J Neurosurg Spine 7:601-609, 2007

Syndrome of occipitoatlantoaxial hypermobility, cranial
settling, and Chiari malformation Type I in patients with
hereditary disorders of connective tissue

THOMAS H. MILHORAT, M.D.,! PAOLO A. BOLOGNESE, M.D.,! MISAO NISHIKAWA, M.D.,!
NazrLi B. MCDONNELL, M.D., PH.D.,2 AND CLAIR A. FRANCOMANO, M.D.?

'Department of Neurosurgery, The Chiari Institute, North Shore-Long Island Jewish Health System,
Manhasset, New York; *Medical Genetics, NIH National Institute on Aging; and *Harvey Institute for
Medical Genetics, Greater Baltimore Medical Center, Baltimore, Maryland

Object. Chiari malformation Type I (CM-I) is generally regarded as a disorder of the paraxial mesoderm. The
authors report an association between CM-I and hereditary disorders of connective tissue (HDCT) that can present
with lower brainstem symptoms attributable to occipitoatlantoaxial hypermobility and cranial settling.

Methods. The prevalence of HDCT was determined in a prospectively accrued cohort of 2813 patients with
CM-I. All patients underwent a detailed medical and neuroradiological workup that included an assessment of artic-
ular mobility. Osseous structures composing the craniocervical junction were investigated morphometrically using
reconstructed 3D computed tomography and plain x-ray images in 114 patients with HDCT/CM-I, and the results
were compared with those obtained in patients with CM-I (55 cases) and healthy control individuals (55 cases).

Results. The diagnostic criteria for Ehlers—Danlos syndrome and related HDCT were met in 357 (12.7%) of the
2813 cases. Hereditability was generally compatible with a pattern of autosomal dominant transmission with vari-
able expressivity. The diagnostic features of HDCT/CM-I were distinguished from those of CM-I by clinical stig-
mata of connective tissue disease, a greater female preponderance (8:1 compared with 3:1, p < 0.001), and a greater
incidence of lower brainstem symptoms (0.41 compared with 0.11, p < 0.001), retroodontoid pannus formation
(0.71 compared with 0.11, p < 0.001), and hypoplasia of the oropharynx (0.44 compared with 0.02, p < 0.001).
Measurements of the basion—dens interval, basion—atlas interval, atlas—dens interval, dens—atlas interval, clivus—
atlas angle, clivus—axis angle, and atlas—axis angle were the same in the supine and upright positions in healthy con-
trol individuals and patients with CM-I. In patients with HDCT/CM-I, there was a reduction of the basion—dens
interval (3.6 mm, p < 0.001), an enlargement of the basion—atlas interval (3.0 mm, p < 0.001), and a reduction of
the clivus—axis angle (10.8°, p < 0.001), clivus—atlas angle (5.8°, p < 0.001), and atlas—axis angle (5.3°, p < 0.001)
on assumption of the upright position. These changes were reducible by cervical traction or returning to the supine
position.

Conclusions. The identification of HDCT in 357 patients with CM-I establishes an association between two pre-
sumably unrelated mesodermal disorders. Morphometric evidence in this cohort—cranial settling, posterior gliding
of the occipital condyles, and reduction of the clivus—axis angle, clivus—atlas angle, and atlas—axis angle in the
upright position—suggests that hypermobility of the occipitoatlantal and atlantoaxial joints contributes to retro-
odontoid pannus formation and symptoms referable to basilar impression. (DOI: 10.3171/SPI-07/12/601)

KEY WorDps ¢ Chiari malformation < connective tissue disorders ¢ cranial settling °
craniocervical instability ¢ Ehlers—Danlos syndrome < joint hypermobility

continuum of conditions caused by defects of ex-
tracellular matrix elements such as collagens, elas-
tin, or fibrillin.”’” The EDSs constitute a distinct category
within the HDCT group and are responsible for a wide vari-

H EREDITARY disorders of connective tissue include a

Abbreviations used in this paper: CCJ = craniocervical junction;
CM-I = Chiari malformation Type I; CT = computed tomography;
EDS = Ehlers—Danlos syndrome; HDCT = hereditary disorders of
connective tissue; KPS = Karnofsky Performance Scale; MASS =
mitral valve, aorta, skeleton, and skin; MR = magnetic resonance;
POTS = postural orthostatic tachycardia syndrome; SD = standard
deviation; TGFf = transforming growth factor—@3.
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ety of systemic manifestations including joint hypermobil-
ity, recurrent joint dislocations, skin laxity and fragility,
poor wound healing, widened atrophic scars, tendon and
muscle rupture, kyphoscoliosis, uterine rupture, large her-
nias, vascular fragility, easy bruising, venous varices, arte-
riovenous fistulas, aortic dilation, and arterial rupture.>*%!%:
24374347 Despite a recently revised nosology for EDS,? a sig-
nificant number of cases cannot be precisely classified.
Some of these patients have an overlap disorder in which
there are features of both EDS and Marfan syndrome. Oth-
er individuals have some features of Marfan syndrome, but
other features fail to meet Ghent criteria and are classified
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as a MASS phenotype.!® Marfan syndrome is distinguished
by cardiovascular defects including mitral valve prolapse,
aortic aneurysms that tend to rupture, skeletal abnormali-
ties such as arachnodactyly and long limbs (dolichosteno-
melia), pectus deformity, dural ectasia, and ectopia lentis.
There are scant data on the prevalence of HDCT except for
EDS and Marfan syndrome, which are estimated to occur
in one per 5000 to 10,000 individuals.® The most common
types of HDCT are inherited dominantly.>1023.37.394347

Chiari malformations include a heterogeneous group of
hindbrain disorders that are characterized by herniation of
the cerebellar tonsils through the foramen magnum. There
is accumulating evidence that CM-I, the most common
type, is a disorder of the paraxial mesoderm caused by un-
derdevelopment of the posterior cranial fossa, overcrowd-
ing of the normally developed hindbrain, and downward
herniation of the cerebellar tonsils.!?326.2831.324249 The preva-
lence of CM-I is estimated to be in the range of one per
1000 to one per 5000 individuals.* Familial transmission
can occur by autosomal recessive inheritance or autosomal
dominant inheritance with incomplete penetrance, but most
cases occur sporadically.?$4

The impetus for this study was our experience with pa-
tients referred for the evaluation of failed CM surgery be-
fore 2002. Included in this cohort was a subset of patients
with HDCT in which varying degrees of craniocervical in-
stability seemed to be related to underlying joint hypermo-
bility. To better understand the relationship of HDCT and
CM-I, we analyzed a prospectively enrolled cohort of pa-
tients with CM-I to characterize the clinical features, radi-
ographic/imaging findings, and genetic aspects of the com-
bined disorder.

Clinical Material and Methods
Study Population

The population was composed of 2813 patients with MR
imaging—confirmed CM-I who were evaluated consecu-
tively between January 2002 and April 2007. A total of
1262 patients (45%) had been referred for evaluation after
failed CM surgery. There were 2127 females and 686 males
who ranged in age from 2 to 88 years (mean age 30.9 = 4.0
years [ = SDJ).

Assessment Tools

A database (Microsoft Office Access 2007) that includ-
ed a detailed medical history, family history, and checklist
of symptoms and signs was established for each patient.
A questionnaire was developed to elicit information on the
family history and features of HDCT and CM-I. All pa-
tients underwent a physical examination, complete neuro-
logical examination, cervical MR imaging, and measure-
ment of articular mobility. Additional information was
provided in some patients by whole-neuraxis MR imaging,
CT of the head with 2D and 3D reconstructions, cine-MR
imaging, standup MR imaging, flexion and extension radi-
ography of the cervical spine, CT scanning of the spine,
barium swallow, 24-hour sleep monitoring, continuous car-
diac monitoring, electrocardiography, echocardiography,
tilt-table testing, audiography, vestibular function tests, and
neuropsychological assessments. The clinical disability of
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each patient was measured using the KPS, with scores
ranging from O to 100.%

Joint hypermobility was assessed using the Beighton
score.? The scores were assigned as follows: 1) passive dor-
siflexion of the little fingers of each hand beyond 90° (one
point for each hand); 2) passive opposition of the thumbs to
the flexor aspect of the forearm (one point for each hand);
3) hyperextension of the elbows beyond 10° (one point for
each elbow); 4) hyperextension of the knees beyond 10°
(one point for each knee); and 5) forward flexion of the
trunk with the knees fully extended so that the palms of the
hands rest flat on the floor (one point). A Beighton score of
5 or more was defined as a positive test for joint hypermo-
bility in postpubertal persons. Tissue fragility was defined
as the presence of one or more of the following findings:
1) easy bruising; 2) history of poor wound healing; and 3)
dystrophic scars exhibiting a thin and atrophic (papyra-
ceous) appearance. Features of marfanoid habitus such as
tall stature and long limbs, arachnodactyly, asthenic ap-
pearance with low body fat, long thin face with malar hy-
poplasia, down-slanting palpebral fissures, pectus deformi-
ty, and scoliosis were noted on clinical examination. The
diagnosis of EDS and other HDCT was established on the
basis of the Beighton score, clinical examination, family
history, and supplementary tests including echocardiogra-
phy, MR imaging or CT angiography of the chest, abdomen
and pelvis, bone densitometry, and skin biopsy for analysis
of collagens.

In cases in which the disorder could not be classified pre-
cisely, the classification was considered to represent an
“overlap phenotype” if six or more of the following criteria
were met: 1) Beighton score of 3 or more; 2) tissue fragili-
ty with poor wound healing; 3) spontaneous large-joint dis-
locations; 4) mitral valve prolapse; 5) mitral, tricuspid, or
pulmonic valve regurgitation; 6) POTS; 7) orthostatic hy-
potension; and 8) marfanoid appearance without meeting
Ghent criteria.

The clinical and radiographic/imaging criteria for estab-
lishing the diagnosis of CM-I have been previously de-
scribed.”® For the purposes of this study, we adopted the
narrow but widely accepted definition of CM-I as tonsillar
herniation of 5 mm or greater below the foramen magnum.®
We defined minimal tonsillar herniation as tonsillar descent
of 5 to 7 mm below the foramen magnum. Tonsillar descent
of 0 to 4 mm was defined as low-lying cerebellar tonsils.

Patients in whom there was clinical suspicion of cranio-
cervical instability underwent a trial of invasive cervical
traction. Cranial tongs were applied in the operating room
after propofol sedation and injection of a local anesthetic.
After the patient had awakened fully, invasive cervical trac-
tion was performed with the patient sitting in an 80° Fowler
position. Using graduated weights, the head was extracted
on the neck under fluoroscopic guidance, and a checklist of
symptoms and neurological findings obtained immediately
before testing was assessed as the extraction proceeded.
Once an optimum level of relief had been achieved, perma-
nent fluoroscopic images were obtained to compare mor-
phometric measurements of osseous structures at the CCJ
in the supine, upright (sitting), and extracted positions. The
invasive cervical traction test was defined as positive if op-
timal extraction produced an 80% or greater relief of base-
line symptoms and signs.
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Morphometric Analysis of the CCJ

Using reconstructed 2D sagittal CT scans and plain x-ray
films, the osseous components of the CCJ were measured
in 114 patients with HDCT/CM-I, 55 age-and sex-matched
patients with CM-I and no evidence of HDCT, and 55 age-
and sex-matched healthy control individuals. The selection
process was limited to patients with HDCT/CM-I and
CM-I who had undergone invasive cervical traction for as-
sessment of craniocervical stability immediately before a
planned surgical procedure. Morphometric measurements
in the two cohorts were compared in the supine, upright (sit-
ting), and extracted positions.

Occipitoatlantal motion was measured using the method
described by Wiesel and Rothman® with some modifica-
tion; occipitoaxial motion was measured using the method
described by Harris and colleagues'*!> with some modifi-
cation; and atlantoaxial motion was measured using the
method described by Ranawat et al.*! with some modifica-
tion. We established a means for assessing occipitoatlanto-
axial motion by combining these methods with new mea-
surements developed by us (Figs. 1 and 2). We measured
the interval between the basion and top of dens (basion—
dens interval), the interval between the basion and plane of
the posterior surface of the atlantal anterior arch (basion—
atlas interval ), the interval between the posterior surface of
the atlantal anterior arch and the dens (atlas—dens interval),
and the interval between the top of the dens and a line
drawn between the lowest point of the atlantal anterior arch
and the lowest point of the atlantal posterior arch (dens—
atlas interval). The following lines were established to
assess osseous relationships: Line A, the plane of the pos-
terior surface of the anterior arch of the atlas; Line B, that
between the lowest point of the anterior arch of the atlas
and the lowest point of the posterior arch of the atlas; Line
C, the superior plane of the clivus; Line D, the plane of the

FiG. 1. Midsagittal reconstructed 2D CT scans obtained in con-
trol individuals with normal anatomy, showing lines (/eft) and mea-
surement intervals (right) for assessing osseous structures at the
CClJ: Line A, plane of posterior surface of anterior arch of atlas;
Line B, that between lowest point of anterior arch of atlas and low-
est point of posterior arch of atlas. Arrowheads identify the basion—
atlas interval; upper arrow with dotted lines defines the basion—
dens interval; lower arrow with dotted lines indicates the interval
between the dens and Line B (the atlas—dens interval); and the star
identifies atlas—dens interval. ADI = interval between posterior sur-
face of anterior arch of atlas and dens; BAI = interval between
basion and Line A; BDI = interval between basion and top of dens;
DAI = interval between top of dens and Line B.
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FiG. 2. Lines and angles for assessing osseous structures at the
CCJ on midsagittal reconstructed 2D CT scans in control individ-
uals with normal anatomy: Line C, superior plane of the clivus;
Line D, plane of posterior surface of dens; and Line E, that between
the top of anterior arch of atlas and lowest point of posterior arch
of atlas. AXA = angle between atlas (Line E) and axis (Line D);
CAA = angle between clivus (Line C) and atlas (Line E); CXA =
angle between clivus (Line C) and axis (Line D).

posterior surface of the dens; and Line E, that between the
top of the atlas and lowest point of the posterior arch of the
atlas. We calculated the angle between the atlas and axis
(angle between Line E and Line D [atlas—axis angle]), the
angle between the clivus and atlas (angle between Line C
and Line E [clivus—atlas angle]), and the angle between the
clivus and axis (angle between Line C and Line D
[clivus—axis angle]).

Statistical Analysis

Statistical analyses of clinical data were performed with
SPSS for Windows (version 15.0; SPSS, Inc.). Mean val-
ues are presented = SDs. In the HDCT/CM-I and CM-I
cohorts, the mean differences in age, age at onset of symp-
toms, and KPS score at the time of clinical presentation
were assessed using independent-sample Student t-tests.
Categorical data were analyzed using two-by-two contin-
gency tables, from which chi-square values were calculat-
ed, and the corresponding probability values were estab-
lished. Analyses of morphometric data were performed
with SPSS for Macintosh (version 13.0). The incidence of
associated abnormalities was analyzed using the chi-square
test. Demographic differences between patients and healthy
control individuals were tested with the nonparametric
Mann—Whitney U-test. Comparisons of data with patients
in the supine, sitting, and traction positions were tested with
analysis of variance. The distribution of the data was ana-
lyzed using the F-test. Significance was indicated by a two-
tailed probability value of less than 0.01.
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TABLE 1
Characteristics of patients with CM-1 with and without HDCT*

Patient Group (%)

Variable HDCT/CM-I CM-1I

total no. of cases 357 2456
mean age of symptom onset (yrs) 133 £ 4.6 22.0 £3.1
mean age at presentation (yrs) 2577 =43 31.7 =39
sex

male 39 (1) 647 (26)

female 318 (89) 1809 (74)
no prior op 232 (65) 1319 (54)
failed CM op 125 (35) 1137 (46)
classification of HDCT

hypermobile EDS 149 (42)

classic EDS 96 (27)

arthrochalasia EDS 5()

Marfan syndrome 17 (5)

MASS phenotype 19 (5)

overlap disorder 71 (20)

* Mean values are presented with = SDs.

Results
Characteristics of Patients

The diagnostic criteria for HDCT were met in 357
(12.7%) of 2813 patients with CM-I. As shown in Table 1,
patients with HDCT tended to be younger, exhibited a
greater female preponderance, and had earlier-onset symp-
toms than those with CM-I. One hundred twenty-five
patients (35%) with HDCT/CM-I had a history of failed
Chiari surgery. Using the current nosology for EDS and
related disorders,>'%»347 HDCT types were classified as
follows: 1) EDS, hypermobility type (149 patients); 2)
EDS, classical type (96 patients); 3) EDS, arthrochalasia
type (five patients); 4) Marfan syndrome (17 patients); 5)
MASS phenotype (19 patients); and 6) overlap disorder (71
patients). Other genetic conditions encountered in the
HDCT/CM-I cohort included VACTERL (vertebral, anal,
cardiac, tracheoesophageal fistula, renal, limb) syndrome
(six patients), achondroplasia (four patients), osteogenesis
imperfecta (two patients), osteopetrosis (one patient), and
Noonan syndrome (one patient).

Analysis of Family History

Reliable family history information was available in 139
probands with HDCT/CM-I (Table 2). Patients with Mar-
fan syndrome were not included in this analysis. The fam-
ily history was considered positive only if the diagnosis had
been made by a physician. It is likely that the number of
relatives with HDCT is underrepresented because the diag-
nosis can be elusive without a clinical genetics evaluation.
Forty-four probands (32%) had at least one first-degree rel-
ative with CM-I, and 30 probands (22%) had at least one
first-degree relative with HDCT. In one case, the only af-
fected relative was an identical twin. Twenty-two probands
(16%) had CM-I and HDCT descending through the same
lineage, compatible with an autosomal dominant pattern of
inheritance. All but two families seemed to have descend-
ed through the maternal lineage. Only one proband had
both disorders descending through separate lineages.
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TABLE 2

Familial aggregation of CM-I and HDCT in first-degree
relatives of patients with both conditions

Variable No. of Patients (%)
total no. of probands w/ HDCT/CM-I 139 (100)
probands having relatives w/ CM-I 44 (32)
1 affected relative 24 (17)
>1 affected relative 20 (14)
total no. of affected relatives 72 (52)
probands having relatives w/ HDCT 30 (22)
1 affected relative 13 (9)
>1 affected relative 17 (12)
total no. of affected relatives 43 (31)
probands w/ HDCT/CM-I in same lineage 22 (16)
probands w/ HDCT/CM-I in separate lineages 1(<1)

Clinical Presentation of Patients

Variations in the clinical presentation of patients with
HDCT/CM-I are given in Table 3. Compared with patients
with CM-I, those with the combined disorder experienced
a greater incidence of lower brainstem symptoms including

TABLE 3
Diagnostic distinctions of CM-1 in patients with and without HDCT

Patient Group (%)

Variable HDCT/CM-I CM-I p Value
total no. of cases 357 2456
symptoms & signs
nausea 239 (67) 343 (14) <0.001

dysphagia 246 (69) 639 (26) <0.001
throat tightness 171 (48) 221 (9) <0.001
shortness of breath 96 (27) 98 (4) <0.001
sleep apnea 110 (31) 270 (11) <0.001
palpitations 218 (61) 514 (21) <0.001
facial pain 89 (25) 172 (7) <0.001
double vision 93 (26) 123 (5) <0.001
syncope 50 (14) 25 (1) <0.001
diagnostic findings
Lhermitte sign 246 (69) 74 (3) <0.001
Raynaud phenomenon 136 (38) 170 (7) <0.001
downward nystagmus 54 (15) 73 (3) <0.001
dizziness w/ head turning 133 (37) 196 (8) <0.001
orthostatic hypotension* 74 (21) 49 (2) <0.001
postural orthostatic tachycardia 92 (26) 123 (5) <0.001
syndrome*
supraventricular tachycardiaf 114 (32) 269 (11) <0.001
mitral valve prolapse: 174 (49) 74 (3) <0.001

mitral valve regurgitation:: 35 (10)
radiographic findings
retroodontoid pannus w/ basilar 253 (71)
impression
cervical disc disease 207 (58) 295 (12) <0.001
cervical spine subluxation 67 (19) 48 (2) <0.001
scoliosis 175 (49) 539 (22) <0.001
temporomandibular joint disease 231 (65) 419 (17) <0.001

49 (2) <0.001

270 (11) <0.001

oropharynx hypoplasia 158 (44) 50 (2) <0.001
hypertrophy of styloid process 114 (32) 244 (10) <0.001
mean KPS score§ 67.5 £3.9 76.8 £ 3.4 <0.001

* Confirmed by tilt-table test.

F Confirmed by Holter monitor.

+ Confirmed by echocardiography.

§ Mean values are presented with SDs.
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nausea, dysphagia, throat tightness, shortness of breath,
sleep apnea, palpitations, facial pain, double vision, and
syncope (p < 0.001). Diagnostic distinctions included an
increased incidence of Lhermitte sign, Raynaud phenome-
non, downward nystagmus, dizziness with head turning,
supraventricular tachycardia, POTS, orthostatic hypoten-
sion, mitral valve prolapse, and mitral valve regurgitation
(p < 0.001). The mean KPS score in the HDCT/CM-I
cohort (67.5 £ 3.9) was lower than that in the CM-I cohort
(76.8 £ 3.4, p < 0.001). Imaging distinctions included an
increased incidence of retroodontoid pannus formation of
3 mm or greater with basilar impression, cervical disc dis-
ease, cervical spine subluxation, scoliosis, hypertrophy of
the styloid processes, temporomandibular joint disease, and
oropharynx hypoplasia (p < 0.001).

Morphometric Analyses and Operative Positions

Morphometric measurements of the CCJ with the patient
in the supine position demonstrated no significant differ-
ences in the basion—dens interval, basion—atlas interval,
atlas—dens interval, dens—atlas interval, clivus—atlas angle,
clivus—axis angle, and atlas—axis angle in patients with
HDCT/CM-I, patients with CM-I, and healthy control indi-
viduals (Table 4). There were no significant changes from
baseline measurements in patients with CM-I on assump-
tion of the upright (sitting) position or during invasive cer-
vical traction with extraction weights of 20 to 35 Ib. In
patients with HDCT/CM-I, however, assumption of the
upright (sitting) position resulted in a reduction of the
basion—dens interval from a mean of 7.7 to 4.1 mm (p <
0.001; Fig. 3); posterior gliding of the occipital condyles
with an increase of the basion—atlas interval from a mean of
2.0 to 5.0 mm (p < 0.001; Fig. 4); anterior flexion of the
occipitoatlantal joint, as demonstrated by a decrease of the
clivus—atlas angle, clivus—axis angle, and atlas—axis angle
by a mean of 5.8° (p < 0.001), 10.8° (p < 0.001), and 5.3°
(p < 0.001), respectively (Fig. 5); anterior flexion of the
atlas over the axis, as demonstrated by a reduction of the
atlas—axis angle (mean 5.3°, p < 0.001); and change in the
atlas—dens interval in flexion and extension (mean 1.8 mm,
p < 0.001). Vertical (sitting) MR imaging helped to show
the dynamic features of occipitoatlantoaxial hypermobility
and functional cranial settling (Fig. 6). These abnormalities
were reducible by traction (Figs. 3-5) or a return to the
supine position.

Discussion

The identification of HDCT in 357 patients with CM-I
establishes an association of two mesodermal disorders that
have a predicted coincidence of one per five to 10,000,000
individuals. Previous evidence of this association has been
limited to anecdotal reports of CM-I occurring in patients
with Marfan syndrome®*#% and the newly described
Loeys—Dietz syndrome.?® The rate of concurrence of HDCT
and CM-I in this study (12.7%) was clearly biased by the
disproportionate number of patients referred for evaluation
of failed CM surgery, HDCT, and craniocervical instability.
Well-designed epidemiological studies are needed to estab-
lish the true prevalence of the combined disorder.

Family history data provided strong support for a causal
relationship of HDCT and CM-I. In the HDCT/CM-I

J. Neurosurg: Spine / Volume 7 / December, 2007

TABLE 4

Morphometric measurements of osseous structures at
CCJ in patients with CM-I with and without HDCT*

Patient Group (%)

Healthy
Variable Controls CM-1I HDCT/CM-I
no. of patients 55 55 114
sex
male 14 (25.5) 12 (21.8) 17 (14.9)
female 41 (74.5) 43 (78.2) 97 (85.1)
mean age (yrs) 37.6 =87 382=*11.5 33.1 £9.76
basion—dens interval (mm)
supine 74158 75175 77 x185
sitting 72159 72*188 4.1 =* 1.827%
traction NA 7.8 £2.01 10.8 * 2.53%§
basion—atlas interval (mm)
supine 1.8 £ 1.21 1.8 =124 20=%1.22
sitting 2.1 £188 2.1 178 50 =* 148k
traction NA 1.4 = 1.10 1.5 = 1.24§
dens—atlas interval (mm)
supine 123 £ 2.17 124 =272 12.7 £2.58
sitting 12.5 £2.00 12.7 =252 13.1 = 3.12
traction NA 11.9 =287 10.0 = 2.72%§
atlas—dens interval (mm)
supine 15055 15*£050 1.6=*=0.58
sitting 1.5 £0.57 1.6 £0.60 2.1 £ 1.11
traction NA 152055 20=*1.25
flexion 1.7 £0.75 1.7 £0.70 3.3 £0.80
extension 1.5 £ 0.57 1.4 = 0.60 1.5 +0.75
change w/ flexion/ 0.2 £0.20 0.3 £ 0.30 1.8 = 0.70F
extension
clivus—atlas angle (°)
supine 379 =7.14 38.0 698 383 *6.35
sitting 36.5+7.52 373 *7.15 325+ 6.14%%
traction NA 352+ 717 425+ 7.87%§
clivus—axial angle (°)
supine 147.6 = 6.61 148.5 = 5.87 151.8 = 6.00
sitting 147.8 = 6.00 147.7 = 5.77 141.0 = 7.22%%
traction NA 151.8 = 5.85 164.8 = 6.74%§
atlas—axial angle (°)
supine 56.8 =471 56.5 474 557 =541
sitting 55.0 = 4.88 557 =484 504 *+ 5.62%%
traction NA 55.6 £495 57.1 £5.72§

* Where applicable, values are expressed as the means = SDs. Abbre-
viation: NA = not applicable.

T Significant differences compared with patients with CM-I and healthy
control goups (p < 0.001).

+ Significant differences compared with supine position (p < 0.001).

§ Significant differences compared with sitting position (p < 0.001).

cohort, the aggregation of CM-I in 32% of families was
greater than that reported in families with CM-I alone,?
and there was a positive family history of HDCT in 22%
of probands. A positive family history of HDCT/CM-I
through the same lineage was present in 16% of probands.
Given that HDCT and CM-I are often underdiagnosed, the
actual numbers of affected relatives with either or both dis-
orders may be underestimated. The pattern of transmission
of HDCT/CM-I was generally compatible with autosomal
dominant inheritance with variable expressivity.
Mutations of TGF, or TGFp, receptors have been de-
scribed recently in patients with a new connective tissue
disorder characterized by early and aggressive aneurysms
of the aorta.? Two of 10 patients were found to have
CM-I. Histological abnormalities occurring with TGF[(3,
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Traction

FiG. 3. Evidence of functional cranial settling in a 25-year-old woman with HDCT/CM-1.  Left: The results of mid-
sagittal reconstructed 2D CT scanning in the supine position indicated a baseline basion—dens interval of 5.1 mm.
Center and Right: The results of plain radiography indicated a decrease of the basion—dens interval (2.2 mm) in the sit-
ting position and an increase of the basion—dens interval (5.7 mm) during traction with a 20-1b weight.

receptor mutations include a loss of elastin and disarrayed
elastic fibers similar to the findings in patients with fibrillin
mutations that have been implicated in Marfan syndrome
and the MASS phenotype.? Evidence that a conditional
knockout of TGF[3, receptor in neural crest cells causes de-
fects of the calvaria in a mouse model'” lends plausibility to
the hypothesis that abnormalities of the extracellular matrix
can lead to abnormalities of osseous development of the
skull.

From a clinical standpoint, patients with HDCT/CM-I
tended to present with typical diagnostic features of CM-I.

Sitting
BAIl: 7.2 mm

Obvious stigmata of an underlying connective tissue disor-
der were not always evident, and a detailed workup that
included an assessment of dysmorphic features by a gen-
eticist, assessment of articular mobility by a rheumatolo-
gist, and a variety of supplementary tests was sometimes
needed to establish the correct diagnosis. A distinctive fea-
ture of the clinical presentation was the greater incidence
of lower brainstem symptoms such as nausea, dysphagia,
sleep apnea, POTS, and orthostatic hypotension. The pre-
dominance of these symptoms was reflected by the lower
KPS scores in the HDCT/CM-I cohort (mean score 67.5 =

Traction
BAIl: 2.8 mm

FiG. 4. Evidence of posterior gliding of the occipital condyle in a 33-year-old woman with HDCT/CM-I. Results of
midsagittal reconstructed 2D CT scanning with the patient in the supine position, showing baseline basion—atlas interval
of 3.1 mm (upper left) and normal articulation of occipital condyle (OC) (lower left). Results of plain radiography (cen-
ter and right) show an increase of the basion—atlas interval (7.2 mm) in the sitting position and a decrease of the
basion—atlas interval (2.8 mm) during traction with a 20-1b weight. The occipitoatlantal joint (outlined by dotted line)
glides posteriorly in the sitting position (curved arrow) and is reduced by traction (thick arrow). Line A, plane of the pos-

terior surface of the anterior arch of the atlas.
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Sitting

FiG. 5. Evidence of anterior flexion of occipital condyles in a 41-year-old woman with HDCT/CM-I. Results of mid-
sagittal reconstructed 2D CT scanning in supine position (left) indicate baseline clivus—axis angle of 148°. Results of
plain radiography (center and right) indicate a decrease of the clivus—axis angle (138°) in the sitting position and an
increase of the clivus—axis angle (150°) during traction with a 20-1b weight. Line C, superior plane of clivus; Line D,
plane of posterior surface of dens. Angle between clivus (Line C) and axis (Line D).

3.9) compared with those in the CM-I cohort (mean score
76.8 = 3.4) and by the need for some patients to lead a
sedentary or even bed-confined life to minimize symptoms.

The most distinctive imaging finding in this study was
the presence of a retroodontoid pannus of at least 3.0 mm
with varying degrees of basilar impression in 71% of pa-
tients with HDCT/CM-I, compared with 11% of patients
with CM-I. Retroodontoid pannus formation is a common
finding in patients with rheumatoid arthritis”!>33#* and has

BDI: 54mm
BAl: 7.8 mm
CXA: 1339

FiG. 6. Results of vertical MR imaging in a 27-year-old woman
with HDCT/CM-I. Midsagittal image in supine position (left)
showing normal basion—dens interval (7.7 mm), normal basion—
atlas interval (3.5 mm), normal clivus—axis angle (141°), large
retroodontoid pannus, and low-lying cerebellar tonsils. On assump-
tion of the upright position (right), there is evidence of cranial set-
tling (2.6 mm decrease of basion—dens interval), posterior gliding
of occipital condyles (4.3 mm increase of basion—atlas interval),
anterior flexion of the occipitoatlantal joint (8° decrease of clivus—
axis angle), increased basilar impression, and cerebellar ptosis with
downward displacement of cerebellar tonsils to C-1 (white arrow).
Note the greatly increased impaction of the foramen magnum ante-
riorly and posteriorly. Line C, superior plane of the clivus; Line D,
plane of the posterior surface of the dens. Asterisk indicates the
retroodontoid pannus.
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been reported in association with chronic atlantoaxial sub-
luxation,''*2 nonunion odontoid fractures,?** os odontoid-
eum,'® gout and pseudogout (calcium pyrophosphate de-
hydrate deposition),?> villonodular synovitis,' synovial
cysts,®* and Forestier disease.'>* Although the mecha-
nisms underlying pannus formation have yet to be eluci-
dated, pathological factors that appear to be common to all
inflammatory, traumatic, and metabolic conditions associ-
ated with this lesion include the following: 1) damage of
ligaments that support and limit motion of the atlantoaxial
joint; 2) hypermobility of the atlantoaxial joint with in-
creased motion of the odontoid; and 3) disruption of the
transverse, alar, and apical ligaments with atlantoaxial sub-
luxation.'*1>4 Reports of pannus resolution or reduction in
size after atlantoaxial® or occipitocervical fusion®* pro-
vide indirect evidence that the instability of the atlantoaxi-
al joint is a proximate cause of retroodontoid pannus for-
mation.

In this study, morphometric measurements of osseous
structures forming the CCJ were made on reconstructed 2D
CT scans and plain x-ray films. Magnetic resonance imag-
ing measurements were excluded because of the inability to
define bone edges precisely. Standard measurements in-
cluded the basion—dens interval, for evaluating the vertical
relationship of the clivus and odontoid;'+!>*° the atlas—dens
interval, for evaluating the horizontal relationship of the
odontoid and anterior arch of the atlas;?** and the clivus—
axis angle, for evaluating the angle between the clivus and
odontoid.* New measurements that we developed for in-
vestigating motion of the occipitoatlantoaxial complex
included the basion—atlas interval, for evaluating the hori-
zontal relationship of the clivus and anterior arch of the
atlas; the dens—atlas interval, for evaluating the vertical
relationship of the odontoid and atlas; the atlas—axis angle,
for evaluating the angle between the atlas and axis; and the
clivus—atlas angle, for evaluating the angle between the
clivus and atlas.

As shown in Table 4, there were no significant differ-
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ences in the seven baseline measurements of patients with
HDCT/CM-I, patients with CM-I, and in healthy control
individuals in the supine position or in patients with CM-I
in the upright (sitting) position or during traction. Baseline
measurements of the basion—dens interval, atlas—dens inter-
val, and clivus—axis angle were consistent with previously
published values.!#!1522404350 T patients with HDCT/CM-I,
assumption of the upright (sitting) position resulted in hy-
permobility of the occipitoatlantoaxial complex and cra-
nial settling. Hypermobility of the occipitoatlantal joint was
shown by posterior gliding of the occipital condyles, as
demonstrated by an increase of the basion—atlas interval
(mean 3.0 mm, p < 0.001) and by anterior flexion of the
occipitoatlantal joint, as demonstrated by a reduction of the
clivus—atlas angle and clivus—axis angle by a mean of
5.8° (p < 0.001) and 10.8° (p < 0.001), respectively. Hy-
permobility of the atlantoaxial joint was shown by anterior
flexion of the atlas over the axis, as demonstrated by a
reduction of the atlas—axis angle (mean 5.3°, p < 0.001)
and by change of the atlas—dens interval in flexion and
extension (mean 1.8 mm, p < 0.001). Reduction of the
basion—dens interval in the upright position (mean 3.6 mm,
p < 0.001) established the diagnosis of functional cranial
settling.

The term “functional cranial settling” has been intro-
duced to describe a reduction of the distance between the
basion and odontoid (basion—dens interval) that occurs
only in the upright position and is not caused by bone and
cartilage destruction. Functional cranial settling is probably
caused by one or both of the following mechanisms: 1) lax-
ity of ligaments supporting the occipitoatlantal joint, result-
ing in posterior gliding of the occipital condyles and reduc-
tion of the clivus—axis angle; or 2) generalized laxity of
connective tissue structures at the CCJ including the cruci-
ate ligament, the tectorial membrane, and supporting liga-
ments of the atlantoaxial joint, sufficient to permit upward
migration of the odontoid process. The observation that
functional cranial settling and reduction of the basion—dens
interval can be reduced by cervical traction or returning the
patient to the supine position seems to rule out significant
bone and cartilage damage of the occipitoatlantoaxial com-
plex in this group of patients.

Recent experience with vertical MR imaging has proved
helpful in understanding the dynamic features of occipi-
toatlantoaxial hypermobility. As shown in Fig. 6, function-
al cranial settling was associated with notable displace-
ments that included reduction of the basion—dens interval,
posterior gliding of the occipital condyles, anterior flexion
of the occipitoatlantal joint, increased basilar impression,
and cerebellar ptosis with downward displacement of the
cerebellar tonsils. These displacements are consistent with
the often-pronounced symptoms and signs of lower brain-
stem dysfunction experienced by patients with cranial set-
tling on assumption of the upright position.

Conclusions

In this report, we described a previously unrecognized
association of CM-I and HDCT. We found that patients
with the combined disorder exhibit varying degrees of
occipitoatlantoaxial hypermobility that results in function-
al cranial settling, caudal displacement of the cerebellar
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tonsils, retroodontoid pannus formation, and symptoms re-
ferable to basilar impression.
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