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Background: Closure of PDA can be associated with echocardiographic changes including deterioration of LV systolic

function. Although PDA is commonly encountered in dogs, few comprehensive reports of echocardiographic changes in dogs

with PDA closure are available.

Objectives: To evaluate the short-term echocardiographic changes observed after PDA closure in dogs using strain analysis.

Animals: Seventeen client-owned dogs with left-to-right PDA.

Methods: Echocardiographic evaluations, including standard echocardiography and two-dimensional tissue tracking

(2DTT), were performed before and within 3 days of PDA closure.

Results: Preclosure examination showed LV and left atrial dilatation indicating volume overload as a result of PDA. Clo-

sure of PDA resulted in significant reduction of LVIDd (<.0001) and LA/Ao (0.01) without change in LVIDs, suggestive of

decreased preload. Postclosure LV systolic dysfunction was observed with significant decreased in FS (<.0001) and strain val-

ues (P = .0039 for radial strains, P = .0005 for circumferential strains). Additionally, significant LV dyssynchrony

(P = .0162) was observed after closure of PDA.

Conclusions and Clinical Importance: Closure of PDA resulted in decreased preload as a result of alleviation of LV vol-

ume overload, which in turn caused transient deterioration of LV systolic function. Additionally, this study demonstrated

that strain analysis is load dependent. Therefore, care should be taken when interpreting strain measurements as an indicator

of LV systolic function.
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Patent ductus arteriosus (PDA) is 1 of the most com-
mon congenital cardiovascular defects in dogs1–3. It

occurs as a result of failure of the ductus arteriosus to
close, a normal fetal structure that shunts blood from
pulmonary artery to aorta1–4. After birth, expansion of
the lungs causes pulmonary vascular resistance to
decrease, which allows blood to flow from the high
resistance aorta to the low resistance pulmonary artery
through the PDA1–4. This left-to-right shunt results in
over-circulation of the lungs and left side of the heart
causing left-sided volume overload1–4. Treatment of
PDA involving ductus closure is the most effective and
is strongly recommended in dogs with left-to-right
shunting PDA1–4. However, after PDA closure, tran-
sient systolic dysfunction of the left ventricle (LV) is
common in both humans and dogs5–10. Systolic dys-
function is a result of sudden changes in loading condi-

tions, caused by termination of PDA flow, and is not a
reflection of actual myocardial contractility5–10.

Left ventricular fractional shortening (FS) is a param-
eter that is widely used as a measurement of LV func-
tion5. However, FS is affected by loading conditions,
thus it is strictly a measurement of LV function rather
than a measurement of contractility5. Two-dimensional
tissue tracking (2DTT) is a novel echocardiographic
technique, which was developed as an assessment
method for myocardial function11–14. In human, its clini-
cal applications include assessment of coronary artery
disease, myocardial infarction and various types of car-
diomyopathies11–13. Two-dimensional tissue tracking
-derived strain is a measurement of myocardial deforma-
tion over time, and is expressed as the percentage change
from its original dimension11–14. Two-dimensional tissue
tracking provides measurements of segmental strains,
which allows evaluation of both global and regional
function11,14. In addition, systolic mechanics occur in
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Abbreviations:

PDA patent ductus arteriosus

LV left ventricle

FS fractional shortening

2DTT two-dimensional tissue tracking

LVIDd left ventricular end-diastolic diameter

LVIDs left ventricular end-systolic diameter

LA/Ao left atrium-to-aorta ratio

LVOT PEP:ET ratio of pre-ejection period and ejection time

LVOT pV aortic velocity

E early ventricular filling velocity

A late ventricular filling velocity

MR mitral regurgitation

MRI magnetic resonance imaging

STI synchrony time index

CRT cardiac resynchronization therapy

J Vet Intern Med 2015;29:126–131



radial, circumferential and longitudinal directions, and
2DTT allows measurement of strains in these direc-
tions11,13. Previous reports have demonstrated the influ-
ence of loading condition on strain values under various
hemodynamic states by manipulating preload and ino-
tropic conditions15–17. However, 2DTT provides com-
prehensive evaluation, such as evaluation of myocardial
synchronicity, which allows better quantitative assess-
ment of myocardial function18–21.

In humans, transient changes in LV function in asso-
ciation with closure of PDA have been reviewed exten-
sively6–10. However, few studies have reported the
echocardiographic changes observed with PDA closure
in dogs22–24. The purposes of the present study were to
evaluate the short-term echocardiographic changes in
dogs before and after surgical ligation of PDA using
both standard echocardiography and 2DTT and to
demonstrate the influence of loading conditions on
strain analysis including synchronicity and changes
observed after surgical ligation of PDA.

Materials and Methods

Study Population

Client-owned dogs with PDA, presented at the Tokyo Univer-

sity of Agriculture and Technology Animal Medical Centre from

August 2010 to August 2013 for the definitive diagnosis and

treatment of PDA, were evaluated prospectively. Diagnosis was

made based on demonstration of PDA by color Doppler echocar-

diography in all dogs, and was confirmed by thoracotomy during

surgical ligation of the PDA. Dogs were included in the study if

they had an uncomplicated left-to-right shunting PDA, without

concurrent congenital or acquired cardiac disorders and arrhyth-

mias. Dogs with echocardiographic evidence of pulmonary

hypertension, bidirectional or reversed (right-to-left) PDA, or

those with other concurrent cardiac disorders in addition to PDA

were excluded.

Study Protocol

Informed consent was obtained from the owners, and the study

was approved and conducted in accordance with the standards

established by the Tokyo University of Agriculture and Technol-

ogy Animal Medical Centre. Signalment, body weight and clinical

signs at the time of diagnosis as well as type and duration of medi-

cal treatments were recorded. Echocardiographic evaluations,

including standard echocardiographic and 2DTT examinations,

were performed twice, before and after the surgical ligations. Pre-

surgical evaluation was performed at the time of admission, which

was the day before surgery, and in order to minimize the effect of

anesthetic and analgesic drugs, the postsurgical evaluation was

performed at least 24 hours after the last administration of any

anesthetic or analgesic, which was no later than 3 days postsur-

gery. An ultrasonography unita equipped with a 5 MHz phased

array transducer probeb was used. A mean of at least 5 measure-

ments was obtained from consecutive cardiac cycles in sinus

rhythm for each parameter.

Standard Echocardiography

Examinations were performed in accordance with the methods

described by Boon5. Cardiac dimensions were measured from the

right parasternal short axis view using M-mode. Measurements,

including LV end-diastolic (LVIDd) and end-systolic (LVIDs)

diameters, were measured at the level of the papillary muscle, and

left atrium-to-aorta ratio (LA/Ao) was measured at the heart base

level.

Left ventricular systolic function was evaluated using FS and

systolic time intervals, which is the ratio of pre-ejection period and

ejection time (LVOT PEP:ET) measured from spectral Doppler

aortic velocity (LVOT pV) using the left caudal parasternal

5-chamber view. Maximal aortic outflow velocities also were

obtained. Additionally, diastolic function was assessed by early (E)

and late (A) ventricular filling velocity, using E/A ratio from the

trans-mitral flow profile at left parasternal apical 4-chamber view.

Mitral regurgitation (MR) was diagnosed if there was a regurgitat-

ing turbulent flow in the left atrium.

Two-Dimensional Tissue Tracking

A right parasternal short axis view was acquired at the level of

the papillary muscle at a frame rate of 70-110 frames/s, and was

then analyzed off-line.c Strain analysis involved multiple steps. Ini-

tially, the endocardium and epicardium were manually traced at

end-systole by placing a number of points at the borders of the

myocardium. The software then automatically tracked these points

on a frame-by-frame basis, and divided the LV into 6 segments

(anterior septal, anterior, lateral, posterior, inferior and septal). By

tracking the movements of each myocardial segment, analysis of

myocardial deformation was performed in terms of strain. From

the view used in this study, strain measurements could be made in

radial and circumferential directions, and 3 parameters could be

measured: (1) regional peak systolic strains of the 6 segments, (2)

global peak systolic strain, which is the mean of the 6 segments,

and (3) the synchrony time index (STI), which is the difference in

timing of peak strains from the earliest to the latest segments used

to assess LV synchronicity.

Statistical Analysis

Data are expressed as mean � standard deviation. The normal-

ity of data distribution was shown for each parameter using the

D’Agostino and Pearson omnibus normality test. Significant

changes before and after closure of the PDA were evaluated using

a paired Student’s t test for continuous variables. Significant differ-

ences were defined as P < .05. Statistical analyses were performed

using statistical software.d

Results

Seventeen dogs underwent surgical ligation of their
PDA and echocardiographic examinations were per-
formed before and after surgery. Eight breeds were rep-
resented with Pomeranians (n = 6), Toy Poodles
(n = 4), Chihuahua (n = 2), and 1 each of Jack Russell
Terrier, Maltese, Papillon, Penbroke Welsh Corgi and
Shetland Sheep Dog. There were 10 females (59%) and
7 males (41%). The average age at the time of diagnosis
was 7 months (range: 2–25 months); only 2 dogs were
≧1at the time of diagnosis (12%). Average body weight
was 2.5 kg (range: 1.0–6.2 kg). Three dogs were pre-
sented for cough, 1 for exercise intolerance and 1 for
breathing difficulties, and the remaining 12 dogs did not
show any clinical signs. Seven dogs were treated with
angiotensin-converting enzyme inhibitors with or with-
out diuretics (n = 2), pimobendan (n = 2) and a
prostacyclin analog (n = 1) for ≧1 week before surgery,
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and treatment was continued after the surgery until
postsurgical evaluation.

Standard Echocardiography

Presurgical examination indicated increased LVIDd,
LVIDs and LA/Ao, suggesting LV and left atrial dilata-
tion, and other results were within the reference range
(Table 1)5,25. Surgical ligation of the PDA resulted in a
significant decrease in LVIDd and LA/Ao. With the
decrease in LVIDd and LA/Ao, LA/Ao returned to
within the reference range, but LVIDd and LVIDs still
remained above the reference range. Fractional shorten-
ing decreased significantly and LV PEP:ET increased
significantly, with FS below the reference range indicat-
ing LV systolic dysfunction. Additionally, significant
decrease in LVOT pV, E and A also were observed.
Seven dogs (4 females [57%] and 3 males [43%]) had
MR, which persisted postsurgery. In 3 dogs, residual
PDA flow of <2.0 m/s was observed, which was consid-
ered hemodynamically insignificant.

Two-dimensional tissue tracking

Global radial and circumferential strains before clo-
sure of the PDA were 33.47 � 15.68 (reference range:
22.30–71.10) and �14.43 � 2.79 (reference range not
available), respectively26. Closure of the PDA resulted
in a decrease in strains in both directions (P = .0039 for
radial strains, P = .0005 for circumferential strains),
with the radial strains below the reference range (Fig 1).
Regional strain analysis had indicated decreases of
strains in all segments in both directions with the excep-
tion of cranial and inferior segments in radial directions
(Fig 2). Radial STI (P = .0162) was increased just
above the reference range after PDA closure (radial STI
reference range: 0–45 ms)26.

Discussion

This study illustrated a several points. First, before
closure of the PDA, the LV was under a state of vol-
ume overload, and closure of the PDA resulted in sig-
nificant decreases in LVIDd and LA/Ao without a
change in LVIDs, indicating decreased preload. This

point is supportive of the previous findings that systolic
dysfunction was the result of sudden changes in loading
conditions and may not be a reflection of actual myo-
cardial contractility5–10. Secondly, this postclosure left
atrial systolic dysfunction also was observed with signif-
icant decrease in strain values, indicating that strain
analysis is load dependent. Lastly, significant LV dys-
synchrony was observed after closure of the PDA, and
was caused by the sudden decrease in preload.

This study demonstrated the presence of LV volume
overload in dogs with PDA, indicated by LV and left
atrial dilatation, and the diagnosis of MR in 43% of
the cases. Attenuation of PDA flow resulted in an
immediate decrease in LVIDd and LA/Ao, and decrease
in mitral inflow and aortic outflow velocities, all sugges-
tive of decreased preload. Additionally, deterioration of
LV systolic function, indicated by the significant
decrease in FS and LV PEP:ET, was observed. Such a
decrease in preload and accompanying deterioration of
LV systolic function have been well documented after
attenuation of hemodynamically relevant PDA flow6–10.

A study by Barlow et al compared LV contractility
of infants with clinically relevant PDA to control

Table 1. Standard echocardiographic changes (mean � SD) observed before and after surgical ligation of PDA.

Before After Reference range P value

LVIDd (mm) 24.64 � 5.90 20.74 � 3.87 13.05 - 18.61 <.0001
LVIDs (mm) 14.83 � 4.36 14.38 � 3.30 7.86 - 13.67 NS

LA/Ao 1.71 � 0.40 1.28 � 0.19 0.83 - 1.13 .0143

FS (%) 40.33 � 5.81 30.85 � 8.06 33.70 - 45.90 <.0001
LVOT pV (cm/s) 109.56 � 26.39 68.34 � 13.32 <200.00 .0058

LVOT PEP/ET 0.19 � 0.05 0.34 � 0.14 <0.40 .0050

E (cm/s) 74.53 � 16.86 59.89 � 16.66 50.00 - 100.00 .0037

A (cm/s) 56.93 � 14.05 34.04 � 8.70 30.00 - 60.00 .0023

LVIDd, left ventricular end-diastolic diameter; LVIDs, left ventricular end-systolic diameter; LA/Ao, left atrium-to-aorta ratio; FS, frac-

tional shortening; LVOT pV, peak aortic flow velocity; LVOT PEP:ET, left ventricular ejection time to pre-ejection time ratio; E, early

ventricular filling velocity; A, early ventricular filling velocity; NS, nonsignificant.

Fig 1. Changes of global strains (mean � SD) in radial and cir-

cumferential directions in dogs with PDA (n = 17) before and

after the surgical ligation of PDA. Significant differences

(**P < .005, ***P < .001) in strains were observed in association

with attenuation of PDA flow.
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infants using the load independent parameter of LV
contractility, the rate-corrected velocity of fiber shorten-
ing, and their results failed to show differences between
the control and affected infants27. Additionally, Takah-
ashi et al evaluated the changes in LV contractility by
mean normalized systolic ejection rate, another load
independent parameter, and demonstrated that it did
not change although EF decreased with closure of the
PDA8. These studies strongly suggest that LV contrac-
tility is not impaired in the presence of volume over-
load, and postclosure systolic dysfunction is the result
of decreased preload.

Two-dimensional tissue tracking derived strain
analysis was developed as an assessment method for
myocardial function, and it has been validated with
tagged magnetic resonance imaging (MRI), which is

considered to be the gold standard for assessment of
LV contractility11–14. However, recent reports have
indicated that strain may not only reflect LV contrac-
tility12,15,17. Several studies have compared strain val-
ues to invasive measurements during various
hemodynamic and inotropic conditions, and have
demonstrated that strain is closely related to stroke
volume and thus influenced by loading conditions15,17.
In this study, global analysis identified decrease in
strains in both radial and circumferential directions
after closure of the PDA in similar fashion to FS,
indicating the influence of preload. Additionally,
regional analysis identified significant changes in
almost all of the segments in both directions, suggest-
ing the influence of loading condition to be uniform
throughout the myocardium.

A

B

Fig 2. Changes in regional strains (mean � SD) observed in (A) radial and (B) circumferential directions in dogs with PDA (n = 17)

before and after the surgical ligation of PDA. Significant differences (*P < .01, **P < .005, ***P < .001) in strains were observed in associ-

ation with attenuation of PDA flow.
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Left ventricular mechanical dyssynchrony is known
to be a sensitive indicator of myocardial dysfunction,
and it has been shown to relate more closely to hemo-
dynamic alterations than EF12. For this reason, it has
been widely used for patient selection and assessment of
the response to cardiac resynchronization therapy
(CRT)11–13. Normally, LV mechanical contraction is
synchronous, with the septal segments contracting
slightly earlier than the lateral and caudal segments18.
The results of this study showed a similar coordinated
pattern of contraction before attenuation of PDA flow,
with the septal segment showing earlier time-to-peak in
comparison to the lateral and caudal segments (Fig 3).
On the other hand, an uncoordinated pattern of con-
traction was observed after PDA ligation, which indi-
cates radial dyssynchrony. Studies on CRT have
demonstrated that LV systolic dysfunction is related to
increased radial dyssynchrony18,19. Additionally,

changes in loading conditions can result in significant
LV dyssynchrony28. Similarly, the slight LV dyssyn-
chrony observed in this study after attenuation of PDA
flow was a reflection of transient myocardial dysfunc-
tion caused bydecreased preload.

This study had a number of limitations. First, the
Teichholz equation was the only method used to assess
the volume of the LV. The lack of strain rate analysis
was another limitation. Strain rate is the rate of myo-
cardial deformation, and like strain, it may be load
dependent, but some studies suggest that strain rate is
less influenced by loading conditions15–17. Another lim-
itation includes lack of follow-up to evaluate the long-
term outcome of surgical ligation of the PDA. The
immediate LV systolic dysfunction observed after
occlusion of the PDA is known to be transient, but,
LV dysfunction may persist with delayed closure (e.g.,
in older patients)10. Therefore, although most of the
cases were <1 year old, long-term follow-up should be
done to evaluate the recovery of LV systolic dysfunc-
tion using echocardiographic parameters including
2DTT.

This study demonstrated that surgical ligation of the
PDA causes a decrease in preload by alleviation of LV
volume overload, which in turn results in transient dete-
rioration of LV systolic function observed by significant
echocardiographic changes. Additionally, this study
showed that strain analysis is influenced by acute
changes in loading conditions as demonstrated by previ-
ous reports. Therefore, care should be taken when inter-
preting strain measurements as an indicator of LV
systolic function.

Footnotes
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