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Abstract

Background—It has been well documented that along with tonsillar herniation, Chiari
Malformation Type | (CMI) is associated with smaller posterior cranial fossa (PCF) and altered
CSF flow and tissue motion in the cranio-cervical junction (CCJ).

Objective—This study assesses the relationship between PCF volumetry and CSF and tissue
dynamics toward a combined imaging-based morphologic-physiologic characterization of CMI.
Multivariate analysis is employed to identify the subset of parameters that best discriminates CMI
from healthy.

Methods—Eleven length and volumetric measures of PCF, including volume, crowdedness,
and 4t ventricle volume, four measures of CSF and cord motion in the CCJ, and five global
intracranial measures, including intracranial compliance and pressure, were measured by MRI in
36 symptomatic CMI subjects (28F, 37£11 years) and 37 control subjects (24F, 3612 years). The
CMI group was further divided based on symptomatology into “typical” and “atypical” subgroups.

Results—Ten of the 20 morphologic and physiologic measures were significantly different
between the CMI and the control cohorts. These parameters also had less variability and stronger
significance in the typical CMI compared with the atypical. The measures with the most
significance were clival and supraocciput lengths, PCF crowdedness, normalized PCF volume, 4%
ventricle volume, maximal cord displacement (p<.001), and MR measure of ICP (p=.007).
Multivariate testing identified cord displacement, PCF crowdedness, and normalized PCF as the
strongest discriminator subset between CMI and controls. MRICP was higher in the typical CMI
cohort compared with the atypical.
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Conclusion—The identified 10 complementing morphologic and physiologic measures
provide a more complete and symptomatology relevant characterization of CMI than tonsillar
herniation alone.

Keywords

Chiari Malformation; Posterior Cranial Fossa Morphology; CSF flow Dynamics; MRI;
Quantitative measures

INTRODUCTION

Chiari Malformation Type | (CMI) is a complex neurosurgical problem classically defined as
cerebellar tonsil herniation = 5mm below the foramen magnum.! Commonly associated
symptomatology includes suboccipital headaches (aggravated by Valsalva) and sensory and
motor deficits. Suboccipital decompressive surgery is a standard treatment for CMI, but
outcome is poor in approximately 3 in 10 patients.? The degree of tonsillar herniation has
not been a reliable predictor of either symptom severity3 or surgical outcome.# Along with
tonsillar herniation, imaging studies have documented additional abnormalities, including
smaller and overcrowded posterior cranial fossa (PCF),> altered CSF flow in the
craniocervical junction,19-13 hyperdynamic tonsils and cord motion,24-16 and lower
intracranial compliance.1’

The size of the PCF is often approximated using linear markers measured in CT scans and
mid-sagittal T1-weighted MR sequences.>~’ The lengths of the clivus, supraocciput, and
exocciput were generally found to be shorter in CMI compared to a healthy cohort.>~7
However, significance levels and thresholds varied amongst studies.>~’ Laborious manual
measurement of the PCF volume via the Cavalieri method on CT images demonstrated
significantly reduced PCF volume in CMI compared to controls.® 8 Limited evidence
suggests that PCF volumetry, though not associated with the degree of herniation, is a
potential predictor of surgical outcome.® A preliminary comparison between PCF volumetry
and linear markers revealed that none of the mid-sagittal length measures are strong
standalone predictors of the PCF volume.18

Other groups focused on CSF flow and tissue movement dynamics in the craniocervical
junction (CCJ) using velocity encoded MR imaging. Studies of CMI reported both
decreased!®: 11 and increased!? CSF velocity in different regions of interest, and greater CSF
velocity fluctuations.13 Better consensus was reported on the hyperdynamic tonsillar and
cord tissue movement during the cardiac cycle.14-17 Caudal velocities of the tonsils!* and
tonsillar pulsations!® were increased in CMI patients, along with increased systolic and
diastolic cord displacement rates,16 and maximal cord displacement at the C2 level.1” In
addition to local changes at the CCJ, global hydrodynamic changes such as reduced MRI
measure of intracranial compliance (ICC) were also reported.1’

This study employs various MRI techniques to quantify morphologic measures, tissue and
CSF motion dynamics, and global craniospinal hydrodynamics in the same CMI cohort, in
order to study the interplay between these factors, and then identifies a subset of these
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parameters that best differentiates CMI from non-CMI patients. The study also explores
whether linear PCF markers are reliable estimates of the PCF volume.

METHODS

Subjects

Following IRB approval and written informed consent, 36 newly diagnosed symptomatic
CMI patients (28 females; 3711 years) with tonsillar herniation >5mm were enrolled at a
single center. The CMI cohort was divided into two subgroups, patients with symptoms
typical to CMI (typical CMI), and with symptoms that are less common in CMI (atypical
CMI). Typical CMI symptoms include Valsalva-induced suboccipital headache and upper/
lower extremity numbness. The most common atypical symptoms included: non-
suboccipital, non-Valsalva induced headache, neck pain, vision problems, hearing/
equilibrium problems (vertigo, tinnitus, poor coordination, gait problems, dizziness/
blackouts), facial pain/numbness, and muscle weakness. The less common atypical
symptoms included dysphagia, sleep apnea and tremors. Of the 36 patients, 19 were
classified as typical (age 36+11 years) and 17 as atypical CMI (age 37+10). During the
study period, five of the typical and four of the atypical CMI patients underwent minimal
sub-occipital decompression surgery. All surgical patients except for two of the atypical
CMI had a favorable outcome. Additionally, 37 healthy subjects (24 females; 36+12 years)
without history of neurological problems were recruited as a control cohort.

MRI acquisition and Data analysis

MR imaging was performed using 1.5T (Excite, GE Healthcare, Milwaukee, WI) and 3T
(Magnetom Verio, Siemens Healthcare, Erlangen, Germany) scanners. The imaging protocol
included a 3-D T1-W scan for the morphological assessment and two cine velocity encoded
phase contrast scans, one with high velocity encoding (70-80cm/s) for imaging the arterial
and venous blood flows to and from the cranium, and the second with low velocity encoding
(7-8cml/s) for imaging the CSF flow and cord motion at the upper cervical region. Voxel
sizes for the 3-D T1-W sequence were similar on both scanners using MPRAGE technique
on the Siemens scanner and SPGR on the GE scanner. Pixel size was 0.9x0.9mm, with a
slice thickness of 1~1.5 mm. The voxel dimensions for the phase contrast scans were also
similar; using a pixel size of approximately 0.56x0.6mm and slice thickness of 5-6mm. The
MRI derived anatomical and physiological parameters were divided into the following
classes: linear and 3-D PCF morphology, flow and motion dynamics in the CCJ, and global
intracranial measures as listed in Table 1.

Linear PCF Measures

The lengths of the clivus (inferior boundary of the dorsum sellae to the basion), supraocciput
(opisthion to the internal occipital protuberance), McRae’s line (basion to the opisthion), and
Twining’s line (inferior boundary of the dorsum sellae to the internal occipital protuberance)
were manually measured on the mid-sagittal slice of the 3-D T1-weighted MR image using
in-house DICOM image display utility by a single experienced observer (SHL with 10 years
experience). PCF length measures were included for comparison with previous reports and
for testing associations with the volumetric PCF measures.
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Volumetric PCF Measures

A previously validated automated atlas-based method for PCF volumetry!® was applied to
quantify the PCF volume (PCFV), the hindbrain volume, and the volume of the 4 ventricle.
That method utilizes a tailored brain atlas created using images from CMI patients to guide
the segmentation of the PCF.18 The 4t ventricle, lateral ventricles, and hindbrain volumes
were segmented using Freesurfer.1® An example of the linear measures and a rendering of
the PCF volume are shown in Figure 1.

CSF Flow and Cord Motion Measures

The methods for automated quantitation of the blood and CSF volumetric flow rates and the
derivation of intracranial compliance and pressure by MRI have been previously
described.20-22 Briefly, mean velocities and volumetric flow rates through vessels and the
upper cervical CSF lumen are obtained for each of the 32 velocity encoded images
composing a complete cardiac cycle. The blood vessels and CSF lumens are segmented
using the Pulsatility Based Segmentation (PUBS) method, which utilizes the dynamic
information throughout the cardiac cycle and a cross correlation method to differentiate
lumen from the background pixels and delineate the lumen boundary.22 Mean flow rate is
then calculated by integrating all the pixels within the delineated lumen. Mean velocity is
the average velocity within the lumen boundary. Upper cervical CSF stroke volume (SV) is
derived by time integration of the absolute values of the CSF volumetric flow rate waveform
and division by two after subtraction of the net flow. It represents the CSF volume that
moves back and forth between the cranium and spinal canal during one cardiac cycle.
Maximal cord displacement during the cardiac cycle is obtained by time integration of the
average velocity waveform obtained in a region of interest inside the cord.

Global Intracranial Parameters

The method for derivation of intracranial compliance and pressure by MRI (MRICP) has
been previously described in detail2? and was recently independently validated.23 Briefly,
intracranial compliance (ICC) is inversely related to intracranial pressure (ICP) because of
the mono-exponential relationship between pressure and volume. ICC is derived from the
ratio of intracranial volume and pressure changes during the cardiac cycle. The change in
intracranial volume during the cardiac cycle (ICVC) is derived from the momentary
differences between the total cerebral blood inflow (tCBF), venous blood outflow, and
cranio-spinal CSF that enter and leave the cranium during the cardiac cycle. The maximal
change in pressure due to the maximal change in volume during the cardiac cycle is derived
from the change in the CSF pressure gradient, which is calculated using the Navier-Stokes
relationship between pressure gradients and temporal and spatial derivatives of the cranio-
spinal CSF velocities.2%: 24 The total cerebral blood inflow is derived by summation of the
flow through the internal carotid and vertebral arteries. The venous outflow is derived by
summation of the flow through the internal jugular veins and secondary venous channels
(e.g., epidural and vertebral veins) when present.
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Statistical Analysis

A paired, 2-tailed t-test was applied to determine the significance of measurements between
the healthy and CMI cohorts, as well as between the healthy and the individual typical and
atypical CMI sub-cohorts. Dependency and association between linear and 3-D measures of
PCF morphology and between the morphological and physiological measures were
investigated using linear regression. Finally, a series of multivariate analyses was employed
to determine the combination of morphologic and physiologic parameters that best
differentiates the CMI subjects from healthy controls. Initially, a binary logistic regression
was applied to each parameter individually to determine its significance in classifying group
membership. Significance of p <.2 was used as a criterion for parameter inclusion to prevent
the elimination of variables that may be significant in the second step, backward likelihood
logistic regression analysis. Elimination of the parameters continues until the goodness-of-fit
of the logistic model as well as the probability of correctly classifying normal and CMI
cases is maximized. Finally, a discriminant analysis was performed to quantify the overall
percentage of cases correctly classified based on the variables remaining from the previous
logistic regression analyses. Analyses were performed using SPSS version 20 (SPSS,
Chicago, IL).

RESULTS

Ten of the 20 tested morphologic and physiologic measures were significantly different
between the CMI and the control cohorts. Furthermore, significance levels were mostly
stronger in the typical CMI sub-cohort compared to the atypical CMI sub-cohort. The mean
and SD values of the 20 measures and their significance levels are listed in order of relative
significance in Table 2. The PCF morphology measures that demonstrated the strongest
significance when comparing CMI patients to the control cohort were: clival and
supraocciput lengths in the linear measures category, and PCF crowdedness (Hindbrain/
PCFV), PCF volume (PCFV), PCF volume normalized for intracranial volume (PCFV/ICV),
and the 4t ventricle volume in the 3-D category. In contrast to the 4! ventricle and PCF
volumes, neither the lateral ventricles nor the intracranial volume (ICV) were different. Out
of the four cervical CSF flow and cord motion measures, only the maximal cord
displacement was significantly different between the CMI and the healthy cohorts. An
example of cord motion and displacement waveforms from a representative control and from
a CMI patient is shown in Figure 2. The mean maximal cord displacement was more than
twice as large in the CMI cohort compared to the control cohort, with a mean and SD values
of 0.373+0.198 and 0.174+0.047mm, respectively. In contrast, the cervical CSF stroke
volume was similar in both cohorts (0.54+0.17 and 0.54+0.18mL, respectively). Finally,
among the global intracranial hydrodynamics measures, the MR derived intracranial
compliance values were significantly lower and consequently, the MRICP values
significantly higher, in the typical CMI sub-cohort relative to the atypical CMI sub-cohort
and the control cohort.

Association within and between the 1-D and 3-D PCF morphological measures

The clivus and supraocciput lengths were neither correlated in the CMI cohort nor correlated
in the healthy cohort. The scatter plots and the linear regression lines between the clivus and
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supraocciput lengths for the CMI cohort and the healthy cohort are shown in Figure 3. The R
values between the clivus and supraocciput lengths, as well as between these linear measures
and the 3-D measures (PCFV and 41" ventricles) are listed in Table 3. In general, the testing
for dependency between the linear and 3-D PCF measures demonstrated mostly a weak
correlation, with only a few measures reaching moderate range correlation of around .4. The
supraocciput length was the only linear measure that was significantly correlated with 3-D
measures in the CMI cohort, i.e., the PCFV (R=.40), and the 4! ventricle volume (R=.37).
None of the linear PCF measures was significantly correlated with the 3-D measures in the
healthy cohort.

Association between morphological and CSF Flow and Cord Motion Measures

Similar to the relationships between the linear and volumetric PCF measures, mostly weak
and non-significant correlations were found between the PCF and the CSF and cord motion
at the CCJ within either cohort. The only correlation that reached significance was between
the peak systolic mean CSF velocity and the PCFV in the healthy cohort, with R=.33 (P=.
04). When pooling the CMI and healthy cohorts together, parameters with large differences
between CMI and controls reach significant correlation because of the wider latitude of the
parameters and the larger N. Pearson correlations and P values for the tested linear
regression between the PCF measures and CSF flow and cord motion measures are listed in
Table 3.

Association with intracranial measures

Out of the five global intracranial measures, three demonstrated mild significant correlations
within the CMI cohort. The maximal volume change during the cardiac cycle (ICVC) was
correlated with the PCFV (R=.33, P=.04) and with the 4! ventricle volume (R=.39, P=.01).
The intracranial compliance index (ICCI) was mildly correlated with the 41 ventricle
volume (R=.47, P=.004), and finally, MRICP was mildly correlated with PCF crowdedness,
4t ventricle volume, PCFV, and normalized PCFV in the combined cohort only. The R and
P values for the intracranial measures are listed in Table 3.

Multivariate analyses

The multivariate analyses identified a subset of three out of the 20 measures that best
differentiate CMI from the healthy cohort: maximal cord displacement, normalized PCFV
(PCFV/ICV), and PCF crowdedness. With these three parameters, 37 of the 37 healthy
subjects were correctly classified as non-CMI and 35 of the 36 CMI were correctly classified
as CMI (sensitivity of 97.3% and specificity of 100%). The “misclassified” CMI patient
belonged to the atypical cohort. Of the four atypical CMI patients who underwent
decompression, the two who did not improve following surgery were found to have several
measures not within the CMI range: clivus and maximal cord displacement in the first
patient, and supraocciput and MRICP in the second patient.

DISCUSSION

Previous imaging-based investigations exploring features characteristics of CMI focused on
a specific class of features (e.g., linear PCF markers, CSF velocities in the upper cervical
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regions) in different CMI patient cohorts to identify potential markers of CMI. This study
expands upon these studies by comparing a wide range of morphologic and physiologic
measures in the same CMI patients and matched control subjects, thereby providing means
to determine the relative significance of each parameter, with respect to the others, as
markers of CMI. The study indentifies 10 morphologic and physiologic measures that were
significantly different between the patient and control cohorts and therefore can be used as
markers of CMI. Out of these 10 parameters, a subset of 2 linear PCF measures, 4
volumetric PCF measures, and one physiologic measure demonstrated the strongest
discrimination power. The other parameters that were less significant did contribute to the
identification of the only two patients who did not improve following decompression
surgery.

Smaller length and volumetric PCF measures observed in our CMI cohort are in agreement
with previous observations.>~2 The most significant linear measures were the clivus and
supraocciput lengths, and the most significant volumetric measures were the absolute and
normalized PCF volumes, the PCF crowdedness, and the 4t ventricle volume. Normalized
PCFV and PCF crowdedness were much more significant than the non-normalized PCF
volume, indicating that CMI is better characterized by the volume of the PCF in relation to
the intracranial volume of the cranium and the crowdedness of the PCF. A smaller than
normal 41 ventricle with normal size lateral ventricles has not been previously described in
CMLI. This is consistent with PCF overcrowding. Along with these findings, our study also
reaffirms previously reported significantly larger cord displacement and lower intracranial
compliance in CM1.16. 17

The current study reveals differences in certain morphologic and physiologic parameters
between symptom types (typical vs. atypical CMI), primarily PCF crowdedness, 41
ventricle volume and MRICP, which are considerably less variable in the typical subgroup
compared with the atypical. The intracranial compliance and MRICP were significantly
different from controls only in the typical CMI subgroup. This is consistent with previously
reported findings of lower ICC in another typical CMI cohort whose main symptoms
included suboccipital headaches.1” The systolic (peak) CSF velocities demonstrated no
difference between CMI (either typical or atypical) and the control cohort. This finding is in
agreement with Krueger et al.”s work showing no difference in peak CSF velocities between
symptomatic and asymptomatic CMI patients. 2 These results do not support the commonly
held view that CMI involves “blockage” of CSF flow in the CCJ and the subjective
assessments that CSF flow in the CCJ is more “abnormal” in symptomatic CMI compared
with asymptomatic tonsillar ectopia patients.28

The study further suggests that the commonly used PCF length measurements provide only a
coarse estimate of the PCF volume. Testing the degree of association between the linear and
the volumetric measures revealed that these measures were not correlated within each
cohort, except for the supraocciput length, which was mildly associated with the PCF and
the 4™ ventricle volumes in the CMI cohort. These findings indicate that the linear measures
are complementing the volumetric measures.
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In summary, this is the first study that quantifies both the morphologic and physiologic
measures in the same CMI cohort. The study reveals either weak or no associations between
these measures, thereby demonstrating the independency and the complementary nature of
these parameters.

One of the aims of the study was to identify a concise multi-parametric characterization of
CMI that is better associated with the complex symptomatology than the degree of tonsillar
herniation. A multivariate binary logistic regression employed to obtain a data driven model
identified 3 parameters out of the 20 measures as the strongest characterization of CMI:
normalized PCFV (PCFV/ICV), PCF crowdedness, and maximal cord displacement. Using
only these 3 parameters, all 37 healthy subjects were correctly classified as non-CMI and 35
of the 36 CMI subjects were correctly classified as CMI. The “misclassified” patient was
from the atypical subgroup (e.g., right side papilledema). This patient’s normalized PCFV
was normal due to a smaller than normal intracranial volume. In follow-up consultations her
neurologist and neurosurgeon revised her diagnosis, as it was felt that her symptoms were
unrelated to her CMI regardless of a tonsillar herniation of 7mm.

Limitations

This study has several limitations that need to be taken into account when interpreting the
data. The identified discriminators between CMI and controls are specific to the cohorts
used in this study, and additional studies of other CMI and control cohorts are needed to
confirm these findings. Second, asymptomatic CMI subjects were not included in this study
and, therefore, imaging-based features specific to the onset of symptoms could not be
investigated. Third, the long-term goal of determining the predictive values of the CMI
markers for surgical outcome requires a large number of patients that undergo surgical
treatment during the study. In the current study period, only nine patients underwent surgical
treatment and only two of them had poor outcome. Therefore, while the available data is
sufficient for identifying the CMI discriminators, it is insufficient for establishing their
predictive value for surgical outcome. In the only two patients (both atypical CMI) in whom
symptoms persisted post-surgery, several primary CMI markers were outside the CMI range,
i.e., cord displacement and clivus length in the first patient and supraocciput length and
MRICP in the second patient. These results warrant investigations with larger number of
post-surgical patients to assess the efficacy of the identified morphologic and physiologic
measures as predictors of surgical outcome.

CONCLUSION

This study identified 10 imaging-based morphologic and physiologic quantitative parameters
that are associated with CMI symptomatology and thus may be more clinically relevant
characteristics of CMI than the degree of tonsillar herniation alone.
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Figure 1.
A) The linear measures of the PCF: Clivus, supraocciput, McRae’s line, and Twining’s line,

superimposed on mid-sagittal slices of 3-D T1-weighted MR images. B) A rendering of the
automated PCF volume segmentation.
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Figure 2.
Measurements of cord motion dynamics. A) The imaging plane superimposed on the MRI

mid-sagittal image in a CMI patient. (B) The cord region of interest superimposed on the
MRI phase contrast velocity image. C) Average cord velocity waveforms for a representative
CMI and control patient. D) Cord displacement waveforms from the representative CMI and
control patient obtained by integration of the velocity waveforms with respect to time for
one cardiac cycle.
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Figure 3.

Association between clivus and supraocciput length measurements. Linear regressions for
the CMI (diamonds) and control (circles) cohorts do not show statistical significance.
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Table 1

Quantitative morphologic and dynamic measures derived from the MRI scans

Page 14

Linear PCF Measures

Volumetric PCF Measures

CSF Flow and Cord Movement in the

Intracranial Measures

Clivus
Supraocciput
Twining’s Line

McRae’s Line

Intracranial Volume (ICV)
PCF Volume (PCFV)
Hindbrain Volume

4th Ventricle
Lateral Ventricles

CSF Stroke Volume (SV)
Systole CSF Velocity
Diastole CSF Velocity

Max. Cord Displacement

Total Cerebral Blood Flow (TCBF)
Intracranial Volume Change (ICVC)
Pulse Pressure Gradient (PTP-PG)

Intracranial Compliance index (ICCI)
Intracranial Pressure (MR-ICP)
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Mean and standard deviation of quantitative morphologic and dynamic measures in the order of significance
(t-Test) between control and CMI (typical + atypical) groups

Control CMI Typical CMI Atypical CMI
1D Morphology
Clivus (mm) 41.0£27 337+31° 33529 34.0+347"
Supraocciput (mm) 43.03.3 38.1+29™  381#30™ 381277
Twining’s Line (mm) 82.9£3.7 80.9+4.2 % 80.9+3.6 80.9+4.9
McRae’s Line (mm) 36.8+2.4 37.6+3.5 37.8+3.3 37.3x3.9
Tonsil. Herniation (mm) 9.1#3.5 95+3.37" 85+3.77
3D Morphology (Volumes)
Hindbrain/PCFV 0.793+0.036  0.830+0.038™"  0.876x0.026™ 0.883+0.049 "
PCRVIICV 0.140£0.008  0.124+0.008" 0.123+0.009™" 0.125+0.008 "
PCFV (mL) 211+16 184+19™ 184+19™" 184+19™"
4th Ventricle Volume (mL) 2.19+0.69 1.43+0.48 %" 1.35+0.38 % 1.524057
Hindbrain Volume (mL) 167+16 162+16 161+16 163+17
Lateral Ventricle Volume (mL) 16.1+7.2 15.2+75 14.9+8.5 15.5+6.4
ICV (mL) 1505+109 1489+156 1495+142 1482+174
CSF Flow M easurements
Cord Displacement (um) 17447 373+198 %% 350+118 %% 3874264~
CSF Systole Velocity (mm/s) 17.445.7 16.1+5.0 17.445.1 14.6+4.5
CSF Diastole Velocity (mm/s) 9.4+3.0 9.74£3.8 10.1+4.3 9.2+3.3
CSF Stroke Volume (mL) 0.54+0.18 0.54+0.17 0.55+0.19 0.52£0.15
Intracranial Parameters
MR-ICP (mmHg) 8.8£2.3 12.7+6.3% 13.645.9% 11.846.7
ICC Index 8.7#3.1 6.843.3% 6.142.9% 7.6£3.5
ICVC (mL) 0.52+0.16 0.45+0.20 0.44+0.21 0.45£0.21
PTP-PG (mmHg/cm) 0.035+0.011  0.036+0.011 0.039+0.011 0.035+0.011
TCBF (mL/min) 776+107 764199 765+95 762+106

*
P<.05

*:

*
p<.001

fTonsiIIar herniation of typical and atypical CMI are not significantly different (p-value=.4)
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