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Introduction
Chronic aortic regurgitation (AR) is a left ventricular (LV) 

volume overload lesion with a long latency period prior to 
symptom development. Prior to symptoms, patients may ex-
hibit normal exercise tolerance associated with LV remodeling 
and a preserved ejection fraction (EF).1)2) The development of 
symptoms heralds a progressive downhill course marked by 
angina, heart failure, arrhythmias, syncope, and reduced sur-
vival. LV systolic performance involves not only contraction 
across its minor axis but both longitudinal and circumferential 
shortening.3)4) In patients with hypertensive heart disease, heart 
failure with preserved EF, and aortic stenosis, reduced longitu-
dinal and mid-wall circumferential shortening occur despite 
normal radial endocardial fiber shortening.5-8)

We hypothesized that in chronic AR, there will be a reduc-
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tion in longitudinal shortening despite a preserved EF due to 
normal endocardial minor axis shortening. The increase in LV 
mass with eccentric remodeling results in reduced LV relax-
ation and elevated LV filling pressures. Reduced EF with chron-
ic AR would likely further exacerbate the above abnormalities.

The purpose of this study is to assess longitudinal systolic 
and diastolic function in patients with chronic AR with both 
preserved and reduced LV systolic function and assess the rela-
tionship to alterations in cardiac structure.

Methods
We conducted a single center retrospective review of all pa-

tients receiving an echocardiogram and found to have chronic 
moderate or greater AR as assessed by the American Society of 
Echocardiography criteria9) between 2004–2007. Patients deemed 
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Background: Chronic aortic regurgitation (AR) patients demonstrate left ventricular (LV) remodeling with increased LV mass 
and volume but may have a preserved LV ejection fraction (EF). We hypothesize that in chronic AR, global longitudinal systolic 
and diastolic function will be reduced despite a preserved LV EF. 
Methods: We studied with Doppler echocardiography 27 normal subjects, 87 patients with chronic AR with a LV EF > 50% 
(AR + PEF), 66 patients with an EF < 50% [AR + reduced LV ejection fraction (REF)] and 82 patients with hypertensive heart 
disease. LV volume, transmitral spectral and tissue Doppler were obtained. Myocardial velocities and their timing and longitudi-
nal strain of the proximal and mid wall of each of the 3 apical views were obtained. 
Results: As compared to normals, global longitudinal strain was reduced in AR + PEF (13.8 ± 4.0%) and AR + REF (11.4 ± 
4.7%) vs. normals (18.4 ± 3.6%, both p < 0.001). As an additional comparison group for AR + PEF, global longitudinal strain 
was reduced as compared to patients with hypertensive heart disease (p = 0.032). The average peak diastolic annular velocity (e’) 
was decreased in AR + PEF (6.9 ± 3.3 cm/s vs. 13.4 ± 2.6 cm/s, p < 0.001) and AR + REF (4.8 ± 2.1 cm/s, p < 0.001). Peak 
rapid filling velocity/e’ (E/e’) was increased in both AR + PEF (14.4 ± 6.2 vs. 6.2 ± 1.3, p < 0.001) and AR + REF (18.8 ± 6.4, p < 
0.001 vs. normals). Independent correlates of global longitudinal strain (r = 0.6416, p < 0.001) included EF (p < 0.0001), E/e’ (p < 
0.0001), and tricuspid regurgitation velocity (p = 0.0176). 
Conclusion: With chronic AR, there is impaired longitudinal function despite preserved EF. Moreover, global longitudinal 
strain was well correlated with noninvasive estimated LV filling pressures and pulmonary systolic arterial pressures.
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to have acute AR, coronary artery disease based on electrocar-
diogram evidence of a previous myocardial infarction or akinesis 
of 2 wall segments on echocardiography, or moderate or great-
er valvular disease were excluded. The study was approved (ex-
pedited review) by the institutional review board of the Univer-
sity of Florida College of Medicine-Jacksonville. 

Patients
There were 182 patients with moderate or greater AR from 

2004–2007. We were able to identify 153 patients (100 mod-
erate and 53 severe chronic AR) with an adequate echocardio-
gram allowing for the calculation of AR severity, the determi-
nation of LV size, thickness, and function, left atrial volume, 
assessment of diastolic function with transmitral Doppler and 
tissue Doppler, and tissue Doppler indices of dyssynchrony 
and strain. Patients were divided into AR groups with preserved 
LV EF (AR + PEF; 87 patients with EF ≥ 50%) and AR with 
reduced LV EF (AR + REF; 66 patients with EF < 50%). A 
group of 27 subjects with no evidence of cardiac disease on the 
basis of history, physical examination, and echocardiogram were 
included as a comparison normal group. Hypertensive patients 
well controlled without LV hypertrophy (echocardiogram and 
electrocardiogram) were included in this group. The 27 pa-
tients were selected from a larger group of normal subjects 
and were age and sexed matched to the chronic AR groups. 
An additional comparison group consisting of 82 patients age 
and sexed matched with evidence of hypertensive heart disease 
with normal LV EF (> 50%), LV hypertrophy by echocardiog-
raphy (LV mass index > 115 g/m2 in males and > 95 g/m2 in 
females), and no evidence of coronary or other valvular heart dis-
ease (echocardiography) was selected during the same time pe-
riod for comparison with the AR + PEF group.

For each patient selected for inclusion, the medical records 
were examined for the patient’s age, sex, laboratory results and 
medications at the time that the echocardiogram was per-
formed. Patients were deemed to have hypertension if their 
blood pressure exceeded 140/90 or were taking antihyperten-
sive medications. Patients were deemed to have diabetes mel-
litus if their fasting blood glucose was > 126 mg/dL, post-pran-
dial glucose was > 200 mg/dL, or were taking anti-diabetic 
medications. Patients were deemed to have hyperlipidemia if 
their total cholesterol or fasting triglycerides were elevated or 
were taking medications to reduce cholesterol or triglycerides. 
Review of the medical records at the time of the echocardio-
gram was performed to determine the New York Heart Asso-
ciation functional class.

Echocardiography
Two dimensional Doppler echocardiography including M-

mode, spectral and color flow Doppler, and tissue Doppler were 
obtained in all patients using a Vivid 7 echocardiograph (GE-
Medical, Milwaukee, WI, USA). Only those studies in which all 
parameters described below could be measured were utilized 

(153 of 181). The systolic blood pressure, diastolic blood pres-
sure, and pulse pressure were also recorded at the time of echo-
cardiography.

From the M-mode tracings of the left atrium, we measured 
the left atrial dimension in mid systole using leading to leading 
edge technique. Using 2 dimensional echocardiography, the 
aortic root and LV outflow tract (LVOT) was measured from the 
parasternal long axis view at end diastole or during peak sys-
tole (LVOT). End diastolic dimension, end systolic dimension, 
septal and inferolateral wall thickness at end diastole and end 
systole and LV mass (indexed to body surface area) were mea-
sured using the American Society of Echocardiography stan-
dards.10) Relative wall thickness was calculated as twice the pos-
terior wall thickness in end diastole divided by the LV end 
diastolic dimension. LV end diastolic (at the R wave) and end 
systolic volumes (smallest visual LV volume near the T wave) 
were measured utilizing the apical biplane Simpson’s rule and 
indexed to body surface area. Biplane left atrial volumes were 
measured from the apical 4 and 2 chamber views using the ar-
ea-length formula and indexed to body surface area.10)

From the transmitral spectral Doppler, we obtained the E, 
A, and deceleration time. The diastolic filling period was cal-
culated from the onset to the end of transmitral spectral Dop-
pler wave form. LV ejection time was measured from the onset 
of aortic flow to the end of aortic flow. The isovolumic relaxation 
time was measured by determining the time from the Q wave 
to the onset of mitral flow minus the Q wave to the end of aor-
tic flow. Isovolumic contraction time was calculated as the time 
interval from the end of mitral flow to the onset of aortic flow.

Spectral tissue Doppler tracings of the mitral annulus in the 
apical 4 chamber view were measured using a 5 × 5 mm sam-
ple volume. The average of the peak systolic velocity (s’) and 
early diastolic velocity (e’) from the septal and lateral annulus 
were obtained. Peak rapid filling velocity/e’ (E/e’) was calcu-
lated as a measure of LV filling pressures.11) From color flow 
Doppler, tricuspid regurgitation (TR) jets were visualized in 
multiple views with the peak velocity being obtained. Color 
flow Doppler of the AR jet was visualized in the parasternal 
long axis view. The height of the jet in the outflow tract was in-
dexed to the LVOT during the maximal jet. A ratio was > 0.25 
was termed moderate and > 0.65 was termed severe. Regur-
gitant volume was determined using the pulsed Doppler re-
cordings of the velocity time interval across the aortic valve 
and pulmonic valve. A regurgitant volume > 30 cc was termed 
moderate and > 60 cc was termed severe. Moderate AR was 
noted in 100 patients and severe AR (both of the above indices) 
was noted in 53 patients.9)

Color tissue Doppler was obtained in the apical 2, 3, and 4 
chamber views at a frame rate 60–90 frames per second. A 
sample volume of 10 × 5 mm was placed in the proximal and 
mid-portion of each of the 6 walls in the 3 apical views. From the 
derived tracings of velocity, the time from the Q wave to the s’ 
and e’ myocardial velocities were obtained for each of the 6 sam-
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ple volumes. The standard deviation of the Q wave to peak sys-
tolic and peak early diastolic wall velocities for all 12 segments 
was obtained as a measure of systolic and diastolic dyssynchro-
ny.12) From the same 12 sample volumes, we obtained peak sys-
tolic strain in all 12 segments and averaged them as a measure 
of global longitudinal strain.

Inter-observer and intra-observer variability
Ten patient with chronic AR and 10 patients with normal LV 

function were randomly chosen and were reanalyzed 1 month 
following the initial analysis with regard to jet width/LVOT 
width, systolic and diastolic dyssynchrony, and global longitu-
dinal strain by 2 observers. The mean difference between ob-
servers for jet width/LVOT width was 0.08 ± 0.02; for systolic 
dyssynchrony (6 ± 3 msec), for diastolic dyssyncrony (4 ± 2 
msec), and for global longitudinal strain (1.4 ± 0.7%). The intra-
observer variability for jet width/LVOT width was 0.05 ± 0.02; 
for systolic dyssynchrony (5 ± 2 msec), for diastolic dyssyncro-
ny (4 ± 2 msec); and for global longitudinal strain (1.1 ± 0.5%).

Statistics
Data were expressed as mean ± standard deviation for contin-

uous data that was normally distributed. For data that was not 
normally distributed, the median and inter-quartile ranges were 
computed. Differences among the 3 groups were determined 
by 1 way analysis of variance or 1 way analysis of variance us-
ing ranks. If the F value was < 0.05, the differences between 
individual groups was determined by multicomparison t tests 
(Tukey’s). Categorical data was expressed as a percentage of the 

group having that attribute. Differences in percentages among 
groups was determined using chi-square. If the p < 0.05, then 
a multi-comparison technique was utilized to determine 
where the significant differences existed (COMPROP-SAS, 
Cary, NC, USA). Linear regression was performed to deter-
mine the relationship between global longitudinal strain and 
other variables. Forward stepwise regression was utilized to 
determine the independent predictors of global longitudinal 
strain. All variables with a p value of < 0.10 were entered in the 
forward stepwise regression. Statistics were performed using 
Sigma Stat (Sigma Plot 12, San Jose, CA, USA) and SAS (Cary, 
NC, USA).

Results
Table 1 summarizes patient characteristics in normals who 

are age and sex matched, AR + PEF patients, and AR + REF 
patients. The incidence of hyperlipidemia was lower in both 
AR groups. Angiotensin converting enzyme inhibitors/angio-
tensin receptor blockers use was more frequent in the AR + 
REF group as compared to normals and AR + PEF. Beta block-
ers were also more frequently used in both AR groups than in 
normals. Both systolic blood pressure and pulse pressure were 
greater in both AR groups. New York Heart Association func-
tional class > 1 was more frequent in the AR + REF group than 
in normal subjects and patients with AR + PEF. The degree of 
AR was similar in both AR groups. 

Table 2 summarizes the results for left atrial and LV size and 
function. Both AR groups demonstrated greater LV dimen-
sions, wall thicknesses, LV volumes, and LV mass index. The 

Table 1. Patient characteristics
Normals (n = 27) AR + PEF (n = 87) AR + REF (n = 66)

Age (yrs) 053 ± 90 0.52 ± 14 0.55 ± 14

Sex (M/F) 15/12 45/42 35/31

Hypertension (%) 68 77 82

Diabetes (%) 31 29 17

Hyperlipidemia (%) 63 33† 33†

ACEI/ARB use (%) 52 59 74*

Beta blocker use (%) 33 55* 71†

Diuretic use (%) 37 40 55

Calcium channel blocker use (%) 41 36 45

Nitrates (%) 00 13 18*

Statin use (%) 52 36 39

Systolic blood pressure (mm Hg) 121 ± 12 .146 ± 27‡ .137 ± 33*

Diastolic blood pressure (mm Hg) 068 ± 10 0.70 ± 16 0.72 ± 14

Pulse pressure (mm Hg) 053 ± 11 0.77 ± 23‡ 0.68 ± 25*

New York Heart Association class > 1 (%) 00 04 32‡¶

Jet width/LV outflow tract diameter - 0.51 ± 0.16 0.54 ± 0.18

Regurgitant volume (cc) - 0.44 ± 14 0.46 ± 15

*p < 0.05, †p < 0.01, ‡p < 0.001 vs. normals; §p < 0.05, ‖p < 0.01, ¶p < 0.0001; AR + PEF vs. AR + REF. AR + PEF: chronic aortic regurgitation and pre-
served LV ejection fraction, AR + REF: chronic aortic regurgitation and reduced LV ejection fraction, ACEI/ARB: use of angiotensin converting enzyme inhib-
itor or angiotensin receptor blockers, LV: left ventricular
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AR + REF demonstrated greater dimensions and volume in-
dexes than the PEF group. Relative wall thickness was greater 
in the AR + PEF group (concentric hypertrophy) than in both 
normal subjects and AR + REF (eccentric hypertrophy) groups. 
Left atrial volume index and aortic root size were increased in 
both AR groups.

Table 3 summarizes Doppler indices of transmitral flow, trans-
aortic flow, and mitral annular velocities. Patients with AR + 
PEF demonstrated higher E velocities than normal subjects 
and AR + REF. Diastolic filling period was shorter in AR + REF 
while the isovolumic contraction and relaxation periods were 
prolonged as compared to normal subjects. Mitral annular e’ 
and s’ velocities were reduced in AR + PEF and further reduced 

in AR + REF. Consequently the E/e’ ratio was increased in 
AR + PEF and further increased in AR + REF as compared to 
normal subjects. TR velocities were increased in both AR 
groups. 

Table 3 also summarizes the results of tissue Doppler pa-
rameters of longitudinal strain and dyssynchromy. Global lon-
gitudinal strain was significantly lower (less negative) in the 
AR + PEF group (despite normal EF) with further reductions 
(less negative) noted in the AR + REF group as compared to 
normal subjects which was consistent with New York Heart 
Association class symptoms > 1. Fig. 1 depicts the distribution 
of global longitudinal strain in normal subjects and both AR 
groups. There is a clear separation between normal subjects 

Table 2. LV and left atrial diameters and volumes
Normals (n = 27) AR + PEF (n = 87) AR + REF (n = 66)

LV end diastolic dimension (mm) 47.4 ± 4.8 51.4 ± 7.8* 58.2 ± 11.1†§

LV end systolic dimension (mm) 28.1 ± 5.1 33.2 ± 9.3* 43.2 ± 11.3‡§

Septal wall thickness (mm) 08.7 ± 1.5 11.5 ± 2.7‡ 11.4 ± 2.8‡

Posterior wall thickness (mm) 08.7 ± 1.6 12.1 ± 2.9‡ 11.1 ± 2.8‡

Relative wall thickness 0.36 ± 0.08 0.47 ± 0.07† 0.38 ± 0.10‖

LV end diastolic volume index (mL/m2) 0.61 ± 19 0.69 ± 20* 0.77 ± 19†‖

LV end systolic volume index (mL/m2) 0.20 ± 7 0.24 ± 8* 0.47 ± 10‡¶

Ejection fraction (%) 0.66 ± 8 0.65 ± 10 0.37 ± 11‡¶

LV mass index (g/m2) 0.76 ± 12 .151 ± 41‡ .173 ± 59‡

Left atrial volume index (mL/m2) 0.22 ± 6 0.35 ± 19† 0.38 ± 20†

Left atrial dimension (mm) 0.36 ± 5 0.41 ± 9* 0.43 ± 9*

Aortic root dimension (mm) 0.29 ± 4 0.32 ± 8* 0.34 ± 6*

*p < 0.05, †p < 0.01, ‡p < 0.001 vs. normals; §p < 0.05, ‖p < 0.01, ¶p < 0.0001; AR + PEF vs. AR + REF. AR + PEF: chronic aortic regurgitation and pre-
served LV ejection fraction, AR + REF: chronic aortic regurgitation and reduced LV ejection fraction, LV: left ventricular

Table 3. Transmitral spectral Doppler and tissue annular Doppler parameters
Normals (n = 27) AR + PEF (n = 87) AR + REF (n = 66)

E (cm/s) -0.84 ± 16 0.-97 ± 27* -0.87 ± 32†

E/A -01.4 ± 0.4 0-1.2 ± 0.5 -01.1 ± 0.6

Deceleration time (msec) -.208 ± 53 .-242 ± 95* -.206 ± 87

Heart rate (beats/min) -0.67 ± 12 0.-70 ± 14 -0.72 ± 17

Diastolic filling period (msec) -.489 ± 152 -.486 ± 148 -.395 ± 140*§

Isovolumic relaxation period (msec) -0.67 ± 38 0.-85 ± 51 -.110 ± 62*

Isovolumic contraction period (msec) -0.32 ± 24 0.-43 ± 36 -0.76 ± 48†§

Average mitral annular s’ (cm/s) -09.8 ± 1.4 0-6.8 ± 2.2‡ -05.0 ± 1.8‡‖

Average mitral annular e’ (cm/s) -13.4 ± 2.6 0-6.9 ± 3.3‡ -04.8 ± 2.1‡‖

Average E/e’ -06.2 ± 1.3 -14.4 ± 6.2‡ -18.8 ± 6.4‡§

TR velocity (m/s) -02.2 ± 0.2 0-2.8 ± 0.5† -03.0 ± 0.5‡

Global longitudinal strain (%) -18.4 ± 3.6 -13.8 ± 4.0‡ -11.4 ± 4.7‡§

Systolic dyssynchrony index (msec) -0.26 ± 11 0.-50 ± 23† -0.53 ± 31†

Diastolic dyssynchrony index (msec) -0.21 ± 11 0.-38 ± 19* -0.48 ± 30†

QRS duration (msec) 0.-82 ± 12 -0.91 ± 22 .-111 ± 33†§

*p < 0.05, †p < 0.01, ‡p < 0.001 vs. normals; §p < 0.05, ‖p < 0.01, ¶p < 0.0001; AR + PEF vs. AR + REF. AR + PEF: chronic aortic regurgitation and preserved 
left ventricular ejection fraction, AR + REF: chronic aortic regurgitation and reduced left ventricular ejection fraction, A: peak atrial filling velocity, E: peak 
mitral raid filling velocity, s’: peak systolic mitral tissue Doppler velocity, e’: peak rapid filling mitral annular velocity, TR: tricuspid regurgitation
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and AR + PEF despite similar LV EF with further reductions 
(less negative) noted in the AR + REF. Increased systolic and 
diastolic dyssynchrony were noted in both AR + PEF and AR + 
REF groups. Fig. 2 demonstrates systolic dyssynchrony in a pa-
tient with AR + PEF. QRS duration was prolonged in the AR + 

REF group as compared to AR + PEF and normal subjects.
Table 4 compares patients with hypertensive heart disease 

with patients with AR + PEF. This comparison represents an 

Fig. 2. Derived tissue Doppler recordings from the proximal septum 
and lateral wall are shown for a patient with moderate to severe 
chronic AR + PEF. The time to reach peak velocity was 110 msec later 
for the proximal lateral wall demonstrating systolic dyssynchrony. AR + 
PEF: chronic aortic regurgitation and preserved left ventricular ejection 
fraction.

Fig. 1. Individual patient values for global longitudinal strain are plotted 
for patients with normal function, patients with chronic AR and preserved 
LV ejection fraction (AR + PEF), and patients with chronic AR with 
reduced LV ejection fraction (AR + REF). There is a clear difference in 
the individual patient values for normals vs. both groups of AR 
patients. AR + PEF: chronic aortic regurgitation and preserved LV 
ejection fraction, AR + REF: chronic aortic regurgitation and reduced 
LV ejection fraction, LV: left ventricular.
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Table 4. Hypertensive heart disease vs. chronic AR with preserved ejection fraction
HTHD (n = 82) AR + PEF (n = 87) p value

Age (yrs) 53 ± 130. 52 ± 140.  <0.93

Sex (M/F) 43/39 45/42  <0.91

Systolic blood pressure (mm Hg) 146 ± 240. 146 ± 270.  <0.96

Diastolic blood pressure (mm Hg) 81 ± 170. 70 ± 160.  <0.008

Pulse pressure (mm Hg) 65 ± 160. 77 ± 230.  <0.012

LV end diastolic dimension (mm) 48.3 ± 6.20 51.4 ± 7.80  <0.066

LV end systolic dimension (mm) 27.2 ± 4.40 33.2 ± 9.30  <0.031

Posterior wall thickness (mm) 13.2 ± 2.40 12.1 ± 2.90  <0.039

Relative wall thickness 0.55 ± 0.12 0.47 ± 0.07  <0.009

LV end diastolic volume index (mL/m2) 66 ± 210. 69 ± 200.  <0.54

LV end systolic volume index (mL/m2) 22 ± 800. 24 ± 800.  <0.38

LV ejection fraction (%) 67 ± 900. 65 ± 100.  <0.51

LV mass index (g/m2) 162 ± 520. 151 ± 410.  <0.37

Left atrial volume index (cc/m2) 41 ± 190. 35 ± 190.  <0.11

E/A 0.7 ± 0.20 1.2 ± 0.50 < 0.0001

Deceleration time (msec) 249 ± 280. 242 ± 950.  <0.77

Heart rate (beats/min) 72 ± 150. 70 ± 140.  <0.71

Isovolumic relaxation period (msec) 39 ± 320. 85 ± 510. < 0.0001

Average mitral annular s’ (cm/s) 7.8 ± 2.10 6.8 ± 2.20  <0.042

Average mitral annular e’ (cm/s) 6.6 ± 0.70 6.9 ± 3.30  <0.57

Average E/e’ 10.9 ± 5.90 14.4 ± 6.20  <0.004

TR velocity (m/s) 2.8 ± 0.50 2.8 ± 0.50  <0.89

Global longitudinal strain (%) -15.6 ± 4.60 -13.8 ± 4.00  <0.031

Systolic dyssynchrony index (msec) 46 ± 150. 50 ± 230.  <0.71

Diastolic dyssynchrony index (msec) 38 ± 120. 38 ± 190.  <0.96

HTHD: hypertensive heart disease, AR + PEF: chronic aortic regurgitation and preserved LV ejection fraction, LV: left ventricular A: peak atrial filling velocity, 
E: peak mitral raid filling velocity, s’: peak systolic mitral tissue Doppler velocity, e’: peak rapid filling mitral annular velocity, TR: tricuspid regurgitation
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attempt to determine whether an additional reduction in glob-
al longitudinal strain is associated with AR in addition to LV 
hypertrophy. Medication use and incidence of diabetes and hy-
perlipidemia were similar between the 2 groups (data not 
shown). Pulse pressure was greater in AR + PEF due to a low-
er diastolic blood pressure. Relative wall thickness was lower 
in AR + PEF but both groups still had concentric LV hyper-
trophy. This was due a nonsignificantly larger LV end diastolic 
dimension and a less thick posterior wall despite similar LV 
mass index in the AR + PEF group. Diastolic function indicat-
ed a higher E/peak atrial filling velocity in AR + PEF with a 

greater E/e’ despite a longer isovolumic relaxation time and 
similar TR velocities. Mitral annular peak systolic velocity was 
lower, and global longitudinal strain was less negative (reduced) 
in AR + PEF. LV dyssynchrony was similar. 

Table 5 summarizes the results for normal subjects, moder-
ate AR, and severe AR. Both AR groups demonstrate differ-
ences from normal subjects with regard to systolic blood pres-
sure, LV and left atrial volumes, diastolic function indices, 
global longitudinal strain, and dyssynchrony indexes. The 
only difference between the moderate and severe AR group re-
sided in a lower incidence of hypertension in the severe group 

Table 5. Moderate vs. severe chronic aortic regurgitation
Normals (n = 27) AR-moderate (n = 100) AR-severe (n = 53)

Age (yrs) 53 ± 90 0.53 ± 15 0.54 ± 11

Sex (M/F) 15/12 53/47 28/25

Hypertension (%) 68 85† 64‖

Diabetes (%) 31 26 19

ACEI/ARB use (%) 52 61 74*

Beta blockers (%) 33 55 71†

Diuretics (%) 37 46 47

Calcium channel blockers (%) 41 43 34

Systolic blood pressure (mm Hg) 121 ± 120 .147 ± 21‡ .135 ± 29*

Diastolic blood pressure (mm Hg) 68 ± 10 0.70 ± 16 0.72 ± 18

Pulse pressure (mm Hg) 53 ± 11 0.77 ± 21† 0.63 ± 25

Jet width/LV outflow tract diameter - 0.44 ± 0.08 0.73 ± 0.05¶

LV end diastolic dimension (mm) 47.4 ± 4.80 54.4 ± 10.4* 54.2 ± 8.9*

LV end systolic dimension (mm) 28.1 ± 5.10 37.9 ± 10.7† 36.9 ± 11.3†

Posterior wall thickness (mm) 8.7 ± 1.6 11.6 ± 2.9‡ 11.8 ± 3.0‡

Relative wall thickness 0.36 ± 0.08 0.42 ± 0.09† 0.44 ± 0.10†

LV end diastolic volume index (mL/m2) 61 ± 19 0.69 ± 19* 0.71 ± 21*

LV end systolic volume index (mL/m2) 20 ± 70 0.34 ± 9† 0.35 ± 10†

Ejection fraction (%) 66 ± 80 0.51 ± 11‡ 0.50 ± 11‡

LV mass index (g/m2) 76 ± 12 .159 ± 40‡ .164 ± 54‡

Left atrial volume index (mL/m2) 22 ± 60 0.37 ± 18† 0.35 ± 17†

Aortic root dimension (mm) 29 ± 40 0.33 ± 7* 0.34 ± 6*

E (cm/s) 84 ± 16 0.92 ± 37 0.92 ± 35

E/A 1.4 ± 0.4 01.1 ± 0.5* 01.2 ± 0.6

Heart rate (beats/min) 67 ± 12 0.72 ± 15 0.73 ± 17

Isovolumic relaxation period (msec) 67 ± 38 .103 ± 61* .105 ± 63*

Average mitral annular s’ (cm/s) 9.8 ± 1.4 05.9 ± 2.1‡ 06.5 ± 2.4‡

Average mitral annular e’ (cm/s) 13.4 ± 2.60 05.9 ± 3.0‡ 06.3 ± 3.3‡

Average E/e’ 6.2 ± 1.3 19.1 ± 8.2‡ 17.4 ± 8.9‡

TR velocity (m/s) 2.2 ± 0.2 02.9 ± 0.5† 02.8 ± 0.7*

Stroke volume index (cc/m2) 41 ± 80 0.63 ± 13‡ 0.61 ± 16‡

Global longitudinal strain (%) 18.4 ± 3.60 13.1 ± 4.4‡ 12.2 ± 4.3‡

Systolic dyssynchrony index (ms) 26 ± 11 0.52 ± 28† 0.46 ± 22†

Diastolic dyssynchrony index (ms) 21 ± 11 0.44 ± 25† 0.40 ± 26*

QRS duration (ms) 82 ± 12 .100 ± 32* 0.98 ± 26*

*p < 0.05, †p < 0.01, ‡p < 0.001 vs. normals; §p < 0.05, ‖p < 0.01, ¶p < 0.0001; AR + PEF vs. AR + REF. AR + PEF: chronic aortic regurgitation and pre-
served LV ejection fraction, AR + REF: chronic aortic regurgitation and reduced LV ejection fraction, ACEI/ARB: use of angiotensin converting enzyme inhibi-
tor or angiotensin receptor blockers, LV: left ventricular, A: peak atrial filling velocity, E: peak mitral raid filling velocity, s’: peak systolic mitral tissue Doppler ve-
locity, e’: peak rapid filling mitral annular velocity, TR: tricuspid regurgitation
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that was similar to normal subjects and a higher pulse pressure 
in the moderate AR group. 

Forward stepwise regression indicated that global longitu-
dinal strain was best correlated with the LV EF (p < 0.0001), 
E/e’ (p < 0.0001), and the TR velocity (p = 0.0061). The over-
all correlation (r = 0.6416) was only moderate in strength.

Discussion
In this study, we demonstrated that in patients with AR + 

PEF there was significant longitudinal systolic dysfunction as 
characterized by reduced global longitudinal strain (less nega-
tive), reduced peak systolic mitral annular velocities, and sys-
tolic dyssynchrony. Diastolic function was abnormal with re-
duced peak early diastolic annular velocities, increased isovolumic 
relaxation times, increased E/e’ ratio, increased TR velocities, 
elevated left atrial volume index, and diastolic dyssynchrony. 
Chronic AR + PEF patients surprisingly demonstrated signif-
icant concentric LV hypertrophy associated with larger LV vol-
ume index. Independent correlates of global longitudinal 
strain included LV EF, E/e’, and TR velocity. Using a hyperten-
sive cardiovascular group as a comparator, global longitudinal 
strain was still reduced. There were only 16 patients in the 
AR + PEF group without a history of hypertension and 12 with-
out LV hypertrophy. The numbers were too few to perform 
meaningful statistical assessment as to whether AR + PEF 
without hypertension or LV hypertrophy resulted in reduced 
in global longitudinal strain. In AR + REF patients, there was 
eccentric hypertrophy with a further increase in LV volume in-
dexes, and a similar increase in left atrial volume index. Great-
er abnormalities in longitudinal systolic function were noted 
in AR + REF likely related to a lower EF. Increased abnor-
malities in diastolic function as demonstrated by even greater 
reductions in the peak early diastolic mitral annular velocities 
and a greater increase in the E/e’ and isovolumic relaxation 
time. There appear to be little difference between patient 
with moderate vs. severe AR with the exception of a lower in-
cidence of hypertension in AR + REF and higher pulse pres-
sure in AR + PEF. 

Previous literature
Reduced longitudinal function in patients with aortic ste-

nosis,5) heart failure with preserved EF,6) and in hypertensive 
heart disease7) has been previously described using mitral annular 
tissue velocities,13) tissue Doppler strain and strain rate,14)15) and 
speckle tracking.16) Similarly, in chronic AR patients, reduced 
longitudinal function has been noted using tissue Doppler17) 
and velocity vector imaging18) in patients with moderate or 
greater AR. Of note, in additional to global longitudinal (or 
regional) strain, abnormalities have been noted in global cir-
cumferential strain19) and radial strain20) in patients with severe 
AR. Using three-dimensional strain assessment, global longi-
tudinal, global circumferential, and global area strain was not-
ed to be reduced in patients with AR + PEF.21) Increased arte-

rial pressure22) has been noted to be inversely related to global 
longitudinal strain. Finally, Park et al.23) has demonstrated that 
global longitudinal strain was a predictor of mortality in patient 
with chronic aortic regurgitation.

Our retrospective analysis indicates similar findings of re-
duced global longitudinal strain and reduced longitudinal sys-
tolic velocities (mitral annular) in a cohort of patients with pre-
served and reduced LV EF with moderate or severe AR. There 
were no differences in longitudinal function with moderate vs. 
severe AR. Furthermore, when AR + PEF was compared to a 
patient group with concentric hypertrophy (hypertensive car-
diovascular disease), global longitudinal strain was reduced. Our 
study was larger and specifically segmented patients by EF 
which differs from previous studies. We did not find that arte-
rial pressure was a predictor of global longitudinal strain. The 
inclusion of E/e’ and TR velocity as independent predictors of 
global longitudinal strain are interesting findings. Both these 
indices might suggest that LV filling pressures are elevated11) 
but the use of E/e’ as an estimate of LV filling pressure in AR 
has not been previously validated. We suspect that LV filling 
pressures might be elevated due to TR velocities averaging 
2.8–3 m/s, increased left atrial volume indexes, and impaired 
relaxation. As few of these patients underwent left heart cathe-
terization at the time of their echocardiogram, we are unable 
to provide additional insight. 

An additional finding not previously noted was an increase 
in measures of systolic and diastolic dyssynchrony in both AR 
groups. Increases in these indices likely reflect abnormal iso-
volumic indices and was also seen in patient with hypertensive 
cardiovascular disease and likely related also to increased LV 
mass index. 

Limitations
As this is a retrospective study, not all patents receiving an 

echocardiogram during the defined time period were selected 
for inclusion. Selection criteria resulted in 23 patients being ex-
cluded. It would be speculative to determine the effect of their 
inclusion on the data. Also, as patients were referred for echo-
cardiography, there is a referral bias.

Unlike speckle tracking derived strain, tissue Doppler re-
quires that the apical views be as parallel as possible to the im-
aging beam. The appropriate size of the sample volume used 
has never been established. We chose a 5 mm wide and 10 mm 
long sample volume to provide a long enough sample where the 
value would reflect the average of the area which would be simi-
lar to what is obtained with speckle tracking. Our intra-observ-
er and inter-observer variability for tissue Doppler strain was 
both sufficiently small enough to allow the observed differences 
between groups to be meaningful but were larger than pub-
lished values for speckle tracking.4) The rigid evaluation ap-
proach may have contributed to smaller values for intra-ob-
server and inter-observer variability. The decision to divide AR 
patients based on EF was arbitrary. EF was chosen since valvu-
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lar heart disease guidelines9) use severe AR and EF < 50% as an 
indication for aortic valve replacement. Separating groups on 
the basis of the degree of AR has limitations in the precision of 
the series of measurement to determine the extent of AR.9) Fi-
nally, there are always unknown and unmeasured differences 
not accounted for between groups.

Clinical implications
Reduced longitudinal systolic function as characterized by 

reduced global longitudinal strain and peak mitral annular 
systolic velocities in the setting of preserved LV EF indicates 
that EF may be a misleading indicator of LV systolic function 
in moderate or greater chronic AR. Heart failure in the setting 
of chronic AR is likely to portend a worse prognosis and yet 
the LV EF may be near normal9) in some patients. LV remodeling 
with increased LV volumes and mass result in a ventricular shape 
that is not conducive to longitudinal shortening and length-
ening. The result may be a spherical left ventricle that may eject 
> 50% but does so with increased LV filling pressures and 
with impaired relaxation.

Conclusion
In this single center retrospective study, patient with AR + 

PEF demonstrated reduced global longitudinal strain associat-
ed with abnormal diastolic function with impaired relaxation 
and possibly elevated LV filling pressures in a remodeled LV 
with increased volume and mass. These findings are more ac-
centuated than in patients with hypertensive cardiovascular 
disease who also demonstrate reduced longitudinal dysfunc-
tion with concentric hypertrophy. Patient with AR + REF dem-
onstrated either similar findings or further significant reduc-
tion in the above indices.
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