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g Introduction: In this article, we aimed to establish an ideal definition for the craniofacial midsagittal plane (MSP) ;g
14 by first finding an optimal “plane of best fit” and then deriving a simple approximation for clinical use that is highly 77
15 accurate. Methods: For 60 adolescent patients, 3-dimensional coordinates of 8 central landmarks and 6 pairs of 78
16 lateral landmarks were collected. Across all patients, the coplanarity of the central landmarks was compared with 79
17 that of the midpoints of the lateral landmarks. The MSP of best fit was then found by minimizing the mean square 80
18 distance of the 8 central landmarks to a plane. Across all patients, each possible 3-point plane was compared 81
19 with the MSP of best fit with respect to both orientation and proximity. Results: The central landmarks were more 82
20 coplanar and thus more accurate than the midpoints of the lateral pairs. The plane defined by nasion, basion, and 83
21 incisive foramen was the closest to the MSP of best fit in both orientation and proximity. Conclusions: The 84
g% nasion-basion-incisive foramen plane should be used for skull orientation and 3-dimensional cephalometric 22
24 analyses because it approximates the MSP of best fit with high accuracy, avoids the use of horizontal 37
25 reference planes, avoids influence from upper and midface asymmetry, uses easily identifiable relevant 38
26 landmarks, and is simple to define. (Am J Orthod Dentofacial Orthop 2017; 1l : 1l -H) 89
27 90
28 91
29 92
30 he midsagittal plane (MSP) is the only major plane Authors primarily use the MSP as a reference plane for 93
31 of symmetry in the craniofacial complex, and it skull orientation.''” However, a true craniofacial plane 94
gg sets the foundation for skull orientation and of symmetry exists only as a theoretical construct, since gg
34 3-dimensional (3D) cephalometric analyses. Skull orien- no human is perfectly symmetric. Thus, there is wide 97
35 tation is an important first step when carrying out 3D variation among MSP definitions in the literature. 98
36 diagnoses for the following reasons. First, it dramatically Various definitions rely on other horizontal reference 99
37 affects our ability to visually assess the skull for asymme- planes (eg, Frankfort horizontal),”'® midpoints of 100
gg tries. Second, if a cone-beam computed tomography lateral landmarks (eg, anterior clinoid processes, }8;
0 (CBCT) image is being reformatted into a 2- foramina spinosum, orbitale, porion, and so on),**'° 103
a1 dimensional radiograph, angular deviations foreshorten central landmarks (eg, sella, nasion, crista galli, anterior 104
42 and skew the proportions of the resulting image. Finally, nasal spine, and so on),*® or a combination of these. It 105
43 multiple 3D landmarks are orientation-dependent. For stands to reason, however, that an ideal definition of 106
2‘51 instance, it is not uncommon for a landmark to be the MSP would incorporate as many relevant landmarks }8;
46 defined as “the most lateral, anterior, inferior, or poste- as possible. The purposes of this study were to (1) 109
47 rior point” on a given structure. Aside from being used establish this ideal definition, to be called the MSP of 110
48 for skull orientation, the MSP serves as a reference plane best fit, and (2) derive a simple and accurate protocol m
49 for both 3D cephalometric analyses and for the superim- for approximating it. 112
g(l) position of radiographs from different time points. }}i
§§ MATERIAL AND METHODS Eg
24 School of Orthodontics, Unversity of Detroit Mercy, Detroit, Mich. ‘Approval from the ]nStitl:lﬁOﬂa] Review .Board at the 117
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alies. Ten patients from each of the following groups
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127 (designations recommended by the Food and Drug Eight central landmarks (Fig 1) were defined 3- 190
128 Administration'" and the National Institutes of Health'?) dimensionally as follows. 191
129 192
130 were randomly selected: 10 black boys (average age, 193
131 13.3 years), 10 black girls (average age, 13.2 years), 10 1. Nasion (N): the most anterior aspect of the fronto- 194
132 Hispanic boys (average age, 12.0 years), 10 Hispanic girls nasal suture from a sagittal view and centered me- 195
133 (average age, 12.4 years), 10 white boys (average age diolaterally from the axial and coronal 196
gg 12.8 years), and 10 white girls (average age, 12.1 years). views,”10-14-16 }g;
136 The average age of all 60 patients was 12.6 years. 2. Crista galli (CG): the most posterior and inferior 199
137 03 The images were obtained in DICOM format and im- point of the perpendicular plate of the ethmoid 200
138 ported into Dolphin software (version 11.7 premium; bone where it joins the cribriform plate from a 201
139 Dolphin Imaging, Chatsworth, Calif). Each DICOM image sagittal view and centered mediolaterally on the 202
140 was imported into the 3D imaging tool. The volumetric junction of the perpendicular plate of the ethmoid 203
141 . . . . oo . 204
142 image was then adjusted for segmentation and opacity bone and the cribriform plate from the axial and 205
143 to allow for adequate visualization of the anterior nasal coronal views. 206
144 spine and minimize scatter. The radiographs were visu- 3. Sella (S): the center of the space in sella turcica from 207
145 ally oriented from the front, right, and top views using a sagittal view, centered mediolaterally on the base 208
123 the orientation tool. of sella turcica from the axial and coronal 22(1)8
148 Twenty craniofacial landmarks were selected for each views.” 01416 i
149 patient with the Dolphin digitize/measurement tool. The 4. Basion (Ba): the middorsal point of the anterior 212
150 landmarks were categorized as either central or lateral. margin of the foramen magnum on the basilar 213
151 Central landmarks were expected to sit on the MSP part of the occipital bone, located at the most pos- 214
152 g1 41 (Fig 1), whereas lateral landmarks were expected to terior and inferior point of the basilar part of the oc- 215
153 . . 8 . . 216
154 have mirror symmetry across the MSP. Although some cipital bone from a sagittal view and centered 217
155 of the 3D landmarks used in this study share names middorsally from the axial and coronal views.'*'>"* 218
156 with 2-dimensional landmarks (eg, nasion, sella, basion, 5. Vomer (V): the most posterior and inferior aspect of 219
157 anterior nasal spine, posterior nasal spine, orbitale), the sulcus vomeris from a sagittal view and centered 220
}gg these landmarks are fundamentally different. Although mediolaterally from the axial and coronal views. ;g;
160 traditional cephalometric 2-dimensional landmarks 6. Posterior nasal spine (PNS): the most posterior point 223
161 display adequate reliability when used in 3D analyses, of the posterior nasal spine from the sagittal and 224
162 each 3D landmark has been explicitly defined for added axial views. If bilateral processes are visible, their 225
163 accuracy. "’ midpoint is selected.'>'*"” 226
164 227
165 228
166 229
167 230
168 231
169 232
170 233
171 234
172 235
173 236
174 237
175 238
176 239
177 240
178 241
179 242
180 243
181 244
182 245
183 246
184 247
185 248
186 249
187 250
188 251
189 252

Fig 1. Sagittal CBCT slice illustrating the 8 central landmarks.
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253 7. Incisive foramen (IF): the anteroposterior and me- view anteroposteriorly and superoinferiorly, (2) refining 316
;gg diolateral center of the incisive foramen as it exits the landmark position mediolaterally from the coronal g};
256 the maxilla viewed from the sagittal and axial views, and axial views, and (3) selecting the landmark from 319
257 respectively. the sagittal view. The 20 landmarks were selected for 320
258 8. Anterior nasal spine (ANS): the most anterior point each of the 60 patients by the first author. The x, y, 321
259 of the anterior nasal spine from the sagittal and and z coordinates of all 1200 points were exported to 322
gg? axial views. If bilateral processes are visible, their Excel (Microsoft, Redmond, Wash), converted to Comma g;i
22 midpoint is selected.”®"*” Separated Value format (*.csv), and then imported into s
263 Six pairs of lateral landmarks were defined as follows. the st.atistical computing software R (available at www. 326
264 r-project.org). 327
265 1. Zygomaticofrontal suture (ZFS): the center of the For each of the 60 adolescents, 3D coordinates of 8 328
%g? area of the axial slice of the zygomaticofrontal su- central landmarks and 6 pairs of lateral landmarks ggg
268 ture.'>%1° were collected. The 6 midpoints of the lateral landmarks 31
269 2. Anterior clinoid process (ACP): the most posterior were then calculated as well. To establish an ideal defi- 332
270 point of the anterior clinoid process when viewed nition of the MSP, the degree to which the 8 central 333
271 sagittally and axially.”* "’ points agree on 1 plane, compared with the 6 midpoints, 334
g;g 3. Porion (Po): the superior aspect of the external audi- was considered. To measure the coplanarity of a set of ggg
274 tory meatus when viewed sagittally, positioned me- points, the following mathematical notions were used. 337
275 diolaterally where the superior epithelium tapers to Let py, ..., p, be n points in 3D space. Let P be a 338
276 its thinnest point.>>”%'0.13°1° plane. Let d; be the (perpendicular) distance from the 339
271 4. Foramen spinosum (FSp): the axial center of the point p; to the plane P. The mean absolute distance or 340
278 area of the foramen spinosum at its most superior mean absolute error (MAE) of the points with respect 341
279 . o . 10,13 . . 342
280 point as it joins the cranial fossa. to the plane P is the mean of the distances. The mean 343
281 5. Orbitale (Or): the most inferior point of the orbital square distance or mean square error (MSE) of the points 344
282 sphere when oriented to the Frankfort horizon- with respect to the plane P is the mean of the squared 345
283 tal, >’ & 101410 distances. 346
284 6. Lateral foramen magnum (LFM): the most lateral " " 347
285 . . . 1 1 348
286 point of the foramen magnum when viewed axially, MAE = — Z d; MSE=— Z df 349
287 vertically centered on the most convex point of the = = 350
288 foramen when viewed coronally.”'? 351
%gg The central landmarks were chosen for their ease of Although MAE may be a more intuitive notion, MSE ggg
291 identification and biologic relevance. From a develop- is more sensitive to outliers and has better mathematical 354
292 mental standpoint, the cranial base sets the foundation properties. The plane of best fit for the points py,..., pn is 355
;gi for craniofacial development. This cartilaginous core is the plane P that minimizes the MSE. 1t is a unique plane ggg
295 represented well by Ba, V, CG, and S. N, ANS, TF, and (assuming the points are not colinear) and may be calcu- 358
206 PNS represent the anterior and inferior portion of the lated using linear algebra. The plane of best fit and the 359
297 craniofacial complex. The lateral landmarks were also resulting MAE and MSE were then computed for both 360
298 chosen because of their ease of identification and to the 8 central landmarks and the 6 midpoints across all 361
ggg represent various regions of the skull. ZFS and Or repre- patients. ggé
301 sent the orbit, FSp and ACP represent the middle cranial Once the higher degree of central landmark copla- 364
302 fossa, Po represents the lateral extent of the skull, and narity was established, the MSP of best fit using all 8 365
303 LFM represents the posterior aspect of the posterior central landmarks was constructed for each patient. 366
304 extent of the area of interest. The 3 central landmarks whose plane most accurately 367
305 Landmarks of the mandible were not used since the approximated this MSP of best fit was then determined 368
283 mandible does not rigidly articulate with the rest of the as follows. For each of the 56 combinations of 3 central ggg
308 skull. Because it is free to move, its development and po- landmarks, the plane through those 3 landmarks was 371
309 sition at the time of exposure may be subject to func- compared with the MSP of best fit across all 60 patients 372
310 tional and environmental influence. Additionally, with respect to both orientation and proximity. 373
;’B landmarks posterior to foramen magnum (eg, inion, opis- For orientation, the angle between the 3-point plane ;’;g
313 thion) were not used since they are not visually relevant. and the MSP of best fit was measured. The angle be- 376
314 The general protocol for landmark selection included tween 2 planes is defined as the angle between the 377
315 3 steps: (1) locating the desired landmark in the sagittal normal vectors (perpendicular directions) to the planes, 378
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379 chosen to be between 0° and 90°. For proximity, the . . 442
380 . Tablel. Mean, median, and maximum angles of 56 3- 443
MSE and MAE between each 3-point plane and the re- . i . .
381 . point plane definitions relative to an 8-point plane of 444
382 maining 5 central landmarks were measured. best fit 445
383 04 In addition, 3 lTandmarks (N, Ba, 1F) across 5 randomly 446
384 selected patients were analyzed for interoperator and in- Mean Median Mazximum 447
385 traoperator reliability. To test interoperator reliability, L1 L2 L3 angle ()  angle(’)  angle (") 448
386 copies of written instructions were given to 5 operators; R L L Ly 0.46 2 449
387 these instructi tined the rel ¢ feat i th CG Ba IF 0.6 0.51 2.02 450
388 ese instructions outlined the relevant features in the N Ba ANS oI oI i 451
389 Dolphin Imaging software and the protocol for landmark N S IF 0.69 0.54 1.58 452
390 identification and selection. No additional guidance was CG Ba ANS 0.71 0.61 2.51 453
391 given to the operators during landmark selection. For N N4 1F 0.72 0.59 1.93 454
392 each landmark, axis, and patient (eg, N along the medio- N 5 ANS il 0/ Zall7 455
393 . ) . N PNS IF 0.82 0.64 2.49 456
394 lateral x-axis for 1 patient), the standard deviation be- N v ANS o e o 457
395 tween all 5 operators was calculated. The means (across N PNS  ANS 0.86 0.87 2.44 458
396 the 5 patients) of these standard deviations were also N S PNS 0.91 0.78 2.59 459
397 s calculated. To test intraoperator reliability, the same CG PNS  ANS 0.91 0.86 2.36 460
398 landmarks were identified by the first author at 2 time S Ba LS el ol 2] 461
399 . L . S Ba 1F 0.92 0.8 2.69 462
200 points 3 days apart. Similarly, the mean absolute devia- G PNS TR 6D T P 463
401 tions of each landmark and axis were calculated. cG iV IF 1.02 0.82 3.85 464
402 CG \% ANS 1.07 0.96 3.93 465
403 N CG 1F 1.1 0.89 4.58 466
404 RESULTS CG Ba PNS 1.13 1 2.94 467
405 . N CG ANS 1.2 0.96 4.61 468
406 For the central landmarks, for each patient, the MSE S Ba PNS i o B 469
407 and MAE for the 8 central points with respect to their S PNS  ANS 1.24 1.03 4.24 470
408 plane of best fit were computed. Across all patients, CG S PNS 1.28 1.09 3.39 471
409 the mean MSE was 0.17 mm?, and the mean MAE was N Ba PNS 1.29 1.13 3.77 472
;2‘1) 0.32 mm. For the lateral landmarks, for each patient, ;G 2 1/F :;g :'22 :'38 i;i
412 the.MSE and MAE for the 6 midpoints with respect to S NS IF s e o 475
413 their plane of best fit were also computed. Across all pa- N CG PNS 1.66 1.31 6.37 476
414 tients, the mean MSE was 0.22 mm?Z, and the mean MAE CG S ANS 1.72 1.41 5.51 477
415 was 0.35 mm. N S Ba 1.76 1.4 5.11 478
ﬂg The mean, median, and maximum angles (across all gG ]53 :// :'24 :;g ;";’l gg
. . a . . .
418 patients) for each of the 56 triples of central landmarks N v PNS s = = 481
419 [T1] 06 07 Were calculated (Table 1). The plane defined by N-Ba- Ba v F 2.02 1.49 6.63 482
420 IF showed the lowest mean (0.52°), median (0.46°), CG S Ba 2.03 1.8 6.08 483
421 and maximum (1.51°) angles across all patients relative S 1F ANS 2.06 1.48 7.95 484
422 to the 8-point MSP of best fit. Additionally, in the 5 o I i 22 2 B0 485
423 1 ith the 1 t le. N d3ti Vo 1F ANS 2.31 1.69 8.29 486
424 planes wi e lowest mean angle, N appeared 3 times, S v ANS P oE BT 487
425 Ba appeared 4 times, and IF appeared 3 times. By Ba v PNS 2.45 2.15 6.24 488
426 contrast, Ba-PNS-ANS had the largest mean angle of Vo PNS  ANS 2.46 1.95 7.52 489
427 18.67°. Ba 1F ANS 2.7 2.02 9.38 490
428 For proximity, the MSE and MAE between each 3- LT i 2.0 223 L2:50 491
429 . .. N CG \% 2.83 2.28 12.56 492
430 point plane and the remaining 5 central landmarks G Vo PNS o PEE s 493
431 were measured. The mean, median, and maximum N F ANS 2.96 2.17 13.61 494
432 MSE and MAE (across all patients) for each of the 56 tri- Ba Y ANS 3.11 2.45 13.84 495
433 [r2] ples of central landmarks were calculated (Table 11). The Vo PNS IF 3.19 2.69 15.06 496
fé‘sl plane defined by N-Ba-IF showed the lowest mean MSE gG Ea ?{: i'?; ﬁ;: ;g'iz jg;
o 3 o o (0] . . R
436 (0.31°), median MSE (0.24°), mean MAE (0.34°), and N G T e TR I 499
437 mean MSE (0.30°), as well as the second lowest N Ba v 6.88 2.96 67.87 500
438 maximum MSE (1.61°) and the third lowest maximum Ba PNS  TF 14.09 8.82 86.04 501
439 MAE (0.81°). S-N-1F had the lowest maximum MSE N CG S 17.87 10.86 79.27 502
440 (1.51°), and CG-Ba-IF had the lowest maximum MAE S v PNS 18:44 12.55 79.33 503
441 o Ba PNS  ANS 18.67 1.4 82.75 504
(0.78°).
L, eee.
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505
506 Table Il. Mean, median, and maximum MSE and MAE of 56 MSP definitions relative to the other 8 central landmarks ggg
507
508 Mean Median Maximum Mean Median Maximum 370
509 L1 L2 L3 MSE (mm) MSE (mm) MSE (mm) MAE (mm) MAE (mm) MAE (mm) 571
510 N Ba IF 0.31 0.24 1.54 0.34 0.3 0.81 >72
511 CG Ba 1F 0.33 0.24 1.61 0.34 0.33 0.78 >73
512 N Ba ANS 0.34 0.27 1.55 0.36 0.33 0.81 >74
513 CG Ba ANS 0.35 0.25 1.62 0.36 0.33 0.85 275
514 N S IF 0.42 0.28 1.51 0.39 0.34 0.81 >76
515 N V 1F 0.43 0.34 1.73 0.4 0.37 0.87 >77
516 N v ANS 0.47 0.34 1.7 0.41 0.38 0.87 >78
517 S Ba ANS 0.47 0.32 1.83 0.42 0.38 0.8 279
518 N S PNS 0.49 0.36 2.45 0.42 0.38 0.83 >80
519 S Ba F 0.5 0.32 2 0.42 0.39 0.85 281
520 CG PNS ANS 0.5 0.37 2.32 0.43 0.37 1.06 >82
591 N PNS ANS 0.55 0.39 3.82 0.44 0.39 1.33 o83
520 N S ANS 0.56 0.35 2.04 0.45 0.39 1.02 o84
573 CG V ANS 0.56 0.41 2.39 0.45 0.43 1.05 285
594 N PNS IF 0.56 0.36 3.48 0.44 0.39 1.27 >86
595 CG PNS 1F 0.58 0.39 2.87 0.46 0.41 1.22 287
526 CG vV IF 0.59 0.39 3.31 0.45 0.43 1.2 >88
597 CG Ba PNS 0.67 0.46 2.65 0.49 0.45 1.14 >89
578 S PNS ANS 0.68 0.42 3.9 0.48 0.43 1.28 590
529 N Ba PNS 0.71 0.47 2.71 0.5 0.45 1.24 291
530 CG S PNS 0.9 0.46 4.76 0.57 0.48 1.61 292
531 S Ba PNS 0.91 0.6 3.5 0.57 0.52 1.35 293
532 CG S IF 0.91 0.53 6.79 0.57 0.49 1.82 294
533 N S V 1.01 0.78 3.47 0.61 0.57 1.24 295
534 N CG IF 1.13 0.53 10.02 0.59 0.45 2.16 2%
535 S PNS IF 1.14 0.59 10.26 0.61 0.52 2.23 297
536 N CG ANS 1.3 0.58 11.89 0.64 0.49 2.4 298
537 N CG PNS 1.31 0.63 10.62 0.67 0.56 2.39 299
538 N \% PNS 1.38 0.89 7.66 0.72 0.65 2.04 600
539 CG S ANS 1.38 0.67 9.42 0.7 0.52 2.17 6o1
540 CG S \% 1.45 0.92 7.73 0.73 0.64 1.98 602
541 S v ANS 1.49 1.14 5.53 0.74 0.72 1.55 603
542 N S Ba 1.57 0.88 8.65 0.71 0.62 2.08 604
543 S IF ANS 1.6 0.74 12.77 0.74 0.58 2.56 605
544 Ba V IF 1.82 0.77 1217 0.74 0.57 2.32 606
545 v IF ANS 1.83 0.9 13.03 0.79 0.68 2.56 607
546 \Y% PNS ANS 1.87 1.06 11.24 0.81 0.72 2.32 608
547 S Ba v 2.01 1.04 13.76 0.84 0.76 2.73 609
548 Ba V PNS 2.14 1.16 11.35 0.88 0.75 2.3 610
549 CG S Ba 2.35 1.16 15.32 0.87 0.76 2.69 611
550 CG 1F ANS 2.95 0.98 22.23 0.97 0.71 3.54 612
551 Ba v ANS 2.97 1.25 28.62 0.96 0.76 3.76 613
550 N CG \% 3.08 1.51 24.5 0.99 0.83 3.37 614
553 Ba IF ANS 3.16 1.34 20.7 1 0.82 3.13 615
554 PNS IF ANS 3.45 1.55 36.6 1.04 0.79 4.43 616
555 v PNS IF 4.09 1.7 51.48 1.1 0.87 4.95 617
556 CG Ba V 4.66 1.77 36.73 1.15 0.86 4.09 618
557 CG v PNS 5.93 1.34 203.92 1.14 0.85 11.13 619
558 N CG Ba 10.66 2.71 130.93 1.62 1.07 7.99 620
559 N F ANS 10.77 3.26 121.15 1.76 1.34 8.39 621
560 S V IF 13.51 1.83 660.51 1.23 0.92 18.33 622
561 N Ba v 24.21 2.2 570.64 2.09 1.03 16.62 623
562 Ba PNS IF 93.42 20.85 925.94 4.58 3.04 20.95 624
563 Ba PNS ANS 127.19 26.22 979.71 5.6 3.49 21.87 625
564 S V PNS 173.21 50.79 1270.45 7.5 5.41 26.98 626
565 N CG S 173.49 40.54 1012.68 6.99 4.82 24.01 627
566 L, ece. o
567 , o0
630
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o
ggz x (mediolateral)  y (superoinferior)  z (anteroposterior)
635 (mm) (mm) (mm)

636 N 0.54* 0.41 0.2

637 Ba 0.41 0.36 0.41

638 1F 0.31 0.65* 0.26

639 ANS 0.42 0.34 1.04*

640 *o00

641

642 . - .
643 08 The interoperator reliability mean standard devia-
644 [T3]09 tions (Table 111) and the intraoperator reliability mean
645 [T4] absolute deviations (Table 1V) were calculated. N had
646 the greatest interoperator mediolateral deviation with
gfg a mean standard deviation of 0.54 mm, followed by Ba
649 (0.41 mm) and 1F (0.31 mm). N also had the greatest in-
650 traoperator mediolateral deviation with a mean absolute
651 deviation of 0.18 mm, followed by Ba and IF that were
652 both 0.14 mm. IF showed the greatest superoinferior de-
ggi viation with an interoperator mean standard deviation of
655 0.65 mm and an intraoperator mean absolute deviation
656 of 0.34 mm.

657

ggg DISCUSSION

660 Both the mean MSE and mean MAE were smaller
661 for the central landmarks than for the midpoints of
662 lateral landmarks. In other words, the central land-
ggi marks agreed on a MSP more than did the midpoints
665 of the lateral landmarks and are thus more accurate
666 when defiming MSP. This holds true even though there
667 were more central landmarks (8) than midpoints of
668 lateral landmarks (6).

ggg The mean MSE and MAE of a 3-point plane are equal
671 to O since a plane can be made to go through the 3
672 points exactly. 1f a fourth point were added, the mean
673 MAE would be equal to the distance of that landmark
674 to the 3-point plane divided by 4. As points are added,
g;g the MAE and MSE are expected to increase. We would
677 thus expect the MSE and MAE to be higher for the 8 cen-
678 tral points than for the 6 midpoints, since fewer points
679 are easier to fit with a plane. Because there are more cen-
680 tral points than midpoints, the fact that the mean MSE
gg; and mean MAE were lower for the central points indi-
683 cates that the central points were far more coplanar.
684 Furthermore, central landmarks are easier to identify
685 and simpler to use when defing a plane, making
686 them more suitable for clinical use. For these reasons,
gg; the MSP of best fit was defied with respect to the 8 cen-
689 tral landmarks.

690 The plane defined by N-Ba-IF showed the lowest
691 mean, median, and maximum angles across all patients
ggg relative to the 8-point plane of best fit. Ba-PNS-ANS

defined the plane definition with the largest mean

H 2017 ¢ Vol B e Issuc W

Table IV. Intraoperator mean absolute deviations

x (mediolateral)  y (superoinferior)  z (anteroposterior)

(mm) (mm) (mm)
N 0.18 0.18 0.22
Ba 0.14 0.12 0.26
1F 0.14 0.34* 0.28
ANS 0.2 0.3 0.32*

angle. This is not surprising, since a triangle formed
by N-Ba-1F has a large area and is spread apart maxi-
mally, whereas a triangle formed by Ba-PNS-ANS has
a small area and is quite flat. Ba, PNS, and ANS are
roughly collinear. The expected value of the square of
the angle between the normal vectors is proportional
to (1/a®> + 1/b? + 1/c?) where a, b, and ¢ are the 3
heights of a triangle as calculated by the distance of

each vertex to its opposite edge (Fig 2). Simply stated, [r2-4/c]

the 3 lTandmarks used to define a plane should form a
triangle that has a large area and is balanced, not too
narrow in any dimension. The same plane defmition,
N-Ba-1F, showed the lowest mean and median MSE
and MAE as well as the second lowest maximum MSE
and third Towest maximum MAE. This demonstrates
that the N-Ba-1F is not simply parallel to the plane of
best fit but significantly close to it as well.

With regard to interoperator and intraoperator reli- 4,

ability, the most significant of the 3 axes is the mediolat-
eral (x) axis, since mediolateral deviations have the
greatest impact on the angulation of the resulting plane.
The interoperator and intraoperator mediolateral devia-
tions of IF were minimalj; this supports use as the ante-
roinferior determinant of the 3-point MSP definition.
Although 1F showed the greatest superoinferior varia-
tion, deviation along this axis leads to minimal rotation
of the plane. For both reliability tests, N showed the
greatest mediolateral variation. This is of little conse-
quence for 2 reasons. First, much like the other land-
marks, the actual degree of variation is minimal (mean
standard deviation, 0.54 mm). Second, N is at a signifi-
cant distance from the centroid of the 8 landmarks; this
gives the plane adequate stability to resist rotation.

Although Ba sits on a curved structure, it performed .,

well as a 3D landmark in all 3 planes of space and dis-
played little mediolateral deviation for both interopera-
tor reliability (0.41 mm mean standard deviation) and
intraoperator reliability (0.14 mm mean absolute devia-
tion). This correlates well with other reliability studies
that identified Ba as a suitable 3D landmark.'* Further-
more, even though Ba sits in the posterior cranial fossa,
the N-Ba-1F plane was closer on average to the remain-
ing 5 landmarks (CG, S, V, PNS, ANS) than any other
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Fig 2. The expected value of the square of the angle be-
tween the normal vectors of the 3-point plane and the
plane of best fit is proportional to (1/a% + 1/b® + 1/c?)
where a, b, and c are the 3 heights of a triangle as calcu-
lated by the distance of each vertex to its opposite edge. It
stands to reason that a 3-point plane whose 3 landmarks
form a large and broad triangle is a better approximation
for the plane of best fit.

plane defiition. This means that Ba correlates well with
the other more anterior landmarks.

A number of MSP defiitions have been proposed
and used in the literature.''" We suggest the
following classification system for MSP definitions as
determined by the reference planes and landmarks used.

1. Type 1: planes defined as passing through 3 central
structures.

2. Type 2: planes defined as passing through 3 struc-
tures, at least 1 of which is the midpoint of 2 lateral
structures.

3. Type 3: planes defmed as perpendicular to a
different plane, passing through 2 other central
structures.

4. Type 4: planes defined as perpendicular to a
different plane, passing through 2 other structures,
at least 1 of which is the midpoint of 2 lateral
structures.

American Journal of Orthodontics and Dentofacial Orthopedics

5. Type 5: other plane definitions.

To better clarify the advantages and disadvantages of
different MSP definitions, 6 criteria of an ideal definition
have been identified below.

1. The plane should use only central landmarks
because they have a higher degree of coplanarity
than do lateral landmarks. Furthermore, using mid-
points of lateral landmarks is time consuming and
not as practical for clinical use.

2. The plane should not use a horizontal reference
plane. The horizontal plane defines the roll orienta-
tion of the MSP; this is problematic since it assumes
vertical symmetry of the horizontal plane reference
landmarks.

3. The plane should have landmarks that are spread
apart maximally (forming a triangle that is balanced
with a large area) to increase stability.

4. The plane should be formed using easily identifiable
landmarks and be simple to calculate.

5. The plane should not be influenced by asymmetries
of the upper eee and midface.

6. The plane should not use landmarks that are irrele-
vant to the area of diagnostic interest (posterior to
foramen magnum and mandible).

Seven craniofacial MSP definitions found in the liter-

ature were described, classified, and assessed (Table V) g, [T5]

according to the 6 criteria detailed above. Both type 3
and type 4 planes use horizontal reference planes to
determine the roll orientation of the MSP.””'° This is
problematic since the horizontal reference planes are
defined using lateral structures (eg, Po or Or). Any
vertical asymmetry of these landmarks skews the roll
orientation of the MSP. Type 2 and type 4 MSP
definitions use lateral landmarks; as demonstrated
earlier, these are inherently less reliable.”® ' Although
a number of acceptable type 1 MSP definitions have
been suggested, some use irrelevant landmarks (eg,
opisthion),” and others simply are not as stable as the
N-Ba-IF plane.”

For the sake of completion, we have recommended a
definition for pitch orientation as it relates to the Frank-
fort horizontal and takes into account both Po and Or
landmarks and avoids an effect on roll orientation (since
roll and yaw have already been established by N-Ba-1F).
This can be achieved by finding the point of intersection
between the line connecting both Po landmarks and the
MSP and the equivalent point for the Or landmarks. The
skull can then be oriented so that these 2 points of inter-
section are parallel with the z-axis (anteroposterior).

Although the mathematical evidence supporting
the N-Ba-1F plane is compelling and logical, the
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Table V. Categorization and analysis of other MSP definitions

Description of plane definition
Authors used
Hwang et al’ Plane passing through opisthion,
superior extent crista galli, and
anterior nasal spine
Plane passing thought sella,
nasion and anterior nasal spine

Tuncer et al*

Damstra et al’ Plane passing through nasion, the
midpoint between the anterior
clinoid processes, and the
midpoint between the most
lateral points on the foramen
magnum

Plane passing through sella and
nasion, perpendicular to the
Frankfort horizontal plane
(passing though right and left
orbitale and the midpoint of
right and left porion)

Plane passing through midpoint
of foramena spinosum (ELSA)
and middorsal point of foramen
magnum (MDFM)
perpendicular to a horizontal
plane (bilateral superolateral
border of external auditory
meatus (SLEAM) and the ELSA)

Proffit and White®

Yafiez-Vico et al”

Baek et al”; Kwon et al’ Plane passing through most
superior point of crista galli and
midpoint between the 2
anterior clinoid processes,
perpendicular to Frankfort
horizontal plane (defined by left
orbitale, right porion, and left
porion)

Damstra et al'’ 3-dimensional comparison of
morphometric and
conventional cephalometric
MSPs for craniofacial

asymmetry

definition is new and has not been widely used clin-
ically. The clinical effectiveness of the plane could
be validated when used as a reference plane for

H 2017 ¢ Vol B e Issuc W

Plane type Satisfied criteria
Type 1 1,2,3,45
Type 1 1,2,3,4,56
Type 2 2,56
Type 3 3,6
Type 4 6
Type 4 6
Type 5 2

3D cephalometric analyses of asymmetry. Future

Unsatisfied critera
6

Although this plane exhibits all

specified features of an ideal
MSP, several other planes
showed closer angular and
proximal relationships to the
MSP of best fit.

3% 4

*These 3 landmarks form a
relatively narrow and unstable
triangle.

1,2,4,5

,2,3% 41, 5t

*ELSA and MDFM are relatively
close together and have low
resistance to errors in yaw
orientation.

ELSA has been shown to be
difficult to identify in CBCT
images.4

HVertical asymmetry of SLEAM
landmarks will affect roll
orientation of MSP.

2,3% 4,5/

*Crista galli and anterior clinoid
processes are only moderately
spread apart and have low
resistance to errors in yaw
orientation.

Vertical asymmetry of porion
landmarks will affect roll
orientation of MSP.

4%, 5t

*Requires additional training
and software and could be more
costly, limiting practical clinical
use.

fRelies on external landmarks of
superior aspect of orbits. Using
this definition in cases of orbital
asymmetry will lead to
misdiagnosis of the rest of the
craniofacial complex and will
make diagnosis of orbital
asymmetry impossible.

studies could involve establishing norms for ana-

lyses of asymmetry

and validating diagnosed
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asymmetries with visual diagnosis. Furthermore,
additional research can validate these findings with
both adult patients and patients with gross facial
imbalances.

CONCLUSIONS

Central landmarks of the skull tend to agree on a
MSP better than lateral landmarks as indicated by
their higher degree of coplanarity (flatness) and
are thus more suitable for use in defining the MSP.
The plane passing through N, Ba, and IF was the
most stable and reliable craniofacial MSP definition,
showing the smallest angular deviation from and
the closest proximity to the MSP of best fit using
all 8 central landmarks across all 60 patients.

The N-Ba-IF plane satisfies the 6 suggested criteria
of an ideal MSP definition.

The N-Ba-1F defmition of MSP is recommended for
skull orientation and 3D cephalometric analysis.

REFERENCES

1.

American Journal of Orthodontics and Dentofacial Orthopedics

Lagravere MO, Major PW, Carey J. Sensitivity analysis for plane
orientation in three-dimensional cephalometric analysis based
on superimposition of serial cone beam computed tomography
images. Dentomaxillofac Radiol 2010;39:400-8.

. Hwang JJ, Kim KD, Park H, Park CS, Jeong HG. Factors influencing

superimposition error of 3D cephalometric landmarks by plane
orientation method using 4 reference points: 4 point superimposi-
tion error regression model. PLoS One 2014;9:e110665.

. Hwang HS, Hwang CH, Lee KH, Kang BC. Maxillofacial 3-

dimensional image analysis for the diagnosis of facial asymmetry.
Am J Orthod Dentofacial Orthop 2006;130:779-85.

. Tuncer BB, Ata¢ MS, Yiiksel S. A case report comparing 3-D eval-

uation in the diagnosis and treatment planning of hemimandibu-
lar hyperplasia with conventional radiography. J Craniomaxillofac
Surg 2009;37:312-9.

. Damstra J, Oosterkamp BC, Jansma J, Ren Y. Combined 3-

dimensional and mirror-image analysis for the diagnosis of asym-
metry. Am J Orthod Dentofacial Orthop 2011;140:886-94.

. Proffit WR, White RP. Surgical-orthodontic treatment: dentofacial

asymmetry. St Louis: Mosby-Year Book; 1991.

. Yanez-Vico RM, Iglesias-Linares A, Torres-Lagares D, Gutiérrez-

Pérez JL, Solano-Reina E. Three-dimensional evaluation of cranio-
facial asymmetry: an analysis using computed tomography. Clin
Oral Investig 2010;15:729-36.

. Baek SH, Cho 1S, Chang Y1, Kim MJ. Skeletodental factors affecting

chin point deviation in female patients with Class 111 malocclusion
and facial asymmetry: a three-dimensional analysis using
computed tomography. Oral Surg Oral Med Oral Pathol Oral Radiol
Endod 2007;104:628-39.

. Kwon TG, Park HS, Ryoo HM, Lee SH. A comparison of craniofacial

morphology in patients with and without facial asymmetry—a
three-dimensional analysis with computed tomography. Int J
Oral Maxillofac Surg 2006;35:43-8.

. Damstra J, Fourie Z, Wit MD, Ren Y. A three-dimensional compar-

ison of a morphometric and conventional cephalometric midsag-
ittal planes for craniofacial asymmetry. Clin Oral Investig 2011;
16:285-94.

. Collection of race and ethnicity data in clinical trials. Available at:

http://www.fda.gov/regulatoryinformation/guidances/ucm126
340.htm. Accessed September 8, 2016.

. NOT-0D-15-089: racial and ethnic categories and definitions for

NIH diversity programs and for other reporting purposes. US Na-
tional Library of Medicine. Available at: http://grants.nih.gov/
grants/guide/notice-files/not-od-15-089.html#sthash.srd3jjba.dpuf.
http://grants.nih.gov/grants/guide/notice-files/not-od-15-089.
html. Accessed September 8, 2016.

. Lagravere MO, Gordon JM, Guedes 1H, Flores-Mir C, Carey JP,

Heo G, et al. Reliability of traditional cephalometric landmarks as
seen in three-dimensional analysis in maxillary expansion treat-
ments. Angle Orthod 2009;79:1047-56.

. Damstra J, Fourie Z, Huddleston Slater JJ, Ren Y. Reliability and

the smallest detectable difference of measurements on 3-dimen-
sional cone-beam computed tomography images. Am J Orthod
Dentofacial Orthop 2011;140:e107-14.

. Olmez H, Gorgulu S, Akin E, Bengi AO, Tekdemir1, Ors F. Measure-

ment accuracy of a computer-assisted three-dimensional analysis
and a conventional two-dimensional method. Angle Orthod 2011;
81:375-82.

. Oliveira AE, Cevidanes LH, Phillips C, Motta A, Burke B,

Tyndall D. Observer reliability of three-dimensional cephalo-
metric landmark identification on cone-beam computerized to-
mography. Oral Surg Oral Med Oral Pathol Oral Radiol Endod
2009;107:256-65.

. Gribel BF, Gribel MN, Frazao DC, McNamara JA, Manzi FR. Accu-

racy and reliability of craniometric measurements on lateral ceph-
alometry and 3D measurements on CBCT scans. Angle Orthod
2011;81:26-35.

W 2017 ¢ Vol B e Issuc R

1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
11
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134



	YMOD5735_annotate.pdf
	A simple and accurate craniofacial midsagittal plane definition
	Material and methods
	Results
	Discussion
	Conclusions
	References





