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Abstract

Morphological integration refers to the interdependence of two or more phenotypic structures.
The morphological integration concept is based on the fact that parts of complex organisms do
not vary randomly and instead display degrees of non-independence that are thought to occur
from shared genetic or developmental origins, and/or functional demands. Integrated traits may
develop, evolve, and be inherited together. One instance of morphological integration can be
found between the vertebral column and the skull. Due to the position of the skull resting atop of
the vertebral column, posture may influence skull development and overall craniofacial
morphology. Morphological integration within or between structures is typically statistically
assessed by exploring correlation and covariation patterns among biological structures of
interest. In this study, an analysis of morphological integration was carried out by studying
covariation of morphometric measures from the vertebral column and craniofacial complex.
Age- and sex-matched, de-identified computed tomography images of individuals with kyphosis
spinal malformation (n = 15) and controls (n = 19) were acquired from Florida Hospital. It is
hypothesized that the sample of individuals with kyphosis will exhibit statistically significant
covariance differences relative to the control group for T6 vertebral and midfacial linear distance
measurements. Anatomical landmarks were identified on the T6 thoracic vertebrae (n = 6) and
the midfacial skeleton (n = 6), and XYZ coordinates were recorded for analysis. A subset of 10
individuals (5 kyphosis, 5 controls) individuals were measured on two occasions to assess
reliability and measurement error. An Euclidean Distance Matrix Analysis (EDMA) of
morphological integration was carried out on the entire sample by calculating correlation values
for paired linear distance measurements (one vertebral and one midfacial) separately for the

kyphosis and control samples (n = 225 for each sample). Next, EDMA calculated correlation



differences and statistically assessed significance using a non-parametric bootstrap (1,000
resamples) and confidence interval testing (o < 0.10). Only 35 of the 225 (15.56%) correlation
differences were statistically significant. Patterns of variation among these significant correlation
differences were explored by examining sample directionality of differences, sign patterns, and
strengths. The relevance of these results to clinical and anthropological pursuits are discussed.

Several recommendations for future investigations are made.
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Introduction

Biomedical anthropology is a branch of anthropology that can be described as combining
the theoretical aspects, as well as methodological aspects, of both physical anthropology and
medical anthropology (Johnston and Low, 1984). Focuses within the branch of physical
anthropology include, but are not limited to, the study of human biology, human diet, and human
development. Some of the focuses within the branch of medical anthropology include the study
of societal or group medical systems, health behaviors, and medical planning. Through the
combination of these two branches of anthropology, biomedical anthropology can then be
described as the understanding of the sociocultural effects of biological health and disease at
both the individual and societal level. Biomedical anthropologists, therefore, inherently focus on
not only the biological outcomes of studies, but also how these outcomes effect individuals and
societies at large. By better understanding how atypical phenotypic structures influence
development and growth, biomedical anthropologists can develop informed perspectives

regarding the role that developmental change plays in the production of phenotypes and health.

By studying the health of individuals or specific groups, biomedical anthropologists may
be able to learn more the medical systems in place, as well as cultural factors of a society. For
example, if individuals showing atypical morphology live a long life in a population at a
particular time in the Earth’s history, this could be an indication that the culture in question cared
for said individuals or possibly even treated them preferentially. Physical stressors, malnutrition,
injury, and disease can often be preserved on the inner and outer surfaces of bone or can be
observed via eroded, grown, or altered bone structures (Wippert, 2017). Diseases and physical
stressors identified from bones may shed light on what kind of occupations existed in a society,

whether there was an abundance or shortage of food, and what day to day life was like for
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individuals. Thus, there is a clear link between anthropology and the study of human biology,

health, and phenotypic abnormalities.

The vertebral column is an important feature of human anatomy, for it allows a habitual
orthograde posture that allows humans to use a bipedal locomotor. In evolutionary terms of
human biology was incredibly important for it created a feedback loop that resulted in other
evolutionary adaptations (Vaughan, 2003). A vital component of human biology, the nervous
system, is housed and protected by the vertebral column. This makes atypical phenotypical
variation in the vertebral column potentially dangerous to the health and wellbeing of
individuals, mainly in that it has the potential to cause various neurological disorders such as
epilepsy or Parkinson’s Disease. The vertebral column also correlates with other anatomical

structures of the human skeletal system, such as the skull, thoracic cavity, and pelvis.

While studying morphological integration of the vertebral column relative to other
anatomical structures, biomedical anthropologists will not only examine biological
characteristics of an individual, but also the cultural or behavior characteristics of an individual.
For example, if high numbers of correlations of integration are found between kyphotic thoracic
vertebrae and the midfacial region of the skull, this may indicate widespread health problems
within a population such as osteoporosis or tuberculosis (Harrison, 2007 & Jain, 2010). High
numbers of correlations may also indicate certain health behaviors common in a society. For
example, high amounts of correlations in kyphotic samples may indicate a cultural norm of

sedentary lifestyles where a natural posture is not always achieved.

Studies of morphological integration have shown that different parts of the body may
exhibit covariation due to shared developmental origins and/or functional demands (Olson,

1958). Morphological integration can be defined as “the cohesion among traits that results from
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interactions of the biological processes” (Klingenberg, 2008). One instance of morphological
integration may be found between the vertebral column and the skull. While the vertebral
column is intimately linked to the immediately surrounding anatomy of the back, the vertebral
column may also covary to some degree with superior anatomical structures, such as the
craniofacial skeleton, due to the intersection of the skull with the spinal column. The vertebral
column and the skull are not necessarily independent of one another due to relationships that
occur from body elements being contiguous, functionally related, or developmentally related due
to shared genetic origins (e.g., genetic pleiotropy, genetic cascades, complex cis- and trans-
regulatory genetic mechanisms). Because the skull rests atop the vertebral column, posture, and
particularly atypical postures can influence skull development, growth, and morphology during

life due to the biomechanics of ambulation (Lippold, et al., 2006).

Previous studies have largely focused on the effects atypical spinal morphology has on
dental morphology (Huggare, 1998), rather than the midfacial anatomy. In studies concerning the
relationship between atypical spinal morphology and dental morphology, researchers found that
vertebral column positioning can impact an individual’s dental morphology (Saccucci et al.,
2011). The relationship of the vertebral column, specifically the vertebrae of the thoracic region,
has not been studied in comparison to the midfacial anatomy of the human skull prior to this
study. Therefore, to the best of my knowledge, this is the first study of morphological integration

focusing on both the midfacial region of the skull and the thoracic region of the spinal column.

This study specifically focuses on the atypical vertebral arrangement of kyphosis, and
how kyphosis in the thoracic vertebrae may have an effect on the midfacial region of the skull.
Kyphosis, also known as Scheuermann’s Disease, is the atypical forward curvature of the

thoracic region of the vertebral column. Generally, the vertebrae in a kyphotic thoracic region



show signs of wedging by at least five degrees in the anterior between three adjacent vertebral
bodies (Tribus, 1998). The thoracic region of the vertebral column is located in the middle area
of the vertebral column. The thoracic region is superior to the lumbar region and inferior to the
cervical region of the spine. Overall, there are 12 distinct thoracic vertebrae and can be
distinguished from cervical and lumbar vertebrae due to the nature of thoracic vertebrae

articulating to the rib bones, forming the thoracic cavity (Benzel & Stillerman, 1994).

Covariation, another technique used in assessing morphological integration, can be
described as the intraindividual variability among respective anatomical structures (Hooker,
2014). To understand variability at the intraindividual level, multiple measurement assessments
are required in order to observe if there is any possible covariation between the anatomical
structures of an individual. So, while morphological integration focuses on how anatomical
structures are interrelated and interdependent on one another, covariation also studies variability

in measurements among these structures.

For this investigation, it was hypothesized that a different pattern of morphological
integration would be found between the kyphosis and control samples, indicating that kyphosis
influences or alters craniofacial midfacial morphology. A morphometric analysis of
morphological integration of the vertebral column and the midfacial region of the skull was
carried out. Covariation between the T6 vertebra and midfacial measurements was calculated for
each sample and correlation differences were statistically compared to assess patterns of

morphological integration between these two regions of the body.

The T6 vertebrae of the thoracic column was chosen for this study for two reasons. First,
the T6 vertebrae lies on the range (i.e. the T5 to T8 vertebrae) of the thoracic region where the

spine naturally curves posteriorly. The second reason the T6 thoracic vertebrae was chosen is
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due to certain limitations of using Amira software (v6) to visualize computed tomography
images in this study. For certain individuals, some thoracic vertebrae of this range of the
posterior curve would not load correctly, or there would be portions of vertebrae missing.
However, the T6 thoracic vertebrae was consistent across all individuals and between samples,

which is why it was specifically picked for landmark placement.

Materials and Methods

A cross-sectional sample of completely anonymized three dimensional (3D) computed
tomography (CT) images of individuals with kyphosis (n = 15) and normal controls (n = 19) was
acquired from Florida Hospital archives (IRBNet ID# 114278). For each individual, a CT image
of the skull and spine taken within 30 days of each other were included for analysis. To control
for differences in maturity, growth, and allometry, only adult individuals were included in this
study. The ages and sexes of these individuals are included in Table 1. Due to the nature of the
small number of individuals in both respective samples, no attempt was made to control for
ethnic or ancestral backgrounds, or to divide individuals accordingly. However, in future studies
that have a much larger sample size, it will be beneficial to divide individuals according to
different ethnic and ancestral backgrounds to account for variation among different human

populations.

Table 1: Age and Sex of Individuals Observed

Sample Image Total Male Femalen Age Mean Standard
Modality n n Range Age Deviation
(years) (years) (years)
Kyphosis CT 15 7 8 24-71 43.24 14.06
Controls CT 19 9 10 23-88 47.53 18.82




CT images were visualized as two-dimensional (2D) orthoslices and three-dimensional
(3D) volume renderings using Amira software (v6). The orthslice for each individual was 5-
millimeters in width, with 2.5-millimeter distance between slices. Six anatomical landmarks
were located on the T6 thoracic vertebrae of each individual (Figure 1). An additional six
anatomical landmarks were located on the midfacial region of the skull of each individual
(Figure 2). Anatomical landmarks are defined in Tables 2 and 3. For a total of 10 individuals (5
kyphosis, 5 controls), anatomical landmarks were identified, and their coordinates recorded on
two separate occasions with >24 hours in between measurements to avoid memory bias
landmark placement. Coordinate values for trial 1 and trial 2 were then compared to assess
measurement error and reliability by calculating mean absolute measurement error, the
coefficient of reliability, and the Pearson correlation between measurements for trial 1 and 2.
Following the assessment of measurement error and reliability, all other individuals were
measured a single time and their coordinates were recorded for analysis. For those individuals
measured twice during the measurement error and reliability analysis, their anatomical landmark

coordinate values were averaged and used in further analysis.



ritp

absm

Figure 1: Anatomical landmarks located on the superior aspect of the T6 thoracic vertebrae of each individual.

Figure 2: Anatomical landmarks located on the midfacial craniofacial skeleton of each individual.

Table 2: Anatomical landmarks and definitions measured on T6 thoracic vertebrae.

1. ppsp Posterior-most point of spinous process

2. lltp Left lateral most point of the transverse process

3. ritp Right lateral most point of the transverse process

4. lllm Left lateral most point on the border of the lateral
margin

5. rllm Right lateral most point on the border of the lateral
margin

6. absm Anterior most point on the border of the super
margin




Table 3: Anatomical landmarks and definitions measured on the midfacial skeleton.

Landmark
Abbreviation

1. nas

2. nal

3. ans

4. ids

5. lzmi

6. rzimi

Definition

Nasion — superior intersection of nasals along the midline

Nasale —inferior point between nasals

Anterior nasal spine — the anterior most pointed projection of the intermaxillary
suture

Intradentale Superior — point located between the superior central incisors on the
alveolar maxillary border

Left zygomaxillare inferior — taken on notch, most inferior point of the
zygomaxillary suture in anterior view

Right zygomaxillare inferior — taken on notch, most inferior point of the
zygomaxillary suture in anterior view

Individual landmarks are placed on the 2-D orthoslice (Figure 3). However, it is

important that each individual observed is capable of loading both an orthslice and a 3-D volume

rendering. While the landmarks are actually placed on the orthslice, it is necessary to have the 3-

D rendering to guide the orthoslice up and down the 3-D depiction of the anatomical structure

(Figure 4). This is necessary to ensure that while placing the landmarks, the landmarks are

placed in the correct anatomical region of the structure being landmarked. It is important to note

that while the landmark is actually placed on a 2-D image, each landmark has its own set of X,

Y, and Z coordinates. This is due to the CT image existing within a 3-D plane.

Figure 3: An example of a landmark being placed upon an 2-D orthoslice.



Figure 4: An example of using the 3-D volume rendering to help determine where the orthoslice is located in the 3-

D plane.

Euclidean Distance Matrix Analysis

A Euclidean Distance Matrix Analysis (EDMA) approach was used to assess patterns of
morphological integration between the kyphosis and control samples (Cole and Lele, 2002;
Richtsmeier et al., 2006; Richtsmeier and DelLeon, 2009; Starbuck et al. 2011). Anatomical
landmark coordinate XYZ files are created using a specific format and loaded into WinEDMA
software (v 1.0.1). Using the utility and convert options, the XYZ file is converted into a new file
consisting of all unique inter-landmark linear distances for both the midfacial region and the T6
thoracic vertebrae. EDMA software applies a formula derived from the Pythagorean theorem to
calculate linear distances from XYZ coordinate values. Each individual landmark has it’s own
respective set of XYZ coordinate values because, while the landmark is placed on a 2-D
orthographic image, the landmark still exists within a 3-D plane. Using this formula, the linear

distance between any two three-dimensional (3D) anatomical landmark coordinates with
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coordinate values of, for example, A = X1,y1,z1 and B = X2,y2,2> can be calculated using the

following formula:

dap) = J(x1 - x2)2 + (1 —y2)% + (21 — 2)?

In this equation, d is equal to the distance between two landmark coordinates. It is important to
note that this equation can only find the distance between two points on the T6 vertebrae, or the
distance between two points on the midfacial region of the skull. It cannot find the distance
between one point on the vertebrae and one point on the midfacial region of the skull. The
number of unique linear distances for each structure can be calculated using the following

formula:

n(n-1)

where n is the number of landmarks measured.

WInEDMA software produced 4 sets of linear distance measurements (Tables 4, 5, 6, and
7), each with unique linear distances (calculated from 6 landmarks): Kyphosis vertebra, kyphosis
skull, control vertebra, and control skull. Columns of measurements are defined by the two
landmarks that served as the endpoints for a particular linear distance. Next, linear distance files
were modified into a new format for input into the EDMA-based MIBoot program (v1.0). To
accomplish this, the kyphosis linear distances for the vertebrae and skull were merged into a
single file text file including 30 linear distance measurements. The same was done for the control
sample. MIBoot then computed Pearson correlation matrices for each sample by calculating the

pair-wise correlations between all linear distance measurements, resulting in a triangular
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correlation matrix containing 435 unique correlation values for each sample (a full square matrix
would contain 900 values, but 435 of them are redundant while the 30 along the diagonal are
represent the correlation between a measurement and itself, or 1’s and are therefore
uninformative). A correlation difference matrix was automatically calculated by MIBoot by
subtracting the elements of one matrix from the other. If pair-wise correlations between samples
are the same, then the correlation difference matrix consists of zeros. If they are not similar,
MIBoot statistically evaluates correlation differences using a non-parametric bootstrap approach
(1,000 resamples) and confidence interval testing (o < 0.10). The null hypothesis is that there is
no difference between corresponding pair-wise correlations between the kyphosis and control
samples. If a confidence interval includes the value of zero, then we fail to reject the null
hypothesis. If a confidence interval does not include zero, then there is a statistically significant
correlation difference between the paired linear distances in the kyphosis and control samples.
Using this method, magnitude, sign relationship, and strength relationship patterns were
observed to test the morphological integration of the vertebrae and midfacial region between the
kyphosis and control samples. Readers are invited to review Lele and Richtsmeier (2001) for
additional details about EDMA-based statistical procedures and Richtsmeier et al., 2006,
Richtsmeier and DeLeon 2009, and Starbuck et al. 2011 for specific applications of MIBoot to

different samples.
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Table 4: Linear distance measurements from T6 vertebrae of individuals with kyphosis (n=15). Each column of measurements is defined by the two landmarks
that act as endpoints for that particular linear distance measure.

Him& rlim& rim& rlim& absm& absm& absm& absm& absm&
ritp ppsp ritp llim ppsp litp ritp llim rlim
‘ K1 27.8 269 50.6 394 316 475 400 486 319 257 59.6 58.2 56.5 26.8 24.6
K2 329 339 56.6 427 296 501 419 479 321 258 56.6 51.6 52.7 22.4 20.6
‘ K3 319 372 579 533 378 563 534 557 372 302 664 58.3 59.2 22.2 23.0

EE o3 262 521 495 435 554 481 581 404 283 612 613 602 190 220
S 328 310 573 475 359 533 443 510 353 258 572 540 533 197 182

304 261 498 459 351 509 437 498 352 26.2 573 53.5 54.5 19.3 20.2

280 308 489 525 418 548 535 555 413 269 648 596 589 194 193
B ;0 305 579 488 370 543 470 533 373 262 600 555 562 193 194
K9 362 388 584 570 403 583 565 570 391 299 716 627 6L1 238 225
| K10 343 315 586 537 397 587 539 570 434 277 667 594 629 204 207
K11 273 293 489 475 371 524 496 535 384 282 677 629 631 263 255
| K12 39.9 393 619 580 387 597 59.2 589 420 306 691 569 615 190 218
K13 381 377 665 500 435 627 501 625 444 299 63.6 659 654 232 216
K14 321 261 501 500 372 522 50.5 546 391 280 655 599 593 235 214
K15 36.5 345 578 497 376 551 501 576 369 310 642 612 588 245 228
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Table 5: Linear distance measurements from the midfacial region of individuals with kyphosis (n=15). Each column of measurements is defined by the two
landmarks that act as endpoints for that particular linear distance measure.

Izmi& Izmi&

ans ids
K1 19.3 498 33.1 62.0 444 129 62.0 56.5 47.2 53.6 63.6 57.8 49.5 549 81.0
K2 273 527 28.1 63.6 383 11.0 67.9 59.7 53.3 57.6 65.7 56.0 49.7 53.0 90.4
(€] 21.0 525 347 72.7 544 20.3 73.6 67.0 54.7 59.8 72.0 64.1 51.2 56.2 93.0

EZ 17+ 524 376 599 462 103 741 706 604 608 667 620 545 512 96.4
E 207 561 309 753 494 192 699 613 506 56.6 748 653 542 586 88.2

221 546 364 681 495 135 673 63.7 554 60.2 68.2 63.4 55.2 60.1 89.8

16.2 469 344 673 543 205 676 642 491 525 67.8 614 46.4 51.4 83.0

m 241 547 329 668 451 123 646 56.1 47.8 506 66.1 58.1 51.7 55.3 82.7
K9 176 545 380 67.7 513 133 69.7 626 523 552 703 62.4 52.8 55.8 88.4
K10 22.2 501 30.2 647 448 147 683 605 525 549 714 62.6 50.8 521 89.0
K11 190 543 373 713 536 174 779 70.2 559 61.1 76.5 69.1 58.3 63.1 101.2
K12 246 533 341 725 536 197 732 704 582 609 763 71.9 59.9 62.5 93.6
K13 189 521 372 707 548 187 706 649 495 548 725 65.1 49.2 53.3 88.0
K14 180 552 38.0 780 608 228 740 66.1 56.0 615 76.6 67.5 55.7 61.2 97.7
K15 21.7 523 340 641 46.2 122 639 571 464 470 63.7 56.5 46.8 49.7 79.5
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Table 6: Linear distance measurements from T6 vertebrae of individuals in the control sample (n=17). Each column of measurements is defined by the two
landmarks that act as endpoints for that particular linear distance measure.

Itp&  rltp& rltp& lIIm& llIm& llIm& rlim& rlim& | rlim& rlim& absm& absm& absm& absm& absm&

ppsp ppsp litp ppsp litp ritp ppsp litp ritp llim ppsp litp ritp llim rlim
c1 28.1 284 509 402 29.5 47.4 404 472 300 266 504 472 472 187 181
@) 356 314 601 563 415 606 582 63.6 439 339 745 679 674 274 253
404 343 603 557 414 598 524 591 401 311 73.6 676 686 266  29.0
240 530 328 668 468 141 664 599 516 536 631 574 473 514 795
343 372 593 524 365 605 504 525 403 292 651 576 617 227 216
280 288 493 450 355 519 459 512 375 268 582 561 552 222 184
31.9 340 585 508 397 575 539 584 431 283 656 608 620 218  20.1
c8 303 369 642 459 413 573 494 604 400 283 608 624 595 216 201
c9 286 299 528 471 349 532 476 511 374 268 655 588 616 242 247
c10 30.7 339 536 453 351 519 471 530 351 284 604 578 567 235 223
c11 264 256 464 464 359 501 482 524 370 281 618 572 571 222 220
c12 307 314 530 536 398 548 572 590 414 302 668 596 587 210  20.1
c13 348 330 564 522 406 564 525 578 406 285 646 607 594 213 20.0
326 324 515 557 400 557 562 567 402 301 674 585 590 201 214
355 349 615 521 396 583 532 598 403 307 717 663 657 270  26.0
c16 262 314 544 415 340 515 430 494 364 240 627 602 609 262 244
c17 333 342 534 553 382 577 563 570 403 328 693 603 614 240 231
c18 194 515 333 717 538 205 707 638 555 592 731 660 566 588  86.8
c19 408 384 584 593 387 589 593 595 398 337 719 610 605 240 225
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Table 7: Linear distance measurements from midfacial region of individuals in the control sample (c=19). Each column of measurements is defined by the two
landmarks that act as endpoints for that particular linear distance measure.

Izmi& Izmi& 1zmi& Izmi& rzmi& rzmi& rzmi& rzmi& rzmi&

nas nal ans ids nas nal ans ids lzmi
‘ Cc1 21.0 526 369 70.1 545 177 658 63.0 52.0 56.4 64.2 60.6 49.4 54.3 82.4

B 51 586 365 763 540 17.8 733 641 518 574 760 662 541 564  90.2
Pl 252 588 403 737 543 149 721 664 499 541 738 679 520 565 855
240 530 328 668 468 141 664 599 516 536 631 574 473 514 795
211 526 321 752 543 229 721 614 496 575 705 581 485 555 87.2
21.0 505 323 680 49.1 177 686 626 53.0 586 69.0 611 499 550 886
183 537 376 685 518 149 676 607 485 540 692 606 485 525 865
298 548 306 708 447 165 691 593 471 539 725 635 547 593 920
TP 215 510 335 708 525 198 674 609 511 572 681 611 496 555 915
GTIM 164 506 358 608 464 107 655 601 504 508 645 577 472 485 820
GERl 177 445 300 653 496 212 658 606 476 539 650 590 465 531 796
PG 216 505 320 632 450 13.0 623 574 485 515 632 561 487 511 813
GERl 260 563 380 667 486 107 755 709 553 567 766 723 565 560 95.1
GV 244 555 336 748 517 199 746 660 561 635 796 707 617 685 1046
154 59.8 472 718 593 121 763 700 498 503 734 684 490 511 79.8
18.6 503 330 659 483 156 674 582 446 481 670 570 448 478 765
GYAll 143 473 343 660 532 190 687 645 554 575 669 624 534 573 865
17.7 49.0 334 595 454 137 686 60.9 482 441 698 639 494 450 768
ST 136 524 401 721 598 197 778 733 595 624 742 682 548 596 949
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The hypothesis tested in this project was formulated to assess the relationship between
the midfacial region of the skull and the T6 thoracic vertebra. Consequently, all correlations
within structures (e.g. skull measure correlated to skull measure, or vertebral measure correlated
to vertebral measure) that were automatically calculated by MIBoot software were removed from
the analysis. This resulted in two 15 X 15 correlation matrices (kyphosis and control) (Table 8
and 9) and one 15 X 15 correlation difference matrix (Table 10). Each of these matrices
contained 225 correlation or correlation difference values of potential interest with respect to the
hypothesis tested here. Accordingly, it is these 225 correlation difference values that were
statistically assessed and reported here. Once statistical significant differences in correlation

values were ascertained, patterns in original correlation values between samples were explored.
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Table 8: Kyphosis sample correlations between vertebrae and skull measures. Linear distances are defined by the two anatomical landmark endpoints listed for
each column or row.

litp& ritp& ritp& IM& lIM& IIm& rlim& rlim& rlim& rlim& absm& absm& absm& absm& absm&
ppsp ppsp litp ppsp litp ritp ppsp litp ritp llim ppsp litp ritp llim rlim
nal&nas | 0.32 | 0.17 | 0.36 |-0.20 |-0.55 | -0.15 | -0.32 -0.42 |-041 | -0.32 | -0.50 -0.75 -0.60 -0.32 -0.46
ans&nas | 0.26 | 0.00 |0.13 |0.01 |-0.20 |-0.07 |-0.11 |-0.15 |-0.22 |0.02 -0.10 -0.22 -0.22 -0.03 -0.08
ans&nal | -0.08  -0.09 -0.20 | 0.29 | 0.56 |0.24 | 0.33 0.46 | 038 046 |0.46 0.67 0.53 0.20 0.39
ids&nas | 0.21 | 0.18 |0.11 |0.32 | 0.06 |0.17 |0.31 0.11 |0.19 |o0.17 0.26 0.01 0.10 -0.02 -0.15
ids&nal | 0.06 4 0.11 | -0.07 049 |048 034 | 054 |045 |050 |0.43 0.55 0.47 0.49 0.06 0.11
ids&ans | 0.06 | 0.17 | 0.02 |038 024 |025 |044 |0.26 |0.38 |0.22 0.37 0.18 0.29 -0.03 -0.10
Izmi&nas | -0.05 | 0.08 | -0.05 0.40 | 0.37 |0.29 | 0.43 034 | 042 036 |045 0.32 0.47 -0.03 0.26
Izmi&nal | -0.07 | 0.07 |-0.11 | 0.44 |049 |033 048 |042 |049 041 0.43 0.33 0.49 -0.18 0.25
Izmi&ans | -0.08 | -0.11 | -0.18 0.29 |0.18 |0.09 | 0.27 013 |0.22 |0.18 |0.21 -0.03 0.19 -0.29 0.14
Izmi&ids | -0.21 | -0.18 | -0.25 | 0.08 | -0.02 | -0.07 | 0.09 -0.08 | 0.06 |-0.01 |o0.10 -0.11 0.08 -0.13 0.17
rzmi&nas | 0.20 1 0.19 014 | 046 025 | 036 |048 |0.29 | 045 | 0.27 | 047 0.20 0.42 -0.04 0.02
rzmi&nal | 0.17 | 0.15 | 0.07 | 050 |0.35 |0.38 |0.53 0.37 | 051 |0.34 |0.50 0.24 0.49 -0.13 0.12
rzmi&ans | 0.04 | -0.11 | -0.12 0.22 |0.00 |0.01 |0.20 |-0.01 5 0.10 |0.08 |O0.22 -0.10 0.12 -0.15 0.16
rzmi&ids | -0.03 | -0.08 | -0.19 | 0.08 |-0.23 | -0.16 | 0.10 |-0.21 |-0.07 | -0.03 | 0.18 -0.17 0.00 0.06 0.16
rzmi&Ilzmi | -0.16 | -0.12 | -0.20 | 0.19 | 0.14 | 0.06 | 0.22 0.11 | 0.23 0.16 | 0.28 0.13 0.30 0.00 0.28
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Table 9: Control sample correlations between vertebrae and skull measures. Linear distances are defined by the two anatomical landmark endpoints listed for
each column or row.

litp& ritp& ritp& IIM& NIm& lIM& rlim& rlim& rlim& rlim& absm& absm& absm& absm& absm&

ppsp ppsp litp ppsp litp ritp ppsp litp ritp llim ppsp litp ritp lllm rllm
nal&nas 002 000 013 -004 017 001 -005 017 009 -0.05 -013 008 0.0 -0.06  -0.02
ans&nas 058 0.06 051 011 016 029 008 042 007 -0.07 035 0.46 0.44 -0.09  -0.11
ans&nal 060 000 040 010 001 028 005 026 -0.07 -0.07 040 038 041  -008 -0.12
ids&nas  0.64 -0.24 0.57 -0.09 -022 052 -0.15 005 -021 -033 0.22 0.14 0.44 039 -0.39
ids&nal  0.68 -0.23 045 -002 -030 047 -010 -0.04 -028 -025 0.32 010 041 030  -0.33
ids&ans  0.10 -0.27 0.09 -0.13 -033 025 -0.18 -0.33 -024 -022 -0.06 -0.28  0.05 027  -0.26
lzmi&nas 066 007 042 027 017 037 020 037 008 -002 053 045 050  -0.09 -0.13
lzmi&nal  0.69 -0.04 033 021 003 033 014 026 -007 -0.06 0.40 0.26 0.32 -0.17  -0.19
lzmi&ans 048 001 004 026 -004 016 022 011 -0.06 003 0.6 -0.14 -006 -0.17  -0.14
lzmi&ids  0.55 -0.35 0.32 -0.11 -036 046 -014 -0.15 -034 -037 -0.05 -0.28  0.05 -0.54  -0.49
rzmi&nas  0.58 -0.04 046 021 024 043 017 043 011 -0.09 0.2 0.52 0.58 -0.17  -0.19
rzmi&nal 055 -0.01 032 027 026 030 023 044 0.09 001 048 0.45 0.42 -0.09  -0.10
rzmi&ns 048 -0.05 029 022 018 033 023 038 004 -006 0.30 0.21 0.24 024  -0.21
rzmi&ids  0.54 -0.29 0.39 -0.05 -0.18 0.48 -0.07 004 -025 -033 0.07 0.07 0.19 -0.50 | -0.45
rzmi&lzmi 051 -0.23 040 -001 -009 047 -001 011 -0.16 -030 0.12 0.01 0.23 045  -0.42
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Table 10: Correlation difference matrix for kyphosis and control samples. Linear distances are defined by the two anatomical landmarks listed for each column or
row.

litp& ritp& rltp& NIM& lIm& HIm& rlim& rlim& rlim& rlim& absm& absm& absm& absm& absm&

ppsp ppsp llitp ppsp litp ritp ppsp litp ritp llim ppsp litp ritp llim rlim
nal&nas 030 0.17 0.22 -0.15 -0.71 -0.16 -0.27 -0.59 -0.50 -0.27 -0.37 -0.83 -0.59 -0.26 -0.45

ERGE -0.32 -0.06 -0.38 -0.10 -0.36 -036 -019 -0.56 -0.29 0.09 -0.45 -0.68 -0.67 0.07 0.03
ans&nal -0.68 -0.09 -0.61 0.20 056 -004 0.28 020 045 0.52 0.06 0.29 0.12 0.28 0.51
ids&nas -043 041 -047 041 0.27 -035 046 0.06 040 0.50 0.05 -0.14 -0.33 0.37 0.24
ids&nal -0.62 033 -052 051 079 -0.13 0.64 049 079 0.68 0.23 0.37 0.08 0.36 0.44
ids&ans -0.03 044 -007 051 058 000 062 059 062 044 043 0.46 0.24 0.24 0.16
-0.72 001 -048 0.13 020 -0.08 0.23 -002 033 038 -0.08 -0.13 -0.03 0.07 0.39
-0.76 0.10 -043 0.22 045 0.00 033 0.16 056 0.46 0.03 0.07 0.18 -0.01 0.43
-0.56 -0.12 -0.22 0.03 0.22 -0.06 0.05 0.02 0.28 0.15 0.05 0.10 0.25 -0.13 0.28
-0.75 0.17 -056 0.19 034 -053 023 0.06 040 036 0.15 0.17 0.04 0.41 0.66
-0.37 0.24 -032 0.25 002 -007 031 -0.13 035 036 -0.05 -0.33 -0.16 0.12 0.22

-0.39 0.15 -0.25 0.23 0.09 0.09 030 -0.07 0.42 033 0.02 -0.21 0.07 -0.04 0.22
-0.44 -0.06 -042 000 -0.19 -032 -003 -039 006 0.13 -0.09 -0.30 -0.12 0.09 0.37
-0.56 0.20 -058 0.13 -0.05 -0.63 0.17 -0.25 0.18 030 0.10 -0.10 -0.18 0.56 0.61

-0.67 0.11 -060 0.20 0.22 -041 024 000 039 046 0.16 0.12 0.07 0.45 0.69
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Results

For T6 vertebra landmarks the overall absolute measurement error was 0.14mm. The
vertebral coefficient of reliability was 0.54, and the Pearson correlation was 1.00. For skull
landmarks the overall absolute measurement error was 0.13mm. The skull coefficient of
reliability was 0.73, and the Pearson correlation was also 1.00. Overall these results suggest that
there is increased measurement error associated with vertebral landmarks relative to skull

landmarks, but the absolute measurement error is fairly low for each subsample.

Statistical comparison of the correlation matrices for the kyphosis and control samples
revealed that 35 out of 225 (15.56%) linear distance pairs from the skull and spine are
significantly different (Tables 11 and 12; Figure 3) by confidence interval testing (o < 0.10).
Since this study is focusing on difference correlations to determine differences in morphological
integration of the midfacial region of the skull and the T6 thoracic vertebrae, these 35 significant
distances were statistically assessed and closely examined. To explore patterns of variation
associated with these results, significant differences were categorized based on whether: 1) the
correlation difference was higher in magnitude in one sample relative to the other, 2) the sign
patterns of the correlation values between samples (positive, negative), and 3) the strength of the
relationship between samples (absolute value of 0-0.1 very weak, 0.11-0.30 weak, 0.31-0.5
moderate, and 0.51-1.00 strong). Using these interpretive frameworks allowed us to identify the

following patterns in the significant results.
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Table 11: Correlation values for each sample, negative correlation differences, and 90% confidence intervals are shown for significant pairs of linear distance
measures from the T6 vertebra and midfacial region of the skull. Negative correlation differences indicate that the control correlation is either greater than the
kyphosis correlation and/or the norm correlation is positive when the kyphosis correlation is negative. All 90% confidence intervals shown do not include the
value of 0 (null hypothesis) and are statistically significant. Paired linear distance correlation values from each sample are labeled based on their sign and
strength relationships.

Control

Linear Distance Pair Difference  Lo90 Hi90 Sign

Strength Relationship

Kyphosis

r

r

Relationship

(+/-)

nal&nas llim&lltp -0.55 0.17 -0.71 -1.22 -0.30 | Negative/Positive Strong/Weak
nal&nas | rlim&litp -0.42 0.17 -0.59 -1.04 -0.07 | Negative/Positive Moderate/Weak
nal&nas | rlim&ritp -0.41 0.09 -0.50 -0.99 -0.01 | Negative/Positive Moderate/Very Weak
nal&nas | absm&litp -0.75 0.08 -0.83 -1.17 -0.43 | Negative/Positive Strong/Very Weak
nal&nas | absm&ritp -0.60 0.01 -0.61 -0.99 -0.04 | Negative/Negative Strong/Very Weak
ans&hnas rlim&litp -0.15 0.42 -0.56 -1.03 -0.08 | Negative/Positive Weak/Moderate
ans&nas | absm&litp -0.22 0.46 -0.68 -1.09 -0.19 | Negative/Positive Weak/Moderate
ans&nas | absm&ritp -0.22 0.44 -0.67 -1.12 -0.18 Negative/Positive Weak/Moderate
ans&nal | litp&ppsp -0.08 0.60 -0.68 -1.08 -0.33 | Negative/Positive Weak/Strong
ans&nal ritp&litp -0.20 0.40 -0.61 -1.15 -0.17 | Negative/Positive Weak/Moderate
ids&nas | litp&ppsp 0.21 0.64 -0.43 -0.84 -0.03 | Negative/Positive Weak/Strong
ids&nas ritp&Iitp 0.11 0.57 -0.47 -0.89 -0.01 | Negative/Positive Weak/Strong
ids&nal | lltp&ppsp 0.06 0.68 -0.62 -1.02 -0.20 | Negative/Positive Very Weak/Strong
Izmi&nas | litp&ppsp -0.05 0.66 -0.72 -1.26 -0.17 | Negative/Positive Very Weak/Strong
Izmi&nal | lltp&ppsp -0.07 0.69 -0.76 -1.35 -0.26 | Negative/Positive Very Weak/Strong
Izmi&ids | litp&ppsp -0.21 0.55 -0.75 -1.26 -0.14 | Negative/Positive Weak/Strong
Izmi&ids | llim&rltp -0.07 0.46 -0.53 -0.98 -0.05 | Negative/Positive Very Weak/Moderate
rzmi&ids | llim&ritp -0.16 0.48 -0.63 -1.09 -0.22 | Negative/Positive Weak/Moderate
rzmi&Izmi | litp&ppsp -0.16 0.51 -0.67 -1.22 -0.10 | Negative/Positive Weak/Strong
rzmi&Ilzmi | ritp&litp -0.20 0.40 -0.60 -1.08 -0.05 | Negative/Positive Weak/Moderate
rzmi&Ilzmi | llim&ritp 0.06 0.47 -0.41 -0.84 -0.01 Positive/Positive Very Weak/Moderate
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Table 12: Correlation values for each sample, positive correlation differences, and 90% confidence intervals are shown for significant pairs of linear distance
measures from the vertebrae and midfacial region of the skull. Positive correlation differences indicate that the kyphosis correlation is either greater than the
control correlation and/or the kyphosis correlation is positive when the control correlation is negative. All 90% confidence intervals shown do not include the
value of 0 (null hypothesis) and are statistically significant. Paired linear distance correlation values from each sample are labeled based on their sign and
strength relationships.

Difference Lo90 Hi90

Linear Distance Pair Control

Kyphosis

Sign Relationship  Strength Relationship

r

r

(+/-)

Kyphosis/Control

Kyphosis/Control

rzmi&Ilzmi | absm&rlim 0.28 -0.42 0.69 0.01 1.25 | Positive/Negative Weak/Moderate
ans&nal llim&litp 0.56 0.01 0.56 0.06 | 0.89 | Positive/Positive Strong/Very Weak
ans&nal rlim&llm 0.46 -0.07 0.52 0.03 | 0.83  Positive/Negative | Moderate/Very Weak
ids&nal llim&litp 0.48 -0.30 0.79 0.18 | 1.22 | Positive/Negative Moderate/Moderate
ids&nal | rlim&ppsp 0.54 -0.10 0.64 0.13 | 1.06 | Positive/Negative Strong/Weak
ids&nal rlim&ritp 0.50 -0.28 0.79 0.21 | 1.19 | Positive/Negative Strong/Weak
ids&ans | llim&ppsp 0.06 0.10 0.51 0.06 | 0.91 | Positive/Positive | Very Weak/Very Weak
ids&ans Him&Illtp 0.24 -0.33 0.58 0.07 | 1.08 | Positive/Negative Weak/Moderate
ids&ans | rlim&ppsp 0.44 -0.18 0.62 0.18 1.02 | Positive/Negative Moderate/Weak
ids&ans riim&litp 0.26 -0.33 0.59 0.10 | 1.05 | Positive/Negative Weak/Moderate
ids&ans rlim&rltp 0.38 -0.24 0.62 0.19 1.04 | Positive/Negative Moderate/Weak
ids&ans | absm&litp 0.18 -0.28 0.46 0.01 | 0.89 | Positive/Negative Weak/Weak
Izmi&nal | rlim&rltp 0.49 -0.07 0.56 0.15 | 0.88 | Positive/Negative | Moderate/Very Weak
Izmi&ids | absm&rlim 0.17 -0.49 0.66 0.08 | 1.21 | Positive/Negative Weak/Moderate
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Figure 3: All paired linear distances that significantly differ between the kyphosis and control samples.
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Correlation Difference Magnitude Patterns

Of the 35 significant correlation differences, the correlation values of 21 were higher in
the control sample (Figure 4), while the remaining 14 were larger in the kyphosis sample (Figure
5). Often this represents a situation where a correlation is positive in the sample with a higher
value, and negative or lower in the other sample (Figure 6). Thus, 60% of significant correlation
differences represent a relationship where original correlation values exhibited relatively higher

integration in the control sample.
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Figure 4: Significant negative correlation differences are depicted in green. Negative correlation differences indicate that the control correlation is either greater
than the kyphosis correlation and/or the control correlation is positive when the kyphosis correlation is negative. Correlations involving the same linear distance
measure from the vertebra are stacked or next to each other to observe patterns in the results, while others are spaced out.
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Figure 5: Significant positive correlation differences are depicted in red. Positive correlation differences indicate that the kyphosis correlation is either greater
than the control correlation and/or the kyphosis correlation is positive when the control correlation is negative. Correlations involving the same linear distance

measure from the vertebra are stacked to observe patterns in the results, while others are spaced out.
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Correlation Patterns Between Kyphosis and
Control Samples
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Figure 6: Patterns of significant correlation differences between samples. The magnitude of integration (i.e., space
between corresponding points on this figure) was larger in the control sample for 21 of the 35 significant correlation
differences, and higher for the kyphosis sample for the other 14 significant differences.

Correlation Sign Patterns

By looking at the sign of the original correlation values from each sample for each
significant correlation difference, the results were divided as follows: negative/positive (n = 19),
positive/negative (n = 12), positive/positive (n = 3), and negative/negative (n = 1) (Figure 7).
Thus, the majority of integration patterns illustrate a relationship where values are negative in the
kyphosis sample and positive in the control sample, or positive in the kyphosis sample and
negative in the control sample. Very few significant results exist where the correlation signs are

identical in both samples.
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Sign Relationship Integration Patterns of
Kyphosis and Control Samples
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Figure 7: Bar graph summarizing the different patterns of sign relationship proportions between the kyphosis and
control samples. The first sign listed is for the kyphosis sample. The second sign listed is for the control sample.

Thus, it is more likely for negative correlation values to be associated with the kyphosis
sample when positive corresponding values are found in the control sample (19/35, or 54.3% of
the time), but this pattern is not consistent (Figure 8, 9, 10, and 11). In many situations the
correlation value is positive in the kyphosis sample and negative in the control sample (12/35, or

34.3% of the time), although this occurs less frequently.
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Figure 8: Significant correlation differences are depicted in orange where the original correlation was negative in the kyphosis sample and positive in the control
sample. Correlations involving the same linear distance measure from the vertebra are stacked or next to each other to observe patterns in the results, while others
are spaced out.
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Figure 9: Significant correlation differences are depicted in blue where the original correlation was positive in the kyphosis sample and negative in the control
sample. Correlations involving the same linear distance measure from the vertebra are stacked to observe patterns in the results, while others are spaced out.
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Figure 10: Significant correlation differences are depicted in grey where the original correlation was positive in the kyphosis sample and positive in the control
sample. Because none of the positive/positive correlations duplicate a particular vertebra measure, all paired linear distances are spaced out.
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Figure 11: A single significant correlation difference is depicted in red where the original correlation was negative in the kyphosis sample and negative in the
control sample.
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Correlation Strength Patterns

To explore the absolute strength of the original correlation values from each sample for
each significant correlation difference the following absolute correlation classifications were
used: absolute value of 0-0.1 very weak, 0.11-0.30 weak, 0.31-0.5 moderate, and 0.51-1.00
strong. Absolute correlation strength differences between samples for those measures that are
significantly different were divided as follows: very weak/very weak (n = 1), very
weak/moderate (n = 2), very weak/strong (n = 3), weak/weak (n = 1), weak/moderate (n = 10),
weak/strong (n = 5), moderate/very weak (n = 3), moderate/weak (n = 3), moderate/moderate (n

= 1), strong/very weak (n = 3), and strong/weak (n = 3) (Figure 12, 13, 14, and 15).
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Figure 12: Significant correlation differences are shown where the original kyphosis correlation exhibited strong strength, while the normal correlations were
very weak or weak. Kyphosis paired linear distances depicted in red exhibited stronger correlations than corresponding paired linear distances of controls,

indicating increased morphological integration for kyphosis measures relative to controls.
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Figure 13: Significant correlation differences are shown where the original kyphosis correlation exhibited moderate strength, while the normal correlations were
very weak, weak, or moderate. Kyphosis paired linear distances depicted in red exhibited stronger correlations than corresponding paired linear distances of
controls, indicating increased morphological integration for kyphosis measures relative to controls. One pair of linear distances exhibited similar strength in both

samples (grey).
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Figure 14: Significant correlation differences are shown where the original kyphosis correlation exhibited weak strength, while the normal correlations were
weak, moderate, or strong. Control paired linear distances depicted in green exhibited stronger correlations than corresponding paired linear distances of the
kyphosis sample, indicating increased morphological integration for control measures relative to kyphosis measured. One pair of linear distances exhibited

similar strength in both samples (grey).
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Figure 15: Significant correlation differences are shown where the original kyphosis correlation exhibited very weak strength, while the normal correlations were
very weak, moderate, or strong. Control paired linear distances depicted in green exhibited stronger correlations than corresponding paired linear distances of the
kyphosis sample, indicating increased morphological integration for control measures relative to kyphosis measures. One pair of linear distances exhibited

similar strength in both samples (grey).
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Although the patterns are less clear for this interpretative framework relative to the others
employed, for 20 of the significant differences (57.1%) the original correlation values exhibit a
lower strength in the kyphosis sample and a higher strength in the control sample (i.e., very
weak/moderate, very weak/strong, weak/moderate, weak/strong). For 12 of the significant
differences (34.3%), the original correlation values exhibit a higher strength in the kyphosis
sample and a lower strength in the control sample (i.e., moderate/very weak, moderate/weak,
strong/very weak, strong/weak). For the remaining values the correlation strength pattern is the
same in each sample (i.e., weak/weak, moderate/moderate). Thus, there is a slight tendency for
correlation strengths to be stronger in the control sample, which could be taken as evidence that
kyphosis weakens integration among the vertebra and midfacial region of the skull. However,
this tendency is tapered by the opposite pattern found in many of the raw correlation values used

to calculate significant differences.

Additionally, a summary of absolute correlation strength for each sample is shown in
Figure 16. Overall, the control sample is characterized by mostly strong and moderate correlation
strengths, while the kyphosis sample is often associated with weak correlation strengths between
vertebral and midfacial measurements. Again, this suggests a pattern where kyphosis alters

relationships among structures, but this pattern is not consistent.
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Figure 16: Bar graph summary depicting correlation strength patterns across samples.

Discussion

Overall, relatively few linear distance pairs from the vertebra and midfacial region
exhibited a statistically significant difference in correlation values (35 out of 225, or 15.56%), as
shown in Figure 3 and Tables 11 and 12. In other words, there are relatively few significant
differences in morphological integration when comparing the kyphosis and control samples. This
suggests that kyphosis does not have a huge effect on the midfacial region of the skull, although

there are some significant differences that can be explored in further detail.

For those 35 linear distance pairs that do significantly differ between samples some
pattern differences were discerned. Approximately 60% (21 of 35) of correlation differences
exhibit a higher magnitude of integration in the control sample (Figure 4), while 40% (14 or 35)

have a higher magnitude of integration in the kyphosis sample (Figure 5). This suggests slightly



less integration in the kyphosis sample overall, which is consistent with the hypothesis that

kyphosis weakens integration between vertebrae and the midfacial region of the skull.

Furthermore, the directionality of correlation patterns was explored for those linear
distances pairs that significant differ between samples. Interestingly, the kyphosis sample often
exhibits a negative correlation, when the control sample exhibits a positive correlation (19 out of
35, or 54%), as shown in Figure 8. In many situations the kyphosis sample exhibited a positive
correlation when the control sample exhibited a negative correlation (12 out of 35, or 34%),
which is shown in Figure 9. In relatively few situations correlation directionality was positive (3
out of 35, or 9%), as seen in Figure 10, or negative (1 out of 35, or 3%), as seen in Figure 11, in
both samples. This tendency for the kyphosis sample to often exhibit a negative correlation when
the control sample exhibits a positive correlation also can be taken as evidence that kyphosis
influences integration between the T6 vertebra and midfacial region, but this pattern is not

consistent across all measures.

Additionally, the comparison of the absolute strength of the original correlation values
from each significant difference revealed that kyphosis correlations are usually not absolutely
higher than corresponding correlations in the control sample (12 out of 35, or 34%), as shown in
Figures 12 and 13. In most situations the original correlation values were absolutely higher in the
control sample relative to the kyphosis sample (20 out of 35, or 57%), shown in Figures 13, 14,
and 15. Very few absolute correlations exhibited the same strength in both samples (3 out of 35,
or 9%), illustrated in Figures 13, 14, and 15. Moreover, a comparison of absolute strength
patterns between samples revealed that the control sample is characterized by mostly strong to
moderate correlations strengths, while the kyphosis sample often displays weak correlations. The

tendency for the control sample to exhibit higher absolute correlation strengths relative to the
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kyphosis sample also suggests that integration is affected by kyphosis, but again this pattern is

not always consistent.

Based on the results of this study, there are significant correlation differences between the
midfacial region of the skull and T6 thoracic vertebrae in individuals with kyphosis and controls.
Patterns of integration among those paired measurements that significantly differ between
samples often suggest that kyphosis alters patterns of normal integration found in controls, but
inconsistency in the direction of these results does not reveal a clear tendency of kyphosis to

disrupt integration patterns.

It is important to note that 84.44% of paired linear distance measurements that were
tested failed to reach statistical significance. This suggests that kyphosis only has a minor effect
on the midfacial region of the skull. Previous studies have suggested multidisciplinary treatment
of patients through orthodontic-orthognathic surgeries, as well as more simplistic treatments such
as the use of a back brace (Amat, 2009; Ikemitsu et al., 2006). However, it is important to note
that these studies detected larger and more differences than this study. This suggests that
kyphosis may have a larger effect on the mandible and mandibular teeth, perhaps because the
mandible is more mobile as a combined hinge and gliding joint, and therefore more capable of
being influenced by spinal deviation over time. While individuals with kyphosis are more prone
to possess some form of effect on their midfacial anatomy from their dysmorphic thoracic

vertebrae, these effects likely are not strong enough to warrant surgical correction

For biomedical anthropologists, the relatively few significant correlation differences and
their associated patterns of integration will likely limit or prevent assumptions about the cultural

differences or nuances between kyphosis and non-kyphosis individuals and populations.
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Future Research

In order to improve upon this study, there are various approaches that can be put into
place in order to ensure more reliable data testing, as well as ensure that the data collected
reflects a wide-reaching population rather than possibly isolated cases. These additional steps
include improving the research design, such as improving the initial data gathering stage, data

testing stage, and data analysis stage, and are outlined below.

Sample Sizes

Future studies of this topic will require larger sample sizes. Larger sample sizes will
produce more robust statistical results. For example, if a large sample size yields substantial
correlations pattern differences, researchers will be able to assume that these correlation patterns
are widespread throughout a population rather than isolated to the relatively few cases assessed

in this preliminary investigation.

Regarding the control sample, future research should be sure to examine the range of
variation among individuals. One aspect to consider in control samples is any possible cases of
asymmetry in the musculoskeletal anatomy. While not conclusive, past studies have shown that
asymmetry can arise due to habitual high-impact gravitational loads, which is common in
athletics and certain occupations (Hart, 2016 & Evershed, 2014). Prior to determining a concrete
control sample, it would be beneficial to consider health behaviors or the work environments of

individuals to try and control for musculoskeletal asymmetry.

For future studies it could be beneficial to place individuals into sample sizes that
correlate to ethnicity. While the sample size for this study was small enough to where ethnicity

would not have major outcomes on the data outcomes, it may be beneficial for future research to
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incorporate groupings that separate between ethnicities. This is due to the nature of human
variation between ethnicities of modern human populations. One example of this variation is
found in the degree of prognathism across different ethnicities. Previous studies have found that
the gnathic index (the degree of relative protrusion of the jaw) can differ among geographically
distance human populations, such as African and European populations (Lesicotto, et al., 2016).
This variation between populations differs enough to where it may alter morphological
integration of the thoracic vertebrae and the midfacial region of the skull. Separate groups for
respective ethnicities will allow researchers to not only better examine the effects of
morphological integration between ethnic groups but may also allow researchers to gain an
understanding of how variation may effect morphological integration of the thoracic vertebrae

and midfacial region of the skull.

Dividing individuals with kyphosis and individuals without kyphosis into distinctive age
groups may also greatly improve the understanding of morphological integration of the thoracic
vertebrae and midfacial region of the skull. Weakened bones are commonly associated with older
individuals, but younger individuals may also have weakened bones stemming from osteoporosis
or other pathological influences. As mentioned in the introduction, weakened bone strength can
cause the wedging and wearing away of thoracic vertebrae which leads to degrees of kyphosis in
the vertebral column. In addition to studying the effects kyphosis has on biological processes,
dividing individuals into distinct age groupings can allow future studies to observe any possible
differences in health behaviors or cultural patterns between generations. In the control sample,
age-based groupings in addition to attempts to control variation between individuals will allow
researchers to further examine the relation of weakened bone strength relative to causations of

kyphosis. While not all older individuals have kyphosis, they will have varying degrees of
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weakened bone strength as a result of the human aging process. Perhaps distinctions in age
groupings can also open up new viewpoints for research, specifically on how bone strength has

the potential to effect morphological integration.

It would also be beneficial in future studies for samples to be further divided. Rather than
simply divide individuals into two groups of either “Kyphosis” or “Control”, it could be
beneficial to separate individuals with kyphosis into groups of severe or mild cases or even more
subdivisions. Like most status ailments, kyphosis appears in humans to differing degrees. By
further dividing individuals exhibiting signs of kyphosis, researchers will be able to gather more
detailed results as to how different degrees of kyphosis in the vertebral column can affect other
anatomical regions of the human body. It is hypothesized that severe cases of kyphosis will be
much more likely to disrupt patterns of morphological integration than mild cases. It may also be
beneficial to divide congenital cases in which kyphosis is still present in adults. Congenital cases
are more likely to be more severe and have the potential to greatly effect data outcome and
assessment (Zhang, 2017). While no current studies focusing on the midfacial region of the
human skull have taken this approach, it has been used in studies focusing on the effects of
spinal malformations on dental morphology. Previous studies have further divided samples into
groups based upon the degree of dental malocclusion exhibited, such as Class | or Class 11

(Saccuci et al., 2011).

Regarding the control sample, future research should be sure to examine the range of
variation among individuals. One aspect to consider in control samples is any possible cases of
asymmetry in the musculoskeletal anatomy. While not conclusive, past studies have shown that
asymmetry can arise due to habitual high-impact gravitational loads, which is common in

athletics and certain occupations (Hart, 2016 & Evershed, 2014). While considering overall
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asymmetry, it is also important to consider the more naturally occurring asymmetry among the
maxillary provenience (i.e. the midfacial region of the skull). Physical anthropological research
in the past has shown that the maxillary sinus process is prone to high variability possibly due to
factionary senses, thermoregulation, or masticatory stresses (Butaric, 2010). While the main
reason for this asymmetry is not conclusive, it is a variable to consider while conducting future
research on morphological integration. While the maxillary provenience is more likely to exhibit
asymmetry due to natural occurrences, vertebrae are prone to change from environmental factors,
including minor cultural norms such as habitual use of carrying a backpack, present in most
current-day societies (Drzat-Grabiec, 2015). Prior to determining a concrete control sample, it
would be beneficial to consider health behaviors, work environment, and cultural upbringing of
individuals to try and control for overall asymmetry, as well as asymmetry specific to the

midfacial region and vertebrae.

Additional Landmarks

For future research it will be quite beneficial for researchers to incorporate additional
landmark measurements while studying CT images of the skull and vertebral column of
individuals with kyphosis. Additional landmarks will allow for a larger number of linear distance
measurements to be studied, which in turn will allow for a greater amount of statistical
correlations to be observed. While landmarks in this study mainly focus on the left and right
zygomaxillare and the nasomaxillary anatomy of the midfacial region of the skull, additional
landmarks could be added to anatomical structures such as the left and right supraorbital notches,

the left and right infraorbital foramen, and along the optic canal to name a few. Anatomical
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structures of the skull outside of the midfacial region could also be studied in addition to the

midfacial region. Studying other regions of the skull may produce interesting results as well.

Future studies will also benefit from an increased number of landmarks along the
vertebrae as well. For this study, landmarks were placed mainly on the superior transverse
process as well as the superior border of the vertebral body. However, only one landmark was
placed on the posterior anatomy of the vertebrae, that of the spinous process. The chosen
landmarks allowed the calculation of length and width measured, but failed to assess vertebral
height, which can be affected by kyphosis and age. Future research, with a longer research
timeline than that afforded to HIM research, could benefit from adding additional landmarks to
posterior anatomical features, such as the lamina, mammillary process, or the inferior articular

process.

Measurement Error

A decrease in measurement error in the overall landmarking of individuals will also be
highly beneficial for future research. There is a learning curve to identifying and placing
anatomical landmarks on 3D volume renderings and 2D orthoslices from CT images. While
twenty-four hours passed in between the first and second trials of landmarking individuals to
prevent memory bias, increasing the amount of trials could help reduce the amount of
measurement error between trials by implementing better practice and consistency of
landmarking by the researcher. While the overall amount of measurement error was low between
trials, some high measurement errors were still present. Through an increase in the amount of
trials conducted, the researcher placing landmark measurements will have greater practice in

placing the specific landmarks, which could result in lower overall measurement error.
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Conclusions

Overall, there is much to do concerning the improvement of future research. Regarding
the data gathered from this research, the relatively few significant correlation differences and
their associated patterns of integration will likely limit or prevent assumptions about the cultural
differences or nuances between kyphosis and non-kyphosis individuals and populations. While a
lack of significant difference correlations may indicate a lack of difference in health behaviors
between kyphotic and non-kyphotic individuals, future research would greatly benefit from
having a better understanding of these behaviors prior to the landmarking process of anatomical
structures. This includes not only previous health history, but also to consider the cultural factors

that may influence any health behaviors present.
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