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23 Abstract

24 Objective: To quantify regional three-dimensional (3D) motion and myocardial strain using magnetic resonance (MR) tissue tagging in
25 patients with non-ischemic dilated cardiomyopathy (DCM). Methods: MR grid tagged images were obtained in multiple short- and
26 long-axis planes in thirteen DCM patients. Regional 3D displacements and strains were calculated with the aid of a finite element model.
27 Five of the patients were also imaged after LV volume reduction by partial left ventriculectomy (PLV), combined with mitral and tricuspid
28 valve repair. Results: DCM patients showed consistent, marked regional heterogeneity. Systolic lengthening occurred in the septum in
29 both circumferential (%S 2567%) and longitudinal (%S 2265%) shortening components (negative values indicating lengthening). InC L

30 contrast, the lateral wall showed relatively normal systolic shortening (%S 1266% and %S 665%, P,0.001 lateral vs. septal walls). AC L

31 geometric estimate of regional stress was correlated with shortening on a regional basis, but could not account for the differences in
32 shortening between regions. In the five patients imaged post-PLV, septal function recovered (%S 965%,%S 665%, P,0.02 pre vs.C L

33 post) with normalization of wall stress, whereas lateral wall shortening was reduced (%S 766%,%S 363%, P,0.02 pre vs. post)C L

34 around the site of surgical resection. Conclusions: A consistent pattern of regional heterogeneity of myocardial strain was seen in all
35 patients. Reduced function may be related to increased wall stress, since recovery of septal function is possible after PLV. However,
36 simple geometric stress determinants are not sufficient to explain the functional heterogeneity observed.  2000 Elsevier Science B.V.
37 All rights reserved.
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40 1. Introduction between patients, with reduced function noted in inferior, 51

septal and anterior walls and segments of preserved 52

41 Dilated cardiomyopathy (DCM) of non-ischemic etiolo- function typically located in the lateral wall [1–5]. The 53

42 gy is typically associated with global eccentric left ven- purpose of this study was to quantify the regional variation 54

43 tricular (LV) hypertrophy, increased LV volume and re- of three-dimensional (3D) myocardial function in a series 55

44 duced ejection fraction. Regional heterogeneity of LV of patients with non-ischemic DCM. We hypothesized that 56

45 function in non-ischemic DCM has been reported using there exists a consistent pattern of regional heterogeneity 57

46 echocardiography [1], tissue Doppler ultrasound [2], left and that this pattern can be characterized using MR tissue 58

47 ventriculography [3], cine MRI [4] and radionuclide tagging. 59

48 studies [5]. However, none of these methods allow quan- In order to quantify regional myocardial shortening and 60

49 titative measurements of material contraction and deforma- deformation (strain), the 3D motions undergone at specific 61

50 tion. The reported pattern of heterogeneity varies widely material points must be reconstructed throughout the LV. 62

Myocardial tissue tagging with magnetic resonance (MR) 63

imaging is a non-invasive method in which large numbers 646 *Corresponding author. Tel.: 11-649-373-599, ext. 6115; fax 11-649-
97 373-7484.
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65 of material points can be tagged and tracked within the Vision magnet (Siemens Medical Systems, Erlangen, 115

66 myocardium throughout systole [6,7]. One- and two-di- Germany) with a body phase array coil. A segmented 2D 116

67 mensional analyses of myocardial function in the image Flash sequence was used to acquire breath-hold short-axis 117

68 plane have produced useful measurements of regional and long-axis untagged cine images at end-expiration (end- 118

69 displacement, torsion and shortening in normal and disease tidal volume). Nine phase-encoding lines were acquired 119

70 states [8,9]. However, these are dependent on orientation during each cardiac cycle for each cardiac phase. Echo- 120

71 and placement of the tag stripes and image planes, which sharing techniques were used to double the number of 121

72 are typically not in the directions of maximal shortening or cardiac phase images, giving a temporal resolution of 50 122

73 lengthening [10,11]. A complete strain analysis requires ms. The matrix size of the acquisition was typically 1283 123

74 the estimation of all components of the 3D strain tensor, as 256 over a FOV of 225–400 mm, resulting in acquisition 124

75 well as the associated displacements and rotations. In this duration of approximately 14 cardiac cycles. The remain- 125

76 investigation we used a finite element model of the LV to ing acquisition parameters were as follows: TR/TE5100/ 126

77 reconstruct the 3D displacements of all the tags in all 4.8 ms, flip angle5208, slice thickness58–10 mm. Ve- 127

78 images simultaneously [10]. This method has previously locity compensation was applied in the frequency-encoding 128

79 been validated using MR phantoms under well-described direction. End-diastolic volume (EDV), end-systolic vol- 129

80 deformations [10] and has been applied in vivo to both ume (ESV), ejection fraction (EF), stroke volume (SV), 130

81 normal volunteers and patients with hypertrophic car- and myocardial wall mass were calculated from the cine 131

82 diomyopathy [11]. images using commercially available software (Argus, 132

Siemens Medical System, Iselin, NJ, USA) and are shown 133

in Table 1. 134

83 2. Methods A contiguous set of short-axis tagged images of the 135

heart, at levels corresponding to the cine images, was 136

84 All studies were approved by institutional review and acquired with an echo-shared, segmented k-space version 137

85 ethics committees and all subjects gave informed consent. of the Spamm imaging sequence [6]. The tag spacing in 138

86 The investigation conforms with the principles outlined in the orthogonal grid pattern was 8 mm and the tag lines 139

87 the Declaration of Helsinki. were oriented at 458 relative to the imaging axes. The 140

imaging parameters were the same as those used for the 141

88 2.1. Patient group breath-hold cine MRI acquisition described above, except 142

for TR/TE590/4 ms, flip angle5158, and lack of velocity 143

89 Fifteen patients with DCM of non-ischemic origin compensation in the frequency-encoding direction. A set of 144

90 (confirmed by coronary angiography) were selected for four long-axis tagged image slices (temporal resolution 45 145

91 MR imaging from a larger cohort enrolled in a study ms) were also acquired at equal 458 increments around the 146

92 investigating the role of partial left ventriculectomy (PLV) LV central axis, starting at the plane passing simultaneous- 147

93 in end-stage DCM [12]. Patients (Table 1) were selected ly through the mid-septum, center of the LV cavity and LV 148

94 consecutively on the basis of suitability for MRI (con- free-wall. Fig. 1 shows typical short- and long-axis tagged 149

95 traindications primarily involved severe shortness of images. Two of the fifteen patients had insufficient long- 150

96 breath, also some patients had implanted pacemakers or axis images to perform a 3D analysis, leaving a total of 151

97 defibrillators, or had claustrophobia). All patients were eighteen studies for 3D strain analysis (thirteen baseline 152

98 candidates for heart transplant, with NYHA class III (47%) and five follow-up studies post-PLV). In four patients the 153

99 or IV (53%) heart failure and LV end-diastolic diameter57 follow-up study was performed 3 months after PLV; the 154

100 cm by echocardiography [12]. Two patients had inotropic other follow-up study was performed 9 months post-PLV. 155

101 support (Nos. 5 and 9 in Table 1). Five of the patients
102 were also imaged after PLV, in which LV volume was 2.3. Image processing 156

103 reduced by resection of a portion of the LV free-wall
104 between, and sometimes including, the LV papillary mus- The inner and outer boundaries of the LV were manually 157

105 cles. This procedure also included mitral valve repair drawn on all slices at end-diastole (ED) and end-systole 158

106 involving an annuloplasty ring and an Alfieri repair [12]. (ES) so as to enclose the LV free wall and septum (Fig. 2). 159

107 Four of the five post-PLV patients also had a tricuspid Tag stripes were semiautomatically tracked from ED to ES 160

108 valve repair, and in one case the papillary muscles were using a previously described and validated technique 161

109 resected and reattached during PLV. In the other ten cases, [10,11]. This resulted in a grid of tracked stripe points with 162

110 MR imaging was not possible after PLV due to implanted a spacing of approximately 2 mm between points (Fig. 2). 163

111 cardiac defibrillators (ICD), or occasionally a ventricular The tracked tag points were manually corrected or deleted 164

112 assist device. in cases where the stripe tracking procedure failed due to 165

insufficient image information. The 3D locations of the 166

113 2.2. Image acquisition final stripe points were calculated from the placement of 167

the image slice in space, which was encoded in the image 168

114 All imaging was performed using a 1.5 T Siemens header. 169
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172

173 Fig. 1. Typical short (top) and long (bottom) axis tagged images from a DCM patient at ED (left) and ES (right). Note circumferential and longitudinal
174 stretching of the tags in the septal wall during systole.

175 2.4. Reconstruction of 3D deformation dl 2 dlED ES
]]]]%S 5 ? 100% (1) 198A dlED176 The geometry and deformation of the LV was recon-

177 structed with the aid of a finite element model, as where A is one of the C, L or R directions, %S is the 199A

178 described previously [10,11]. The model consisted of 16 percentage shortening or lengthening in this direction, dl 200ED

179 elements, each with cubic interpolation in the circumferen- and dl are the lengths of an infinitesimal material line 201ES

180 tial (C) and longitudinal (L) directions and linear transmur- segment (oriented in this direction at ED) at ED and ES, 202

181 al (R) interpolation. Nodal values were shared between respectively. Note that lengthening is negative and short- 203

182 neighboring elements to give continuity in both position ening positive in this description. Shear angles (a ) were 204AB

183 and slope. The model interpolated the tag displacement calculated as the change in angle between infinitesimal line 205

184 constraints between tag and image planes, resulting in a segments initially oriented at right angles in the A and B 206

185 consistent 3D displacement field. directions, where A and B are any of the C, L or R 207

186 Displacement and strain measures at any point in the directions (not both the same). See Appendix for details. 208

187 model could be calculated using standard methods of Regional heterogeneity was quantified by calculating the 209

188 continuum mechanics [13,14]. Displacements were sepa- standard deviation of shortening over circumferential or 210

189 rated into three components: longitudinal motion (in the longitudinal regions for each subject (‘regional disper- 211

190 direction of the LV central axis), radial motion (towards or sion’). Regional dispersion was also calculated in 12 212

191 away from the LV central axis) and rotation (about the LV normal volunteers from regional data acquired in a previ- 213

192 central axis). For these measurements, the LV central axis ous study using similar methods [11]. 214

193 was defined as the line joining the centroids of the most
194 basal and most apical endocardial short axis contours at 2.5. Geometric stress estimate 215

195 each time (ED and ES). The percentage length changes
196 (i.e. the percentage shortening or lengthening of myocar- A geometrically-based estimate of regional stress (GS) 216

197 dium) was defined in each of the C, L and R directions as was calculated from the model geometry and cuff blood 217
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220

221 Fig. 2. LV boundaries and tracked stripes shown as an overlay on the same images as Fig. 1.

222 pressure measurements using Mirsky’s thick-walled ellip- the term in brackets is ignored, Eq. (2) becomes a simple 242

223 soid formula [15] LaPlacian estimate of stress based on a thin-walled cylin- 243

der. 244
2Pr t r tES ES ES ES

]] ]] ] ]224 GS 5 1 2 2 1 (2)S D2 2t 2r 2a 8aES ES

2.6. Statistical analysis 245

225 where P 5 (SBP 2 DSP)/3 1 DBP is an estimate of mean
226 arterial pressure taken from the systolic (SBP) and dias- Displacement and strain data were averaged into 16 246

227 tolic (DSP) cuff pressures, r is the regional radius of regions in accordance with the recommendations of the 247ES

228 circumferential curvature at ES, t is the regional wall American Society of Echocardiography Committee on 248ES

229 thickness at ES and a is the distance from the origin to the Standards [20]. The LV was divided into three longitudinal 249

230 apex (also at ES). Regional circumferential radius of portions (apex, mid and base) which in turn were divided 250

231 curvature was substituted for the minor semi-axis distance into four (for the apex) or six (for midventricle and base) 251

232 in Eq. (2) in order to provide a regional stress estimate. regions. Repeated measures ANOVA was used to test for 252

233 Curvature was calculated at the model midwall surface regional differences in displacement and strain as well as 253

234 using standard formulae of differential geometry, as de- changes post-PLV. Global volume and haemodynamic data 254

235 scribed previously [16] (a large number of evenly distribut- were compared pre- and post-PLV with a paired t-test. A P 255

236 ed samples were averaged for each region). Longitudinal value of less than 0.05 was required to reject the null 256

237 curvature was not substituted for major semi-axis (a in Eq. hypothesis that there were no regional differences, or no 257

238 (2)), since relatively few long axis slices were available difference pre- and post-PLV. The patient results were also 258

239 and estimates of longitudinal curvature were found to be compared with published data from a set of twelve normal 259

240 variable (longitudinal radii of curvature were often very volunteers who were studied previously using a similar 3D 260

241 large and sometimes changed sign around the ventricle). If tagging analysis [11]. 261
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263 Table 1
a264 Patient data and global function derived from untagged MR images

265
266 Patient Age Sex Wt, Ht, EDV ESV SV EF Mass SBP DPB HR
267 no. (kg) (cm) (ml) (ml) (ml) (%) (g) (mmHg) (mmHg) (bpm)
268
269 1 57 M 66 168 337 295 42 12 345 97 74 93
270 2 50 M 93 178 536 435 101 19 437 106 67 103
271 3 58 M 79 178 737 676 61 8 555 92 64 102
272 4 68 F 65 167 237 189 48 20 284 117 61 90
273 5 34 M 86 189 621 567 54 9 453 99 75 118
274 6 62 M 74 174 327 236 91 28 377 127 79 64
275 7 67 M 75 193 610 561 49 8 377 80 54 110
276 8 53 F 65 164 466 408 58 12 374 97 71 88
277 9 66 M 90 176 292 250 42 14 281 101 70 115
278 10 47 M 96 166 315 277 38 12 339 126 98 110
279 11 52 M 87 172 613 545 68 11 614 94 69 99
280 12 50 F 91 166 184 124 60 33 378 108 68 96
281 13 63 M 90 177 366 273 93 25 468 127 85 81

282 Mean 56 81 174 434 372 62 16 406 106 72 98
283

a284 Ht, height; Wt., weight; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; EF, ejection fraction; HR, heart rate; SBP, systolic
285 blood pressure; DBP, diastolic blood pressure. Of the fifteen patients imaged, two had insufficient long axis images for 3D quantification and were therefore
286 not included in the analysis.

314 3. Results 3.1. Displacement 325

315 Global functional parameters measured from the cine Rotation about the central axis was small and negative 326

316 (untagged) MR images are shown in Table 1. The average (i.e. clockwise as viewed from the apex) in most regions. 327

317 root mean square error between the tracked stripe points There was significant regional variation (ANOVA P, 328

318 and the reconstructed model points was 1.1 mm (range 0.5 0.001) with greater rotation in the anterior wall than 329

319 –1.8 mm) over the thirteen patients, with an average of posterior (P,0.001). LV torsion (i.e. the rotation of the 330

320 5339 stripe points fitted per study. These errors were apex relative to the base) was also small. This pattern of 331

321 comparable to the average image pixel size of 1.3 mm. rotation is very different from the normal anticlockwise 332

322 Displacement and strain results are presented in Tables 2 rotation of the apex (1138) and clockwise rotation of the 333

323 and 3, respectively, in which average values and standard base (228) found in healthy volunteers [11]. Longitudinal 334

324 deviations are given for each region. displacements (defined as motion parallel to the LV central 335

axis, positive towards the apex) were also smaller than 336
287 Table 2 normal (base displacement 3.5 mm vs. 12.5 mm in normal 337
288 Regional 3D displacement between ED and ES
289 volunteers [11]). Radial displacement is normally inward 338

a a a290 Region Rotation Longitudinal Radial (i.e. positive) but was reduced in the septum relative to 339
291 (8) (mm) (mm) lateral wall (ANOVA P,0.001 for overall variation; P, 340292
293 Apex 0.001 septal vs. lateral), with many patients showing 341
294 S 2265 2.961.6 1.061.2 outward septal motion (toward the RV). 342
295 P 165 20.261.4 1.360.9
296 L 2166 21.263.2 2.061.3

3.2. Strain 343297 A 2466 0.262.7 1.661.2

298 Mid
Circumferential shortening (%S in Table 3) typically 344C299 AS 2363 5.063.0 20.562.2

ranges from 17 to 21% in the healthy ventricle [11], 345300 PS 2264 4.963.6 0.061.8
301 P 064 1.561.7 1.961.2 consistent with shortening of the circumferential muscle 346
302 PL 164 0.162.6 2.661.1 fibers. However, there was substantial regional variation in 347
303 AL 2464 0.763.1 3.261.3 the DCM group (ANOVA P,0.001), with circumferential 348
304 A 2563 2.561.8 1.461.1

lengthening in the septum in ten patients and minimal %S 349C
305 Base in the other three. Averaged over midventricle and base 350
306 AS 2463 3.662.1 20.261.4 regions, septal %S was significantly reduced compared to 351C307 PS 2363 4.262.6 0.261.7

the lateral wall (2567 vs. 1266%, P,0.001). 352308 P 062 2.662.4 2.761.1
Longitudinal shortening (%S in Table 3) also showed 353309 PL 062 2.562.7 2.961.2 L

310 AL 2663 3.362.8 2.961.1 significant regional heterogeneity (ANOVA P,0.001) with 354
311 A 2764 3.562.8 2.461.2 a similar pattern to %S , i.e. lengthening in the septum and 355312 C

a313 Mean6S.D., n513. shortening in the lateral wall (2265 vs. 665%, P, 356
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358 Table 3
a359 Regional 3D strain between ED and ES

360
361 Region %S %S %S a (8) a (8) a (8)C L R CL CR LR362
363 Apex
364 S 2167 164 067 2163 2165 2363
365 P 364 464 467 2362 2264 164
366 L 1067 665 066 064 2263 2263
367 A 564 364 2165 2164 2167 2664

368 Mid
369 AS 2669 2466 368 364 166 2364
370 PS 2465 2165 368 164 064 2364
371 P 2165 164 565 167 2364 164
372 PL 1066 564 164 465 2464 366
373 AL 1266 764 2366 366 164 2263
374 A 064 062 2268 066 367 2365

375 Base
376 AS 2565 2365 265 063 067 164
377 PS 2468 2164 267 163 263 064
378 P 166 566 366 366 165 363
379 PL 1266 766 2568 467 2165 466
380 AL 1265 667 2567 565 265 164
381 A 163 166 268 065 366 164
382

a383 Values are mean6S.D., n513.

389 0.001). In contrast, typical normal values for %S are 3.3. Geometric stress estimate 407L

390 relatively homogeneous (ranging from 13 to 18%) [11].
391 Regional differences in %S and %S between septal and Although there was significant regional variation in GS 408C L

392 lateral walls are summarized in Fig. 3. (ANOVA P,0.001), this was largely due to the difference 409

393 Radial strains (%S ) were positive in the septal and in radius of curvature between apex, mid and base levels. 410R

394 posterior walls (indicating radial thinning) with wall The septal wall tended to have greater GS than the lateral 411

395 thickening (reduced in magnitude from normal) in the wall but the size of this effect was small and reached 412

396 lateral and anterior walls (ANOVA P,0.001). Transverse significance only at the basal level (P50.035). Fig. 4 413

397 shears also showed considerable regional heterogeneity shows circumferential shortening plotted against circum- 414

398 (ANOVA P,0.001). These were similar in magnitude to ferential GS at ES for the septal, posterior, lateral and 415

399 normal volunteers; however, a is normally positive at anterior regions averaged at mid and base levels. Separate 416CL

400 the apex [11]. regressions in each region resulted in a significant correla- 417

401 The principal strains (see Appendix) in each region were tion between shortening and GS in the lateral (P,0.003) 418

402 also calculated but the directions of maximum shortening and anterior (P,0.03) walls. It can be seen that, although 419

403 and lengthening changed markedly from region to region. there is a relationship between GS and %S in some 420C

404 For example, the maximum shortening in the septum acted regions, GS does not explain the regional differences in 421

405 in the radial direction but was circumferentially oriented in shortening. A multiple linear regression model 422

406 the lateral wall. (shortening5constant1subject1region1GS1region?GS) 423

was tested with region as a categorical variable and GS as 424

a continuous variable. This resulted in significant effects 425

due to region (P,0.001), GS (P,0.01) and the interaction 426

between region and GS (P,0.02). Similar results were 427

also obtained using a simple LaPlacian stress estimate 428

based on a thin walled cylinder (i.e. ignoring the term in 429

brackets in eqn 2). Thus, the effect due to region on %S 430C

is still present after correction for GS, with the relationship 431

between GS and %S also effected by region. 432C

3.4. Post-PLV studies 433

385

Table 4 shows a summary of hemodynamic data for the 434386 Fig. 3. Circumferential and longitudinal strain expressed as % shortening
five patients studied after PLV. Average root mean squared 435387 (1ve) or lengthening (2ve) for septal and lateral walls of the LV

388 (averaged over mid and base levels). error for the finite element model fits was 0.8 mm in the 5 436
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439

440 Fig. 4. Regional circumferential shortening (%S ) vs. regional circumferential wall stress (GS, kPa) for septal, posterior, anterior and lateral regionsC

441 averaged over mid and base levels (n513).

456 post-PLV studies (range 0.7–1.1 mm) with an average of circumferential shortening is typically 19% [11], this gives 481

457 4305 points fitted per study. Rotation was reduced in a point marked * in Fig. 5. Shortening in the septal, 482

458 magnitude post-PLV (25658 pre vs. 22638 post, P, anterior and posterior wall thus moved toward more 483

459 0.001) and the radial displacement of the septum changed normal values with GS normalization; however, lateral 484

460 from towards the RV (21.460.9 mm pre) to towards the walls moved toward lower shortening values, consistent 485

461 LV (3.360.7 mm post, P,0.01 pre vs. post). with loss of contractility at the site of surgical resection. 486

462 Circumferential strain in the septum after PLV had
463 recovered to more normal shortening values (965% on 3.5. Regional dispersion 487

464 average, P,0.02 pre vs. post). Circumferential shortening
465 was also increased in the anterior wall at all levels The dispersion of regional circumferential and longi- 488

466 (1163% on average, P,0.01 pre vs. post). In contrast, tudinal shortening is compared between DCM patients, 489

467 function in the lateral portion of the LV free-wall was historical normal volunteers and post-PLV studies in Table 490

468 reduced (766, P,0.02 pre vs. post). This was due to the 5. Circumferential dispersion was defined as the standard 491

469 formation of scar tissue at the site of the surgical resection. deviation of regional shortening between circumferential 492

470 %S also showed a recovery in septal shortening post regions at each of the apex, midventricle and base levels, 493L

471 (665%, P,0.02) and a reduction in lateral wall short- whereas longitudinal dispersion was defined as the stan- 494

472 ening at all levels (363%, P,0.01). dard deviation of shortening between longitudinal regions 495

473 Fig. 5 shows a plot of regional circumferential short- at each of the septal, posterior, lateral and anterior sites. 496

474 ening in the 5 patients studied pre- and post-PLV, together Circumferential dispersion in both %S and %S was 497C L

475 with regional GS. GS was reduced in all regions (pre vs. markedly greater in the DCM group than in normal 498

476 post) due to the reduction in midwall radius of curvature. volunteers (P,0.01), and was reduced overall in the five 499

477 Typical normal values of mean blood pressure (80 patients imaged after PLV (ANOVA P,0.05). Circum- 500

478 mmHg), ES midwall circumferential radius of curvature ferential dispersion in %S remained higher than normal 501C

479 (24 mm), ES wall thickness (13 mm) and semi-major axis after PLV (P,0.01). There were no differences in longi- 502

480 (55 mm) result in a GS of 12.4 kPa. Since normal tudinal dispersion of shortening between groups. 503

442 Table 4
a443 Patient global function for post-PLV studies derived from untagged MR images

444
445 Patient EDV ESV SV EF Mass HR SPB DBP
446 (ml) (ml) (ml) (%) (g) (bpm) (mmHg) (mmHg)
447
448 1 170 121 49 29 236 81 114 75
449 2 272 196 76 28 297 91 89 59
450 3 311 223 89 29 365 69 104 62
451 4 216 131 85 39 233 58 123 56
452 5 404 314 90 22 313 91 114 68

453 Mean 274.6* 196.8* 77.8 29.4* 288.8* 78.0* 108.8 64.0
454

a455 Headings as for Table 2. *, P,0.05 pre vs. post. Patient numbers 1–5 correspond to Table 1.
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506

507 Fig. 5. Circumferential shortening (%) vs. regional circumferential wall stress (kPa) for the five patients pre (solid circles) and post (open circles) PLV. For
508 reference, * denotes typical normal values.

526 4. Discussion 21% and was generally greater in the lateral and anterior 532

walls than the septum or posterior walls [11], while %S 533L

527 4.1. Regional heterogeneity of function ranged from 14 to 20% and was diminished at the basal 534

septum relative to posterior and lateral walls. Septal 535

528 Regional heterogeneity in normal LV shortening has shortening was further reduced in HCM patients. Similar 536

529 been previously quantified using a variety of techniques regional variations were also seen in human transplant 537

530 [11,21–24]. In a MR tagging study of hypertrophic recipients using radiopaque markers [21] and in dogs using 538

531 cardiomyoapthy (HCM), normal %S ranged from 17 to ultrasonic crystals [22]. Van Rugge et al. [23] found that 539C

509 Table 5
510 Circumferential and longitudinal dispersion in %S and %S in DCM patients and historical normal volunteers [11]C L511
512 Circumferential dispersion Longitudinal dispersion
513
514 Apex Mid Base Septum Posterior Lateral Anterior
515
516 %S DCM 5.863.2 8.064.7 8.164.4 3.161.9 3.262.1 2.561.6 3.661.7C

517 Post-PLV 4.761.3 5.261.4 5.161.3 2.661.3 3.562.0 2.961.7 2.662.3
†,‡ †,‡518 Normal 3.661.7* 2.461.1 2.960.7 2.361.3 3.362.8 1.761.2 2.961.1

519 %S DCM 3.761.9 4.962.4 6.062.6 3.361.7 4.161.9 3.462.2 3.362.1L
‡520 Post-PLV 3.761.9 2.760.8 4.262.1 2.261.7 5.462.5 2.160.6 2.860.1

521 Normal 3.661.7 2.461.1* 2.960.7* 2.661.3 3.362.8 1.761.2 2.961.1
522
523 *, P,0.05 DCM vs. normal volunteers.
524 †, P,0.001 DCM vs. normal volunteers.
525 ‡, P,0.001 DCM post-PLV vs. normal volunteers.
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541 regional wall thickening was highest in the posterolateral 4.2. Possible mechanisms of regional heterogeneity 597

542 wall and lowest in the septal wall at both baseline and
543 during peak dobutamine infusion in 23 normal volunteers The degree of myocardial shortening has been shown to 598

544 using MR cine imaging. A similar study using 2D ech- be strongly correlated with geometric measures of wall 599

545 ocardiography found that heterogeneity in wall thickening stress and the relationship between ES wall stress and 600

546 could be enhanced by dobutamine infusion, with decreased shortening is commonly used to provide a measure of LV 601

547 wall thickening in the inferior wall [24]. All these reports performance independent of afterload [17]. In DCM pa- 602

548 show a normal variation in regional shortening which is tients, Hayashida et al. [3] found a strong negative 603

549 substantially less than that found in the present study of correlation between regional GS (Janz formula) and re- 604

550 non-ischemic DCM patients. All DCM patients showed gional EF measured using left ventriculography. Fujita et 605

551 considerable circumferential heterogeneity, particularly at al. [4] noted a similar regional relationship from apex to 606

552 the midventricular and basal levels, with a consistent base using cine MRI. In the present study, regional 607

553 pattern of septal dysfunction and relatively normal lateral shortening did appear to reduce with increased regional 608

554 wall function. GS. However, GS could not explain the regional differ- 609

555 Heterogeneity of regional LV function has frequently ences in shortening around the ventricle. Although similar 610

556 been noted in patients with non-ischemic DCM [1–5,25]; formulae are frequently used to estimate global stress [17], 611

557 however, the site of the most severe dysfunction has Eq. (2) is unlikely to provide realistic estimates of regional 612

558 appeared to vary widely. Many studies have used the wall stress, since it takes no account of the non-linear 613

559 coefficient of variation (ratio of standard deviation to the anisotropic material properties of myocardium [18,19]. 614

560 mean value) to quantify variability [1,3]; however, this Using a finite element model of the systolic heart, Costa 615

561 measure will decrease with increasing mean shortening and [19] found that the Mirsky thick-walled ellipsoid model 616

562 may bias comparisons of heterogeneity between DCM and provided the best correlation with true stress of several 617

563 normal subjects. Uematsu et al. [2] measured peak myocar- geometrically-based stress formulae, but the correlation 618
2

564 dial velocity gradients by tissue Doppler imaging in was weak (r 5 0.07) and errors were relatively large 619

565 patients with DCM and found lower velocity gradients in (100–200%). However, GS is an index that incorporates 620

566 anteroseptal segments than posterior segments. Hayashida pressure and the major geometric determinants of stress 621

567 et al. [3] noted considerable regional variation using left (curvature and wall thickness) and therefore may be useful 622

568 ventriculography in the right anterior oblique view; how- for the purposes of comparing regional geometry between 623

569 ever, no consistent patterns were observed and the septum and within patients. 624

570 was not well visualized. Sunnerhagen et al. [25] found Bach et al. [1] measured regional oxidative metabolism 625

571 abnormal wall motion in the apical and anteroapical in non-ischemic DCM patients by carbon-11 acetate 626

572 regions using time–intensity curves from digitized right clearance kinetics on dynamic positron emission tomog- 627

573 anterior oblique left ventriculograms. Bach et al. [1] found raphy. Regional oxidative metabolism was positively cor- 628

574 regional short-axis chord shortening by 2D echocardiog- related with regional function, as measured using 2D 629

575 raphy was more frequently preserved in the proximal echocardiography. The proximal lateral wall was most 630

576 lateral wall, consistent with the results of the present study. likely to have preserved function and this region was 631

´577 Using cine MRI, Fujita et al. [4] observed that the normal associated with the greatest oxidative metabolism. Our 632

578 base–apex gradient of regional ejection fraction was results also showed greatest shortening (and therefore 633

579 exaggerated in DCM so that the relative loss of function greatest mean velocity of shortening) in the lateral wall. 634

580 was more severe near the base. However, circumferential This is consistent with greater oxidative metabolism in this 635

581 variation of function was not quantified. MacGowan et al. region since oxidative metabolism is known to be depen- 636

582 [26] used MR tagging to quantify epicardial and endocar- dent on shortening velocity. Interestingly, Yokoyama et al. 637

583 dial fiber and cross-fiber shortening in nine idiopathic [27] found that homogeneous myocardial glucose utiliza- 638

584 DCM patients. Fiber shortening was reduced in both tion rate (coefficient of variation ,13.6%) can predict 639

585 regions in the DCM patients (8 vs. 15% for epicardium both prognosis and improvement of LV function by 640

586 and 9 vs. 18% for endocardium) while cross-fiber short- medical therapy in DCM patients. 641

587 ening was only reduced in the endocardium (16 vs. 31%). Regional variations in myocardial perfusion have also 642

588 Unfortunately, circumferential variation was not reported. been described in non-ischemic DCM patients [5,28,29]. 643

589 Nonhomogeneous systolic function has detrimental ef- Using qualitative assessment of thallium-201 tomograms, 644

`590 fects on ventricular performance, since mechanical work is Julliere et al. [5] found that reduced uptake was more 645

591 wasted stretching some regions at the expense of stroke common in anterior, inferior and apical regions than in 646

592 volume [22]. Possible mechanisms for functional hetero- septal and lateral segments. van den Heuvel et al. [28] used 647

593 geneity include regional variations in afterload (wall positron emission tomography to evaluate regional is- 648

594 stress), impaired relaxation, decreased contractile ef- chemia in 22 idiopathic DCM patients, finding reduced 649

595 ficiency and perfusion defects [22]. These are briefly myocardial blood flow (MBF) reserve which was corre- 650

596 considered below. lated with wall stress. Mismatch between flow and glucose 651
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653 metabolism occurred in regions of low MBF reserve and not investigated in this study. Early septal contraction 705

654 these regions were also associated with a switch from could be identified in some patients in the first frame of the 706

655 aerobic to anaerobic metabolism. Although these findings cine sequence; however, it was felt that the temporal 707

656 indicate the presence of regional hibernation or chronic resolution of the images was insufficient to accurately 708

657 ischemia, regional patterns of reduced MBF or mismatch quantify regional differences in onset of contraction. 709

658 were not reported. Parodi et al. [29] observed reduced
99m

659 myocardial blood flow in DCM patients with Tc labeled
660 microspheres injected during heart transplant, but no Acknowledgements 710
661 significant regional differences were found. Some fibrosis
662 was observed histologically, especially in the subendocar- We are grateful for the support of the Health Research 711
663 dial layer, but this did not correlate with blood flow. Council of New Zealand (96/164) and the Cleveland 712
664 Heterogeneity of flow and function may be also accom- Clinic Foundation. We thank Drs. C.M. Kramer, V.A. 713
665 panied by heterogeneous alterations in expression of b- Ferrari, N. Reichek and L. Axel for the use of the normal 714
666 adrenergic receptors [30], natriuretic peptides [31], data analyzed in this study. 715
667 SERCA2a mRNA and protein, and phospholamban [32].

668 4.3. Recovery of function after PLV Appendix A. Strain measurements 716

669 The post-PLV results show that, at least in some As described previously [11], the deformation gradient 717
670 subjects, it is possible for septal, anterior and posterior tensor F was calculated directly from the finite element 718
671 function to improve toward more normal values with model. Tensor components were referred to a locally 719
672 surgical intervention. This indicates a potential for im- Cartesian body coordinate system aligned in the circum- 720
673 provement of regional function with therapy. The mecha- ferential (C), longitudinal (L) and radial (R) directions. 721
674 nism for functional improvement with PLV is not clear, but Green’s strain tensor, referred to the CLR system, is 722
675 is thought to be due to normalization of wall stress [12,33]. defined as 723
676 Popovic et al. [33] studied 19 patients pre- and post-PLV

1 T677 with echocardiography and found that ejection fraction ]E 5 (F F 2 I) (A1) 7242678 improved with reduction of wall stress along lines parallel
679 to the normal stress-shortening relationship. Similarly, Fig. Components of E were reported in [11] for 12 normal 725
680 5 shows that regional shortening improved with stress volunteers. Percentage shortening (defined in Eq. (1)) in 726
681 normalization in all regions except the site of surgical each of the C, L and R directions were calculated from E 727
682 reapproximation of the LV free wall. Septal dysfunction in using 728
683 nonischemic DCM may therefore be (at least partly) due to

]]]
%S 5 1 2 1 1 2E ? 100% (A2) 729s d684 increased regional afterload and not to an irrecoverable œA AA

685 loss of contractility. Despite the loss of contractility in the
[14], where A is one of the C, L or R directions, %S is the 730A686 lateral wall, our results show a reduction in regional
percentage shortening or lengthening and E is the 731AA687 heterogeneity post-PLV. This may in itself have beneficial
corresponding component of the strain tensor. Shear angles 732

688 effects on ventricular function [22], since more of the work
were calculated from E using 733

689 done is translated to pump function.
2EAB

]]]]]]]sin a 5 (A3) 734]]] ]]]690 4.4. Limitations and further study AB 1 1 2E 1 1 2Eœ œAA BB

691 In this study only five patients could be investigated where A and B are one of the C, L or R directions (not 735

692 both before and after PLV. A significant percentage of both the same), a is the change in angle between 736AB

693 DCM patients had unsatisfactory outcome from PLV [12] infinitesimal line segments initially oriented at right angles 737

694 and many patients required ICD, pacemaker or required in the A and B directions and E , E and E are 738AB AA BB

695 support from an assist device. Therefore, most patients corresponding components of the Green strain tensor [14]. 739

696 were not suitable for post-PLV assessment of LV mechanics Principal strains [11] may be calculated as the eigenvalues 740

697 by MR tagging. In addition, all patients in this study had of E, these may also be converted to principal shortening 741

698 mitral valve repair, including a annuloplasty ring and values using Eq. (A2). 742

699 Alfieri repair, the influence of which on regional function
700 is not known. However, the fact that all five patients
701 imaged after PLV showed substantial improvement in References 743
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