,44,48,56 Four basic patterns have

been described primarily based on the E:A ratio: normal, delayed relaxa-

tion flow (mild diastolic dysfunction with normal LVFP), pseudonormal

flow (moderate diastolic dysfunction with increased LVFP), and restric-

tive flow (severe diastolic dysfunction with severely increased filling pres-

sure).29 Classification into stages implies that progression of disease

occurs in a relatively predictable manner with concurrent worsening of

function as filling pressure increases.5,7,48 In our study, LV diastolic

function was classified based on the E:A ratio alone (“E:A class”) and also

based on a composite of 7 echocardiographic variables29 of which only

2 had to be positive for class assignment (diastolic class or D-class).

Although E:A class detected CHF with reasonable accuracy, it was

affected by missing values as a consequence of E-A fusion (13% in con-

trol cats, 29% in preclinical HCM cats, and 67% in CHF cats). In addition,

it was inferior to D-class, with a 10% higher diagnostic accuracy of D-

class versus E:A class. Diastolic class could be evaluated in all cats, mak-

ing it the preferred variable for staging diastolic dysfunction. Our findings

confirmed previous observations45,47,57,58 that most cats (8/12, 67%)

with HCM and pseudonormal LV filling (moderate diastolic dysfunction)

and almost all cats (7/8, 88%) with restrictive LV filling (severe LV dia-

stolic dysfunction) were in CHF, whereas a delayed relaxation pattern

and normal filling flow were less likely to be associated with CHF. Classi-

fication of diastolic function using D-class seems clinically feasible and

provides flexibility because it can be applied despite missing individual

variables. However, further validation studies, involving larger groups,

are needed to assess its use in clinical practice.

4.3 | Detection of CHF using respiratory rate

Tachypnea is a common finding in cats with CHF and thus appears to be

a simple variable that can be monitored by the owner to identify possible

decompensation of cardiac disease. In our study, in-hospital respiratory

rate to detect the presence of CHF did not perform as well as in dogs

with CHF as documented in an earlier investigation.22,23 A diagnostic cut-

off of 36 breaths per minute was highly sensitive (100%) but not specific

(51%) for identifying CHF despite a highly significant difference between

groups. Moreover, clinically relevant overlap was found between the in-

hospital respiratory rates for symptomatic and asymptomatic cats with

HCM. This overlap possibly is associated with increased hospital stress

commonly observed in cats that could increase respiratory rate regardless

of CHF status. Thus, in-hospital respiratory rate is not a reliable indicator

of CHF in cats with HCM and is inferior to DE variables.

4.4 | Limitations

Our study had several limitations. Group size was relatively small, limit-

ing power to detect statistically significant differences between groups.

Moreover, small group size limited the ability to further stratify groups

based on the presence or absence of left ventricular outflow tract

obstruction or the presence of pericardial effusion as a manifestation of

left-sided heart failure. Many variable sets were incomplete largely

owing to the summation of filling waves and absence of late diastolic

waves, possibly because of poor atrial function. In addition, we applied

an arbitrary cutoff of 0.4 m/s as the point at which partial fusion would

be tolerated when assessing transmitral E and A waves. This decision

may have influenced our results. The fact that all cats were sedated and

some cats in the CHF group were treated with furosemide may have

affected DE variables. A true gold standard for assessing LVFP was not

applied. Instead, clinical signs and thoracic radiographic findings were
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used as surrogate methods to diagnose CHF and thus increased filling

pressures. Left atrial dimension and IVRT were not corrected for body

weight and heart rate, respectively, which may have affected their diag-

nostic performance. Lastly, population bias is likely present because all

cases were recruited from a single tertiary referral clinic.

In conclusion, echocardiography can be used to detect the presence

of CHF in cats with HCM with good accuracy. The transmitral E:A ratio,

variables of LA size, and diastolic functional class performed best whereas

IVRT, E:IVRT, E:E0 , and in-hospital respiratory rate were diagnostically

inferior. Variables and diagnostic cutoffs applicable to cats with HCM and

CHF differed relevantly from dogs with DCM and DMVD and

CHF,21-23 making use of disease-specific variables and discrimination

limits in the echocardiographic diagnosis of LVFP and CHF in cats

with HCM necessary. Use of the indices suggested here may improve

patient care in cats with HCM. Larger prospective studies are needed

to further validate our findings.
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