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ABSTRACT 

Background. Previous studies have demonstrated that surgical ventricular restoration 

(SVR) has acute beneficial effects on mechanical dyssynchrony and left ventricular 

(LV) systolic function. However, chronic effects on systolic and diastolic function are 

largely unknown. 

Methods. We studied 8 patients with ischemic dilated cardiomyopathy who underwent 

SVR, restrictive mitral annuloplasty and coronary artery bypass grafting.In all patients, 

invasive hemodynamic measurements by the conductance catheter were performed 

before and six months after surgery. In addition, NYHA classification, six-minute walk-

test, Minnesota Living with Heart failure questionnaire were assessed at the same time-

points.

Results. At six months follow-up, all patients were alive and clinically improved 

significantly (NYHA from 3.6±0.5 to 1.5±0.5, Minnesota-score from 45±23 to 16±16,

and six-minute walking distance from 300±133 to 442±89 m). Hemodynamic data 

showed significantly improved LV ejection fraction (from 31±8 to 40±14%), LV 

reverse remodeling (end-diastolic volume from 214±57 to 173±46 mL, end-systolic 

volume from 146±46 to 100±41 mL), and significantly improved intrinsic systolic 

function (end-systolic elastance from 0.98±0.31 to 1.51±0.82 mmHg/mL). In addition, 

mechanical efficiency significantly improved (0.40±0.12 to 0.55±0.13) with significant 

reduction of mechanical dyssynchrony (30±4 to 26±3%). However, parameters of 

diastolic function were unchanged six months after surgery (end-diastolic pressure: 

20±9 to 18±7 mmHg; dP/dtMIN: -1149±233 to –1189±307 mmHg/s; tau: 80±14 to 81±17

ms; chamber stiffness constant: 0.097±0.037 to 0.104±0.037 mmHg/mL). 

Conclusion. Surgical ventricular restoration leads to clinical improvement with 

sustained LV reverse remodeling, improved global and intrinsic systolic function and 

unchanged diastolic function. The improved clinical status after six months may be 

related to improved mechanical efficiency, intrinsic systolic function and reduced 

mechanical dyssynchrony. 
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INTRODUCTION

Chronic heart failure is one of the leading causes of morbidity and mortality in the 

Western world.
1
 In the majority of cases, the etiology in these patients is ischemic heart 

disease. More specific in patients after anteroseptal infarction, left ventricular (LV) 

aneurysm is a frequently observed complication. It leads to ineffective wall motion 

during the cardiac cycle and LV geometric shape changes resulting in inefficient LV 

pump function and adverse effects on remote myocardium.
2
 These changes will increase 

the systolic workload in the remote myocardium, which may contribute to progressive 

heart failure.
3
 Despite optimal medical treatment, patients with LV aneurysm often 

remain symptomatic and surgery may be indicated. Surgical ventricular restoration 

(SVR) by endoventricular circular patch plasty is increasingly performed in these 

patients. This technique can exclude akinetic or dyskinetic portions of the anterior wall 

and septum, reshapes the LV by the use of a patch to re-establishes the ventricular wall 

continuity.
4
 Long-term studies have been demonstrated that SVR is safe and highly 

effective in the treatment of ischemic cardiomyopathy with reduction of end-systolic 

volume and favorable five-year outcome.
5

Currently, little is known about the mechanisms of SVR on long-term LV systolic and 

diastolic function. Recent hemodynamic studies have demonstrated that SVR acutely 

reduces LV mechanical dyssynchrony with acute improvement of intrinsic LV systolic 

function.
6,7

 In these studies, no data is available about the acute effects on diastolic 

function while some studies suggest that SVR may induce diastolic dysfunction.
8,9

Furthermore, limited data are available regarding chronic hemodynamic effects of SVR 

on LV function. Therefore, the purpose of this study is to evaluate these effects by use 

of invasive hemodynamic measurements derived by the conductance catheter before and 

six months after surgery. 

METHODS

Patients

In this study we included 8 patients with ischemic dilated cardiomyopathy (NYHA class 

III/IV, LVEF < 35%) who underwent SVR. All patients underwent restrictive mitral 

annuloplasty for at least moderate to severe mitral regurgitation (grade ≥ 2) and all 

underwent additional CABG. All patients received stable medical therapy for chronic 
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heart failure, including diuretics (n=7), spironolactone (n=5), -blockers (n=6), and 

ACE inhibitors (n=6). All patients gave informed consent and procedures were 

conducted in accordance with institutional guidelines. Patient characteristics are 

summarized in table 1. 

Table 1. Patient characteristics 

Number of patients (n) 8 

Male / Female 6/2 

Age (years) 62±7

NYHA class 3.6± 0.5 

LVEF (%) 27±8

Angina (n) 5 

Mean stenosed coronary arteries 2.3±0.9 

Duration of symptoms (median, months) 8 (2-14) 

Post-MI time (median, months) 3 (8-144) 

NYHA: New York Heart Association, MI: myocardial infarction

Study protocol 

All patients underwent routine right and left heart catheterization at baseline (i.e. pre-

surgery) and six months after surgery, including thermodilution cardiac output, left 

ventriculography, and coronary angiography. In addition, a conductance catheter was 

placed in the LV via the femoral artery, and a temporary pacing lead was positioned in 

the right atrium.  

Hemodynamic measurements. The conductance catheter enables on-line measurement 

of multiple segmental volume slices perpendicular to the LV long axis. We used 7F 

combined pressure-conductance catheters with 1-cm interelectrode spacing (CD 

Leycom, Zoetermeer, The Netherlands). The catheter was connected to a Cardiac 

Function Lab (CD Leycom) for on-line display and acquisition (sample frequency 

250Hz) of segmental and total LV volumes, LV pressure and ECG. Total LV volume 

(VLV) is obtained as the instantaneous sum of the segmental volumes. VLV was 

calibrated using thermodilution and hypertonic saline dilution as previously described.
10

Right atrial pacing was performed at 80 beats/min. All measurements were repeated 

during re-catheterization at least six months after surgery. 



Long-term hemodynamic effects of SVR 

183

Clinical evaluation. Evaluation of clinical status included assessment of NYHA 

functional class, quality-of-life score (using the Minnesota quality-of-life questionnaire) 

and six-minute hall-walk test. 

Echocardiography. In patients with moderate to severe mitral regurgitation (grade ≥2)

on transthoracic echocardiography (TTE), additional transesophageal echocardiography 

(TEE) was performed within 5 days before surgery. The TTE and TEE were performed 

without general anesthesia to avoid underestimation of the severity of mitral 

regurgitation. The severity of mitral regurgitation was graded semi-quantitatively from 

color-flow Doppler in the conventional parasternal long-axis and apical 4-chamber 

images.
11,12

 When the severity of mitral regurgitation was less than 3+, a loading test (as 

described previously
13,14

) was performed during anesthesia just before surgery. During 

these provocative tests, the severity of mitral regurgitation is followed, and patients who 

deteriorate to grade 3 or 4+ mitral regurgitation underwent restrictive mitral 

annuloplasty. Immediately after surgery, TEE was repeated to assess residual mitral 

regurgitation, transmitral diastolic gradient (determined from continuous-wave 

Doppler), and length of coaptation of the mitral leaflets (ideally ≥ 8 mm). Six months 

after surgery, TTE was performed to assess the severity of mitral regurgitation. All TTE 

measurements were analyzed in random order by two independent observers without 

knowledge of the clinical status of the patient and the timing of the echocardiogram. 

Surgical procedures

SVR was performed by the endoventricular circular patch plasty as previously described 

by Dor.
4,15

 Briefly, the left ventricle was opened through the infarcted area. An 

endocardial encircling suture (Fontan Stitch) was placed at the transitional zone 

between scarred and normal tissue. A balloon containing 55mL/m
2

body surface area 

saline was introduced into the LV and the Fontan stitch was tightened to approximate 

the ventricular wall to the balloon. An oval dacron patch was tailored and used to close 

the residual orifice. The excluded scar tissue was closed over the patch to ensure 

hemostasis. Care was taken to eliminate all septal scar and to delineate a new LV apex 

with the goal to restore the normal elliptical shape. After completion of the LV 

restoration, a stringent restrictive mitral annuloplasty (2 sizes smaller than measured) 

was performed in these patients via an atrial transseptal approach using a Carpentier 

Edwards Physio ring (Edwards Lifesciences, USA). 
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Data-analysis 

LV function was quantified by cardiac output (CO), LV ejection fraction (LVEF) and 

stroke volume (SV), end-diastolic and end-systolic volume (EDV, ESV), end-systolic 

and end-diastolic pressure (ESP, EDP), maximal and minimal rate of LV pressure 

change (dP/dtMAX, dP/dtMIN). The time constant of relaxation (τ) was determined using 

phase-plot analysis.
16

 Stroke work (SW) was calculated as the area of the pressure-

volume loop. Mechanical efficiency (ME) was calculated as the ratio of external stroke 

work and pressure-volume area (PVA) as a measure of total mechanical work: 

ME=SW/PVA
17

. LV end-systolic elastance (Ees) was estimated by ESP/ESV as 

relatively load-independent indexes of systolic function. LV end-diastolic chamber 

stiffness (CS) was estimated by EDP/EDV to characterize passive late diastolic 

function. Nonuniform LV performance was determined from the segmental LV 

conductance signals and quantified by calculating the percentage of time within the 

cardiac cycle that a specific segment is dyssynchronous (i.e. opposite in phase with the 

global LV volume signal). Overall LV dyssynchrony (DYS) was determined as the 

mean of the segmental dyssynchronies. In addition, we calculated the internal flow 

fraction (IFF), which quantifies the ineffective shifting of blood volume within the LV 

due to nonuniform contraction and filling
18

.

Statistics

Pre- and post data were compared with paired t-tests. Statistical significance was 

assumed at p < 0.05. All data are presented as the mean value ± SD.

RESULTS

There were no peri-operative or hospital deaths and all patients were alive at six months 

follow-up. After surgery, two patients needed intra-aortic balloon pump to wean from 

cardiopulmonary bypass and six patients needed inotropic support (dobutamine > 2 

µg/kg/min) more than 24 hours postoperatively. Immediate after surgery, 

transesophageal echocardiography was performed and showed restored leaflet 

coaptation with no residual mitral regurgitation. Surgical details are summarized in 

table 2. 
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Table 2. Surgical data

CPB (minutes) 228±46 

Aox (minutes) 155±29 

Number of distal anastomosis 3±1

Ring size 25± 1 

Pre-operative TEE  

-MR-grade   

-AML (cm) 

-MA   (cm) 

-MA/AML-ratio 

-Coaptation 

2.5± 0.9 

2.88± 0.11 

3.81± 0.64 

1.32± 0.22 

0.21±0.07 

Post-operative TEE  

-MR-grade  

-Coaptation (cm) 

-MV-gradient (mmHg) 

0.1±0.4 

0.78±0.13 

2.57±1.02 

ICU-stay (days) 5±2

Hospital stay (days) 16±5

CPB, Cardiopulmonary bypass; AoX, Aortic cross clamping time; TEE, Transesophageal 

echocardiography; MR, Mitral regurgitation; AML, Anterior mitral leaflet; MA, Mitral annulus MV, 

Mitral valve; ICU: Intensive care unit

Clinical and hemodynamic data. Clinical parameters as NYHA functional class, 

quality-of-life score (using the Minnesota quality-of-life questionnaire) and 6-minute 

hall-walk test significantly improved from baseline to six months follow-up (Table 3). 

QRS duration was unchanged and mitral valve repair was successful in all cases with no 

recurrence of mitral regurgitation at six months follow-up.  

The chronic effects of surgery on LV function are summarized in detail in table 3. 

LVEF improved significantly, whereas EDV and ESV were significantly reduced at six 

months follow-up, indicating substantial reversed remodeling. Stroke volume was 

unchanged at six months follow-up. Improved intrinsic systolic function was evidenced 

by the significant increase in the end-systolic elastance (Ees). End-diastolic pressure, 

active relaxation (τ), dP/dtMIN, and CS, all parameters of diastolic function, were 

unchanged, indicating unchanged LV diastolic function six months after SVR. 

Furthermore, at six month follow-up, mechanical dyssynchrony was reduced as shown 

by significantly reduced DYS, whereas IFF showed a clear tendency to be reduced. 

Mechanical efficiency was significantly improved at six months follow-up, resulting 

from a significant increase of SW in combination with a significant decrease of PVA. 
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Table 3. Clinical and hemodynamic data 

Parameter Baseline 6 months follow-up P-value 

NYHA class 3.6±0.5 1.5±0.5 <0.001

QoL-test 45±23 16±16 0.028 

6-minute HWT (m) 300±133 442±89 0.003 

QRS-duration (ms) 103± 19 109± 15 0.348 

MR-TTE (grade) 2.1±0.7 0.4±0.5 0.001 

HR (bpm) 80±2 83±2 0.059 

SV (mL) 64±17 65±12 0.619 

CO (L/min) 5±1 5±1 0.270 

ESV (mL) 146±46 100±41 0.014 

EDV (mL) 214±57 173±46 0.034 

EF (%) 31±8 40±14 0.032 

ESP (mmHg) 133±33 124±28 0.319 

EDP (mmHg) 20±9 18±8 0.435 

dPdtMax (mmHg/s) 1270±254 1283±240 0.906 

dPdtMin (mmHg/s) -1149±233 -1189±307 0.577 

SW (mmHg.mL) 5971±1749 6878±1266 0.062 

Tau (ms) 80±15 81±18 0.966 

Ees (mmHg/mL) 0.98±0.31 1.51±0.82 0.049 

CS (1/mmHg) 0.097±0.037 0.104±0.037 0.667 

ME 0.40±0.12 0.55±0.13 0.020 

PVA (mmHg.mL) 16000±5160 13047±3407 0.044 

DYS (%) 30±5 26±3 0.058 

IFF (%) 61±25 41±19 0.169 

NYHA, New York Heart Association; QoL, Quality of life; HWT, Hall walk test; MR-TTE, Mitral 

regurgitation on transthoracic echocardiography; HR, Heart rate; CO, Cardiac output; ESV,End-systolic 

volume; EDV, End-diastolic volume; EF; Ejection fraction; ESP, End systolic pressure; EDP, End-

diastolic pressure; SW, Stroke work; Ees, End-systolic elastance; CS, Chamber stiffness ;ME, 

Mechanical efficiency; DYS, Dyssynchrony; IFF, Internal flow fraction 

DISCUSSION 

SVR by endoventricular circular patch plasty has been applied in patients with ischemic 

dilated cardiomyopathy complicated by an apicoseptal LV aneurysm. The short-term 

effects of this procedure on LV function are beneficial and consists of acute LV volume 

reduction with a decrease of mechanical dyssynchrony and improved LV systolic 
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function.
6,19

 The purpose of the present study was to quantify chronic hemodynamic 

effects of SVR and in particular the effects on diastolic function. 

The results of this study demonstrate that SVR leads to clinical improvement with 

improved LV hemodynamics. At six months follow-up, sustained LV reverse 

remodeling and improved global and intrinsic systolic function were observed. 

Furthermore, mechanical dyssynchrony was significantly reduced with significantly 

improved mechanical efficiency of the LV. Parameters of early (dP/dtmin, tau) and late 

diastolic function (EDP, CS) were unchanged six months after surgery, indicating that 

volume reduction and patch insertion did not compromise LV diastolic function. 

LV reverse remodeling. Our results demonstrated a 20% and 31% reduction of EDV 

and ESV respectively at six months follow-up. The observed decrease in EDV and ESV 

is consistent with the findings of Qin et al. showing similar reductions of EDV (25%) 

and ESV (35%) at six months follow-up in 30 patients who underwent SVR and mitral 

valve repair.
20

Somewhat larger reductions in LV volumes were reported in studies by Schreuder et al. 

and Di Donato et al.
6,7

 These larger reductions may be due to a more extensive surgical 

volume reduction related to larger pre-operative LV volumes. Alternatively, these 

differences may reflect redilation, because ours and Qin's studies were done at six 

months follow-up, whereas the studies by Schreuder and Di Donato were performed 

acutely after surgery. Findings of a later study by Di Donato et al., showing a reduction 

in EDV and ESV of 31% and 44% respectively at 12 months follow-up, may suggest 

some redilation at late follow-up.
21

A possible explanation for redilation in the study of Di Donato is the high recurrence of 

mitral regurgitation (38%) at 12 months follow-up. Qin et al. emphasized the 

importance of effective mitral valve repair in SVR patients as a pronounced redilation 

was occurred in patients with recurrence of mitral regurgitation.
20

 However, in our study 

no recurrence of mitral regurgitation occurred after six months follow-up. Therefore, it 

may be suggested that the smaller volume reduction at six months in our study may be 

result from less extensive resection in the acute phase due to smaller pre-operative LV 

volumes. Long-term sustained volume reduction has been confirmed by a recent study 

by Fujii et al. reporting 33% reduction in EDV after isolated SVR at 23 days, which was 

unchanged at 32 months follow-up.
22
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Systolic function. Our data confirm previous findings regarding improved LVEF, 

unchanged SV and reduced LV volumes after SVR.
23,24

 However, to our best 

knowledge, the present study is the first study with invasive hemodynamic 

measurements before and six months after SVR. At six months follow-up, a significant 

increase in Ees (from 0.98±0.31 mmHg/mL to 1.51±0.82 mmHg/mL) was observed in 

our study, indicating improved long-term intrinsic systolic function. Furthermore, 

mechanical efficiency was significantly improved with a significant reduction in 

mechanical dyssynchrony. These results are in line with previous findings by Schreuder 

et al. reporting a significant acute increase in Ees (from 1.2±0.6 mmHg/mL to 2.2±1.0 

mmHg/mL), reduced mechanical dyssynchrony and improved LV mechanical 

efficiency.
7
 Similarly, Tanoue et al. reported a similar significant increase in Ees (from 

1.15±0.6 mmHg/mL to 1.86±0.84 mmHg/mL) and improvement of ventricular 

efficiency derived by LV angiography 3 to 4 weeks postoperatively.
25

 However, these 

previous findings merely reflect acute changes of SVR on LV systolic function. Our 

study demonstrated that the increase in Ees is sustained after six months follow-up. 

Therefore, the improvement of intrinsic systolic function immediate after SVR is 

sustained on the long-term. These chronic effects are possibly due to positive acute 

effects on the remote myocardium by reduction of mechanical dyssynchrony, 

improvement of mechanical efficiency and reduction in LV wall stress. Schreuder et al. 

found that changes in Ees are inversely related to parameters of mechanical 

dyssynchrony and energy efficiency. Presumably, the chronic beneficial effects on Ees 

found in our study are mainly related to acute beneficial effects. 

Diastolic function. In this study, both early and late diastolic function were unchanged 

at six months follow-up. This is an important finding as endoventricular circular patch 

plasty may induce diastolic filling abnormalities with a restrictive pattern.
9

Previous acute studies reported altered early diastolic function after SVR with improved 

active relaxation (τ).
6,7

 These acute effects may be related to direct effects of 

revascularization
26,27

 and effects of cardiopulmonary bypass.
28,29

 Schreuder et al.
7
 found 

an increase in EDP (from 9.4±3 to 13.8±3 mmHg) after SVR, however these changes 

may be due to effects of postoperative edema.
30

 Di Donato et al. recently demonstrated 

that EDP was unchanged (from 20±12 to 17±8 mmHg) 10 days after SVR. These 

findings are in line with ours as EDP was unchanged (from 20±9 to 18±8 mmHg) after 

SVR at six months follow-up. In addition, diastolic chamber stiffness was unchanged 

after six months follow-up, indicating that volume reduction and insertion of patch 
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plasty does not increase diastolic chamber stiffness. These data imply that SVR does not 

alter diastolic function six months after surgery. 

In conclusion, surgical ventricular restoration leads to clinical improvement with 

sustained LV reverse remodeling, improved global and intrinsic systolic function and 

unchanged diastolic function. The improved clinical status after six months may be 

related to improved mechanical efficiency, intrinsic systolic function and reduced 

mechanical dyssynchrony. 
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