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Summary. Skull dimensions were measured on lateral 
skull radiographs in 33 adult patients with MRI-verif ied 
Chiari I malformations and in 40 controls. The posterior 
cranial fossa was significantly smaller and shallower in pa- 
tients than in controls. In the patients, there was a positive 
correlation between posterior fossa size and the degree of 
the cerebellar ectopia, which might indicate that a poste- 
rior cranial fossa which was originally too small had been 
expanded by the herniation of hindbraln structures at an 
early stage. Pyramidal  signs and cerebellar symptoms and 
signs, which may be due to compression of neural struc- 
tures, were associated with a large degree of ectopia and a 
relatively large posterior  cranial fossa. Syringomyelia and 
headache, which may  be due to the valve action of the her- 
niated cerebellar tissue, were not associated with a par- 
ticularly large posterior  fossa or herniation. No special 
clinical presentat ion was associated with a very small pos- 
terior cranial fossa, which may  indicate that a small poste- 
rior cranial fossa per  se has little or no clinical significance, 
although it may be the pr imary developmental  anomaly  

Key words: Chiari ! malformat ion - Magnetic resonance 
imaging - Pathogenesis - Posterior cranial fossa - Skull 
radiography 

In patients with the Chiari I malformat ion (CM-1), there 
is caudal displacement of the cerebellar tonsils and some- 
times part  of the medulla oblongata [1, 2]. This condition 
may be associated with a small, shallow posterior cranial 
fossa (PF), as well as other malformations of the base of 
the skull and cervical spine such as occipitalization of the 
atlas, fusion of cervical vertebrae,  spina bifida, basilar im- 
pression, and platybasia [3-6]. It has been suggested that  
the bony malformations,  and notably a small PF, are fun- 
damental  in this condition, and that  the neural malforma-  
tions are secondary [6-8]. 

Magnetic resonance imaging (MRI)  enables precise 
measurement  of the extent of the herniation and rather 
certain diagnosis of  syfingomyelia. The aim of the present  

study was to investigate quantitatively the relationship be- 
tween these aspects of the malformat ion and the size and 
shape of the skull, particularly the PF. We also wished to 
clarify whether  abnormal  skull dimensions might be asso- 
ciated with particular clinical presentations. We hoped 
that this might shed some light on the pathogenesis of the 
malformation itself and of the different cfinical presenta- 
tions. 

We tried to assess the value of Krogness's method for 
skull mensurat ion [9] by comparing the results obtained 
with those obtained by previously used methods,  and to 
assess the value of the method as a screening test for the 
malformation,  as has been  suggested [10]. 

Methods  

Patients 

Thirty-three patients (11 men, 22 women; mean age 50 years, range: 
24-67 years) with CM-1 were studied. They had not been subjected 
to PF decompression, and they consented to have a skull radiograph 
for this study. Clinical data are given in Table 1. One was totally 
asymptomatic. In some of the others, there may be doubt as to 
whether the symptoms and signs were caused by the malformation; 
for example, 2 patients had progressive muscle atrophy which may 
be due to the malformation [11], but which was probably due to 
motor neuron disease. Thirteen patients had only subjective symp- 
toms such as pain or intermittent dizziness or unsteadiness, with no 
neurological deficit or signs of syringomyelia on MRI. These symp- 
toms are nonspecific, but probably due to the malformation in the 
majority. In the remaining 18 patients (later referred to as the group 
with "definite pathology" due to the malformation), clear neurologi- 
cal signs or syringomyelia, demonstrated by MRI, were attributable 
to the malformation. 

Controls 

A control group of skull radiographs (40 adults, age > 17 years) was 
selected from the radiology files. The films had been taken for vari- 
ous reasons, mostly accidents, but showed no evidence of trauma. 
The control group was sex-matched with the groups of patients; 
otherwise it was selected on a random basis. 
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Table 1. Clinical features and MRI findings 

Case Sex Age Extent of 

(years) cerebellar syringomyelia 
ectopia (segments) 
(ram) 

Posterior 
fossa (PF) 
ratio 

Clinical data 

1 M 53 5 12.4 
2 M 46 10 C1-T4  13.8 
3 F 64 7 13.9 
4 F 67 8 14.0 
5 M 24 10 14.2 
6 F 62 8 14.2 
7 M 48 6 14.4 
8 M 34 14 C 1-C 6 14.6 
9 F 36 5 14.7 

10 F 55 5 14.7 
11 F 37 6 14.7 
12 M 62 5 14.9 
13 M 56 20 15.0 
14 M 32 9 15.0 
15 F 59 12 15.0 
16 M 50 10 15.4 
17 F 67 15 15.4 
18 F 36 6 15.5 
19 F 62 9 C 1-T 10 15.5 
20 F 51 15 15.7 
21 F 54 12 Medulla-L 2 16.0 
22 F 66 20 16.1 
23 F 63 10 C1-T12 16.4 
24 F 46 12 C6-T4  16.8 
25 F 54 14 16.9 
26 F 43 15 17.0 
27 F 36 5 18.0 
28 F 66 18 C1-C6  18.4 
29 F 41 30 18.7 
30 F 39 22 18.9 
31 F 29 10 C1-C7  19.0 
32 M 59 12 19.2 
33 M 48 21 21.0 

Head and arm pain 
Cerebellar signs 
Head and neck pain 
Headache 
Asymptomatic 
Trunk pain, sensory loss 
Intracranial hypertension 
central cord syndrome 
Headache 
Brain-stem involvement 
Cerebellar symptoms, headache 
Cerebellar symptoms 
Cerebellar and pyramidal signs 
Headache, syncopal attacks 
Neck and arm pain 
Muscle atrophy 
Headache, trunk sensory loss 
Headache 
central cord syndrome 
Cerebellar signs 
central cord syndrome 
Cerebellar symptoms, pyramidal signs 
Head and arm pain, sensory loss, cerebellar signs 
Head, neck and arm pain 
Head and neck pain 
Cerebellar symptoms 
Headache and neck pain 
Headache, cerebellar symptoms 
Headache, pyramidal signs, cerebellar symptoms 
Cerebellar and pyramidal signs 
Cerebellar and pyramidal signs 
Muscle atrophy 
Cerebellar and brain-stem signs 

Magnetic resonance imaging 

All patients were examined with a 0.5T or a 1.5T whole body MRI 
system. The extent of cerebellar tissue ectopia was measured in the 
midsagittal plane on Tl-weighted images of the brain or brain stem. 
The lower border of the foramen magnum was represented by a line 
from the lowest point of cortical bone (seen by a lack of signal) at the 
basion to the lowest point at the opisthion, as suggested previously 
[12, 13]. The appearances were considered pathological when the 
lowest point of the cerebellar tonsils lay/> 5 mm below this line [13]. 
In addition to cerebellar ectopia, slight enlargement of one or more 
ventricles was found in 3 patients, and syringomyelia in 8. None had 
(myelo)meningocele, or other malformations. 

Plain radiographs 

The films were interpreted in a blinded manner by the radiologist 
(U.B.). 

Measurements were made on the lateral radiographs, as de- 
scribed by Krogness [9] (Fig. 1). The nasion (N), tuberculum sellae 
(Ts) and internal occipital protuberance (IOP) were used as refer- 
ence points, the distance IOP-Ts representing Twinings line (Tw). Tw 
was divided into four equal segments. One perpendicular line was 
raised at a distance of 1/4 Tw from Ts up to the inner table of the ver- 
tex (Tw-vertex), and another was drawn at a distance of 1/4 Tw from 
the IOP up to the inner table of the skull (H) and down to the inner 
table of the PF (h). 

Using Krogness's empirical formulae based on comparison with 
planimetric findings, the supratentorial area above Tw was calcu- 
lated as (1/2 (N-Ts) + Tw) x (Tw-vertex), and the PF area below Tw as 
3/4 TW X h. The ratios h/H, h/Tw and the PF ratio (PF area/supraten- 
torial area x 100) were then calculated. 

H 

Fig. 1. Diagram of the midsaggittal plane of normal skull, showing 
the lines drawn for measurement. IOP,, internal occipital protuber- 
ance; N, nasion; Ts, tuberculum sellae; Tw, Twining's line (between 
Ts and IOP) (Adapted with permission from [9]) 
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Variables Women P Men P 

Controls (26) Patients (22) Controls (14) Patients (11) 

Tw (mm) 112.1 + 8.8 110.2 • 8.0 

N-Ts (mm) 71.3 • 6.3 68.1 • 4.3 

Tw-Vertex (ram) 110.5 +_ 8.1 108.4 • 5.4 

H (mm) 96.1 • 8.0 94.8 _+ 6.7 

h (mm) 33.2 • 3.8 30.5 • 2.8 

Supratentorial area (cm ~) 163.9 • 23.2 156.6 • 15.0 

PF area (cm 2) 28.0 • 4.7 25.2 • 2.6 

h/H ratio (%) 34.7 • 4.3 32.4 • 4.2 

h/Tw ratio (%) 29.7 • 3.1 27.9 -2-- 3.6 

PF ratio (%) 17.1 + 1.7 16.2 + 1.6 

0.5 117.1• 117.8• 0.8 

0.05 75.2• 76.6• 0.5 

0.3 118.4• 117.8• 0.8 

0.5 102.0• 106.2• 0.2 

0.0~ 36.9• 32.3• 0.04 

0.2 182.5• 185.2• 0.7 

0.02 32.4• 28.6• 0.1 

0.07 36.4• 30.6• 0.02 

0.07 31.5• 27.4• 0.03 

0.05 17.8• 15.4• 0.03 

For abbreviations, see Methods section 

Table 3. PF area estimated in three different studies 

PF area (cm 2) (mean _+ SD) 

Females Males 

Controls CM-1 Controls CM-1 

Schady et al. [8] 31.4 24.7 35.5 26.7 
(n = 23) (n = 19) (n : 26) (n = 13) 

Vega et al. [7] 25.7 + 2.3 22.0 + 3.3 27.9 • 3.0 22.0 + 3.3 
(n = 23) (n = 17) (n = 23) (n = 25) 

Present study 28.0 + 4.7 25.2_+ 2.6 32.4 • 5.4 28.6 + 5.5 
(n = 26) (n = 22) (n = 14) (n = 11) 

Table 4. Ratios on skull radiographs 

Ratio Controls (40) CM-1 (33) P 

h/H (%) 35.3 + 4.9 31.8 + 4.7 0.003 

h/Tw (%) 30.3 • 3.7 27.7 • 3.7 0.004 

PF ratio (%) 17.4 • 2.1 15.9 + 1.9 0.003 

Statistical methods 

The Student's t-test was used to search for possible differences be- 
tween groups, and Pearson's r was calculated for possible correla- 
tions between variables. A two-tailed P value of less than 0.05 was 
considered statistically significant. To assess the value of PF mea- 
surement as a screening method, the positive and negative predictive 
values were calculated, using Bayes's theorem [14]. 

Resul t s  

The measuremen t s  on skull radiographs  are given separ- 
ately for  men  and w o m e n  in Table 2. Pat ients  of  bo th  sexes 
had significantly lower  m e a n  values for h than the corre-  
sponding control  groups. Excep t  for  a somewha t  lower  
m e a n  value of  N-Ts in female  patients as c o m p a r e d  to fe- 
male controls,  all o ther  absolute measures  (Tw, Tw-vertex, 
and H)  were  similar in pat ients  and controls. The  lower 
m e a n  values in pat ients  with regard  to all the calculated 
PF  variables (PF area, h /H ratio, h/Tw ratio, and PF ratio) 
are therefore  mos t  p robab ly  due to the difference in h. 

A m o n g  the ratios, the difference reached  statistical sig- 
nificance for  bo th  sexes only with regard to the  PF ratio. 

In  two previous studies on CM-1 patients and controls  
[7, 8], the PF area was by de te rmined  by p lanimetry  on lat- 
eral radiographs.  The  m e a n  values ob ta ined  with Krog-  
ness's m e t h o d  in the present  s tudy are similar to  those ob- 
ta ined with p lanimetry  (Table 3), but  the differences 
be tween  patients and controls  are somewha t  smaller in 
the present  study. 

The  ratios for  the whole  pat ient  group are shown in 
Table 4. Unl ike  the absolute measure  h the ratios are no t  
affected by variat ions in magnif icat ion on the film or by 
sex differences in absolute skull size. As  a putat ive screen- 
ing me thod  for  the CM-1, it might  therefore  seem reason-  
able to choose,  for  example,  the PF ratio, instead of  the 
absolute measure  h, but  there is considerable  overlap be- 
tween  the two groups (Fig. 2). By  trying systematically to 
discriminate with several cutoff  values, we found the opti- 
mal  value to be 15,8 %, which gave a sensitivity of  0.61 and 
a specificity of  0.80. The  prevalence  of  the CM-1 in the 
general  popula t ion  is no t  known.  If  CM-1 were  to occur  in 
1/100 in the general  popula t ion  (possibly a too  high esti- 
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Fig.2. Posterior fossa ratio (mean + SD) in 33 patients with Chiari I 
malformation and 40 controls 
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Table 5. Correlation coefficients (r) of skull measurements and de- 
gree of cerebellar ectopia in 33 CM-1 patients 

N-Ts Tw H Supraten- h h/H PF ratio PF area 
torial area 

0.12 0.05 -0.17 -0.05 0.50** 0.52** 0.58*** 0.41" 
Two-tailedp values: * ~<0.05, ** ~<0.01, *** ~<0.001 

mate), the positive predictive value of a PF ratio below cu- 
toffwould be only 0.030, and the negative predictive value 
of a PF ratio at cutoff or higher would be 0.995. 

In the CM-1 group, statistically significant positive 
correlations were found between the extent of cerebellar 
ectopia and the PF variables (Table 5), especially with re- 
gard to the PF ratio (r = 0.58, P < 0.001) (Fig. 3). 

In Table 6, the patients with and without definite clini- 
cal manifestations of the malformation are compared as to 
extent of cerebellar ectopia and PF ratio, as are patients 
with and without cerebellar involvement, pyramidal signs, 
syringomyelia or headache. As to the degree of cerebellar 
ectopia, very significantly larger values are found in those 
patients who have definite pathology due to the malfor- 
mation, evidence of cerebellar involvement or pyramidal 
signs. In contrast, no significant differences were found if 
we compared those patients who had syringomyelia or 
headache with those who had not. Significantly larger 
PF ratios were found in patients who had pyramidal signs 
or evidence of cerebellar involvement than in those who 
had not. Only insignificant differences existed in the other 
clinical categories. 

Discussion 

In the present study, we have not tried to determine the 
volume of the PF. Such determination has been performed 
on CT scans by Vega et al. [7], who found that the PF vol- 
ume was correlated with the PF area (controls: r = 0.484, 
patients: r -- 0.384). The difference between patients and 
controls was, however, more significant with regard to the 
PF area (P < 0.001 both for males and females), the 
PF depth (P < 0.005 both for males and females) and the 
clivus length (P < 0.001 both for males and females) than 
with regard to the PF volume (P < 0.05 for males, not sig- 
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Fig.3. Posterior fossa ratio plotted against degree of cerebellar 
ectopia. Linear regression equation: posterior fossa ratio 
(%) = 13.7 + 0.2 x degree of cerebellar ectopia (mm). P < 0.001 

nificant for females). This fact may indicate that the depth 
and shape of the PF as seen in the midsagittal section are 
better estimators of the fundamental PF abnormality in 
the CM-1 than the actual PF volume. 

Patients with CM-1 have, on the average, a smaller, 
shallower PF than controls [7, 8, 10]. The fact that the dif- 
ference was somewhat smaller in this study than in pre- 
vious ones may be due to different selection criteria for 
patients and controls, different methods of PF size estima- 
tion, or to the fact that measurements in the present study 
were done in a strictly blinded way. A small, shallow PF 
thus seems to be associated with the CM-1 in a relatively 
large number of patients. Due to the considerable overlap 
between patients and controls, however, PF measure- 
ments can not be used as a diagnostic method for the 
CM-1. 

Surprisingly, there were strong correlations between 
degree of cerebellar ectopia and the different measures of 
PF size (Table 5). To our knowledge, this has not been 
demonstrated previously; on the contrary, Schady et al. 
[8], in a study of 32 patients with CM-1, suggested a nega- 
tive correlation. This suggestion was based on indirect evi- 
dence: of the 8 patients who had the most marked ectopia, 
4 were among the 8 smallest as regards PF size. Vega et al. 
[7] found no significant correlation between degree of ec- 
topia and the absolute PF volume. They did not, however, 
make correlations with the relative PF size. In addition, in 
both studies, the degree of cerebellar ectopia was only 
graded roughly, with reference to cervical vertebrae, and 
not measured in mm. Our data may therefore be the most 
reliable in this respect. 

PF size: relation to pathogenesis 

The prevailing hypothesis concerning the pathogenesis of 
the CM-1 is that it is due to a disproportion between PF 
which is originally too small and the growing hindbrain 
structures [6-8]. Several animal models exist for this con- 
dition [15-17]. In the studies by Marin-Padilla [16], high 
doses of vitamin A given to pregnant hamsters induced in 
the offspring, among other things, underdevelopment of 
the basiocciput and a small PF. This resulted in caudal dis- 
placement of the cerebellum which increased during its 
postnatal growth spurt. In humans, an abnormally small 
PF is usually considered part of a group of bony abnor- 
malities of the base of the skull and the cervical spine 
termed occipital and suboccipitaI dysplasia. A disorder in 
three generations in a family has been described, with 
some family members having occipital dysplasia, some 
CM-1, and some both [6]. One mechanism for the devel- 
opment of a small PF may be a premature Synostosis of the 
foramen magnum synchondroses, which has been ob- 
served in some infants [18]. A family with CM-1 without 
gross bony abnormalities has also been described [19]. 

In the light of these theories, the most likely interpreta- 
tion of the positive correlation between the degree of ec- 
topia and PF size is, in our opinion, that an originally too 
small PF has been moulded in the process of herniation of 
the hindbrain. When the growth spurt of the cerebellum 
occurs in a PF that is too small, the lowest part of the cere- 
bellum (the tonsils) will be forced out through the for- 
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Degree of cerebellar ectopia P PF ratio (%) 
(mm) 

Presentation Absent Present Absent Present 

P 

Definite pathology" 8.6 + 3.4 14.3 + 6.5 0.005 15.4 + 1.7 
(~ : 15) (~ = 18) (~ = 15) 

Cerebellar symptoms 9.2 +_ 3.3 15.5 _+ 7.1 0.002 15.3 _+ 1.5 
or signs (n = 20) (n = 13) (n = 20) 

Pyramidal signs 10.1 + 4.3 20.4 +_ 7.1 < 0.001 15.6 _+ 1.8 
(n = 28) (n = 5) (n = 28) 

Syringomyelia 11.6 -+ 6.7 11.9 + 2.9 0.9 15.8 _+ 2.0 
(n = 25) (n = 8) (n = 25) 

Headache 12.4 _+ 5.2 10.7 +_ 6.9 0.4 16.0 _+ 2.0 
(n = 19) (n = 14) (n : 19) 

16.3 + 2.0 
(~ = 18) 

16.9 +_ 2.1 
(n = 13) 

17.5 + 1.9 
(n =5) 

16.3 _+ 1.8 
(~ = 8) 

15.8 + 1.8 
(n = 14) 

0,2 

0.02 

0.04 

0.5 

0.7 

Patients with syringomyelia on MRI or neurological signs probably due to the malformation 

amen magnum, and at the same time the neural structures 
will tend to expand the PF, thus making its size more "nor- 
mal". This theory may at least partly explain the overlap 
betwen patients with CM-1 and controls with regard to 
PF size, in this and previous studies [7, 8]. The  large pro- 
portion of patients with CM-1 and a PF of normal size has 
puzzled investigators who think that a small PF may be the 
primary developmental  defect in this condition [8]. 

Expansion of the PF occurs most easily prenatally or 
during the i st year of life, before the closure of the su- 
tures, but change of cranial proportions may occur until 
the age of 10 years at least [20]. Chronic tonsillar hernia- 
tion has, however, been reported to occur even in adults 
after the placement of spinal subarachnoid shunts, where 
no herniation was present on gas myelography before 
shunting [21]. In such instances, it may be that the cerebel- 
lar tissue in fetal life was already deformed ("coned") by 
the process described above. This could make it herniate 
more easily later in life if a craniospinal pressure gradient 
is produced. 

PF size: relation to clinical presentation 

If this hypothesis concerning the pathogenesis of the mal- 
formation is correct, it would seem natural that some 
symptoms and signs may result from compression of tis- 
sues due to the disproportion between the hindbrain 
structures and the PE Our observations indicate that the 
actual size of the PF is not a good indicator of the degree 
of disproportion since the PF may be passively moulded in 
the process of herniation at a relatively early stage. A bet- 
ter indicator of the disproportion would be the degree of 
ectopia. Compression of neural tissues may therefore be 
responsible for pyramidal signs and cerebellar symptoms 
and signs, because these were found to be associated with 
greater degrees of ectopia in both this and a previous 
study [22] (Table 6). In these subgroups of patients, the 
large PF ratio is probably only a passive reflection of a 
greater degree of herniation. 

Another  mechanism is probably responsible for the 
production of syringomyelia, since patients with this con- 
dition had approximately the same degree of ectopia and 
the same PF ratio as those without (Table 6). Current  the- 
ories concerning the pathogenesis of syringomyelia asso- 

ciated with CM-1 emphasize the importance of altered 
CSF dynamics due to the valve action of the cerebellar 
tonsils in the foramen magnum [23] or to obstruction of 
the outflow foramina from the fourth ventricle [24]. These 
preconditions for the development of syringomyelia are 
probably at their maximum when herniation does not ex- 
tend beyond a certain level. As in the present study, syr- 
ingomyelia has previously been found to be associated 
with a moderate degree of ectopia [22]. It may, therefore, 
not be related to the degree of tissue compression due to 
the disproportion between neural and bony structures. 

Headache was one of the most frequent complaints of 
patients with CM-1, and in different series it is reported to 
occur in 15-75 % of patients [4, 5, 11, 22, 25-27]. The mal- 
formation may cause various kinds of headache with dif- 
ferent pathogenetic mechanisms [28, 29]. Best understood 
is cough headache, probably due to the craniospinal pres- 
sure gradient generated by the valve action of the tonsils 
in the foramen magnum [30, 31]. This closely resembles 
one of the mechanisms that may be responsible for the 
production of syringomyelia. It seems, therefore, logical 
that patients with headache, just like as those with syring- 
omyelia, did not on the average have particularly large 
herniations or PF ratios. 

Conclusion 

The present study indicates that the CM-1 in most pa- 
tients, if not all, is due to an originally too small PE There  
is, however, no evidence that a small PF by itself may be 
responsible for the production of symptoms and signs. 

In future morphometr ic  studies of the C M 4  the most 
fruitful approach may be to correlate different clinical 
presentations with precise measurements of the neural 
malformations as seen with MRI. The intimate relation- 
ship, however, between the malformed neural structures 
and an abnormal bony encasement in the pathogenesis of 
the malformation should always be taken into consider- 
ation. 
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