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Abstract—While the degree of cerebellar tonsillar descent is
considered the primary radiologic marker of Chiari malfor-
mation type I (CMI), biomechanical forces acting on the
brain tissue in CMI subjects are less studied and poorly
understood. In this study, regional brain tissue displacement
and principal strains in 43 CMI subjects and 25 controls were
quantified using a magnetic resonance imaging (MRI)
methodology known as displacement encoding with stimulated
echoes (DENSE). Measurements from MRI were obtained
for seven different brain regions—the brainstem, cerebellum,
cingulate gyrus, corpus callosum, frontal lobe, occipital lobe,
and parietal lobe. Mean displacements in the cerebellum and
brainstem were found to be 106 and 64% higher, respec-
tively, for CMI subjects than controls (p < .001). Mean
compression and extension strains in the cerebellum were 52
and 50% higher, respectively, in CMI subjects (p < .001).
Brainstem mean extension strain was 41% higher in CMI
subjects (p < .001), but no significant difference in compres-
sion strain was observed. The other brain structures revealed
no significant differences between CMI and controls. These
findings demonstrate that brain tissue displacement and
strain in the cerebellum and brainstem might represent two
new biomarkers to distinguish between CMI subjects and
controls.

Keywords—DENSE MRI, Chiari malformation, Brain tis-

sue, Displacement, Compression and extension strain.

INTRODUCTION

Chiari malformation type I (CMI) is a neurological
disorder that is typically diagnosed by a descent of the
cerebellar tonsils greater than 5 mm below the foramen
magnum (see Fig. 1).25 While tonsillar position (TP)
has been used as the primary evidence of CMI, recent
radiological studies have shown that TP is limited as a
reliable indicator of CMI symptomatology.17,25,28,41

For example, Strahle et al. reported that for the cohort
of CMI subjects they evaluated, there were ten times
more asymptomatic subjects with a TP greater than
5 mm that symptomatic subjects.37 Also, Smith et al.
found that approximately 1–2% of subjects having
TP > 5 mm remain asymptomatic.34 Khalsa et al.
matched CMI patients by TP and found no significant
differences between symptomatic and asymptomatic
subjects when comparing two-dimensional or three-
dimensional morphometric parameters.41 Moreover, in
a survey of 63 experts with a collective surgical expe-
rience of more than 15,000 CMI cases, over 85% rec-
ommended rejecting the 5-mm rule currently used as
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the basis for CMI diagnosis.7 Additionally, several
studies reported only a weak correlation between TP
and CMI symptomatology.17,25,28,41 Due to inconsis-
tent findings regarding the relationship between TP
and CMI symptomatology, additional studies have
been conducted to identify alternative morphometric
diagnostic criteria that are specific to CMI.14,18,26,28

The disconnect between TP and CMI symptomatology
is believed to result from variability in the static mor-
phometric measures found in the general population
and people with asymptomatic CMI.13,24,34,37 Thus,
exploring the brain’s dynamic properties may provide a
unique quantitative measure to better understand the
effect of biomechanical forces acting on the brain
parenchyma, as these forces may be more indicative of
CMI symptomatology than TP.

Phase-contrast magnetic resonance imaging
(PCMRI) is a dynamic measure that has been used in
several studies to characterize brain tissue and cere-
brospinal fluid (CSF) dynamics in CMI sub-
jects.4,5,16,21,30,40 It has been speculated that the
abnormal CSF flow dynamics observed in CMI
patients could result in altered neural tissue biome-
chanics at the cranio-cervical junction.9,10,22,23 Due to
the altered soft tissue properties in the brain, studies
have revealed that subjects with CMI exhibit an in-
crease in neural tissue motion.4,5,11,16,21,22,30,40 For
example, Pujol et al. determined the movement of the
cerebellar tonsils in subjects with CMI and reported a
significantly higher motion in CMI subjects as com-
pared to controls.30 They also reported an abnormal
deformation of the cerebellar tonsils—which resulted
in the obstruction of the CSF flow from the cranial
cavity into the spine. Furthermore, in subjects with
cough-strain headaches, the amplitude of tonsillar

motion was found to be greater as compared to
patients without cough-strain headaches.30 In another
study, Wolpert et al. determined the movement of the
medulla, tonsils, upper cervical cord, and the posterior
fossa cerebrospinal fluid pathways in both CMI sub-
jects and normal subjects. They found a tenfold in-
crease in the velocity of the tonsils in CMI subjects
compared to normal subjects. Additionally, a signifi-
cant increase in velocity was also identified in the
medulla and upper cervical cord in CMI subjects when
compared to normal subjects.40 Hofmann et al. eval-
uated volumetric motion data of the spinal cord and
CSF using axial PCMRI images between 18 subjects
with CMI and 18 healthy controls. Out of the 18 CMI
subjects, 14 of them had syringomyelia. They found an
increase in systolic downward displacement of the
spinal cord in patients with syrinx as compared to
patients without a syrinx. They attributed the systolic
downward displacement of the spinal cord to
obstruction of the foramen magnum in subjects with
CMI.16 Even though PCMRI has been used exten-
sively to quantify cardiac-induced brain motion,
PCMRI-based quantification of brain tissue motion
involves integrating the velocity field over the cardiac
cycle—which could potentially result in the accumu-
lation of errors in each cardiac phase.36

Other studies have quantified the displacement of
neural tissues in CMI subjects by tracking anatomical
landmarks in the cerebellum and brainstem.11,12,22

Terem et al. used an amplified MRI methodology to
detect brain tissue motion. As part of the study, using a
free form deformation of the amplified MRI output,
the group obtained displacement maps of a single
subject with Chiari malformation. The results from
this study demonstrated that CMI subjects exhibited a

FIGURE 1. Sagittal view of the cerebellum (outlined in blue) for a CMI subject showing tonsillar descent below the foramen
magnum (left) and healthy control (right). The red line indicates the McRae line (shown in red), and arrows show the position of the
tonsils relative to the McRae line.

BIOMEDICAL
ENGINEERING 
SOCIETY

Regional Brain Tissue Displacement and Strain 1463



higher downward tissue displacement in the brainstem
and craniocervical junction.38

Displacement encoding with stimulated echoes
(DENSE) is a dynamic MRI technique that was ini-
tially developed to characterize myocardial tissue
biomechanics.3 DENSE MRI is advantageous over
PCMRI because it encodes displacement directly into
the phase of the image without requiring error-accu-
mulating path integrations.3,43 DENSE MRI also has
the capability of encoding displacements smaller than
the spatial resolution of the acquired images (peak
displacement of less than 200 lm).1,2,29,33,42 DENSE
MRI has been widely employed to characterize
myocardial and vascular tissue biomechan-
ics.19,20,39,42,43 Soellinger et al. and Zhong et al.
demonstrated that it could also be used to evaluate
cardiac-induced brain tissue motion.35,42 Other
researchers have used the DENSE methodology to
quantify neural tissue motion in healthy subjects,
where displacement as low as 100 lm was
detected.1,2,29,33 Additionally, using a tissue phantom
undergoing cyclicical motion, Nwotchouang et al.
determined the accuracy of the DENSE MRI protocol
for quantifying cardiac-induced brain tissue motion.27

These studies have shown the ability of DENSE MRI
to quantify cardiac-induced brain tissue motion.

The goal of the current study was to quantify re-
gional brain tissue displacement and principal strains
in CMI subjects and healthy controls. We focused on
seven brain regions: the brainstem, cerebellum, cingu-
late gyrus, corpus callosum, frontal lobe, occipital
lobe, and parietal lobe. Differences in regional tissue
displacement and principal strains in these regions
were determined. The effects of age and body mass
index (BMI) on brain tissue displacement and principal
strains were also evaluated. Due to the abnormal CSF
dynamics and altered neural tissue properties reported
in CMI subjects, we hypothesized that neural tissue
displacement and principal strain is significantly higher
in CMI subjects as compared to healthy controls.

MATERIALS AND METHODS

Participants

The institutional review boards at The University of
Akron and Emory University approved this study, and
all subjects provided written informed consent. All
subjects were scanned at the Center for Systems
Imaging at the Emory University School of Medicine
between January 2017 and February 2020. This study
included 43 adults with CMI (36 females and seven
males; age 37 ± 11 years (mean ± standard devia-
tion); BMI 31 ± 9 kg m22) and 25 healthy adults (17

females and eight males; age 25 ± 4 years; BMI
22 ± 2 kg m22). In addition to the DENSE MR
images, common clinical symptoms presented by CMI
subjects were also collected prior to posterior cranial
fossa decompression surgery. These symptoms were
collected by a single neurosurgeon (DLB) at Emory
University Hospital. The list of clinical symptoms and
the number of CMI subjects with specific symptoms
are shown in Table 1.

Imaging Protocol

Sagittal T1 and T2 weighted images covering the
brain were acquired for all subjects on a PrismaFit 3T
MRI scanner (Siemens Healthcare, Erlangen, Ger-
many) using a 20-channel head coil. DENSE scans
were acquired in the mid-sagittal orientation using a
two-dimensional spiral cine technique employing
peripheral pulse unit-gating (Fig. 2).20 Two sets of
DENSE images were acquired in each scan, one with
displacement encoded in the anterior-posterior direc-
tion and one set with displacement encoded in the
cranial–caudal direction. The two sets of images were
acquired sequentially within the same scan sequence.
DENSE MRI acquisition was initialized with a tagging
pulse at the peak of the peripheral pulse unit signal,
and a total of 13–29 frames were acquired over the
cardiac cycle depending on the subject’s heart rate. The
total scan time for each subject was dependent on the
subject’s heart rate (For a subject with a heart rate of
60 bpm, the scan time was 1.5 min for each direction).
The following imaging parameters were used for
DENSE acquisition: The flip angle = 15 degrees,
temporal resolution/frame = 34 milliseconds, encod-
ing frequency = 0.6 cycles/mm, spiral interleaves per
heartbeat = 2, total spiral interleaves per
image = 192, field of view = 256 9 256, reconstruc-
tion matrix = 256 9 256, pixel size = 0.86–
0.94 9 0.86–0.94 mm, and slice thickness = 8 mm.

TABLE 1. Reported clinical symptoms by CMI subjects.

Symptom Number of subjects

1 Valsalva headache 32

2 Headache (other) 12

3 Dizziness, Vertigo 16

4 Neck pain 25

5 extremity numbness/tingling 34

6 Gait disturbance 15

7 Hearing loss, tinnitus 14

8 Fatigue, lethargy 15

9 Blurry vision 14

10 Anxiety/depression 10
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Post-processing of DENSE Scans

A custom program developed in MATLAB
(MathWorks, Natick, MA) was used to post-process
the DENSE scans. The procedures used to obtain the
displacement and principal strains were similar to
those described in Pahlavian et al.29 The magnitude
image was used to identify the seven brain regions
(Fig. 3). DENSE phase information in the anterior–
posterior and cranial–caudal directions were converted
into displacements in millimeters using the encoding
frequency. DENSE-measured displacements were cal-
culated after phase unwrapping (if necessary), noise
filtering, and selection of the brain regions (shown in
Fig. 3). Noise filtering was achieved with the filter2

function in MATLAB 2018b. Filter2 applies a finite
impulse response filter to the displacement measure-
ment. Values for the normalized cut off frequency and
filter order were 0.15 and 16, respectively, as recom-
mended by Pahlavian et al.29 On the magnitude images
obtained with DENSE, the seven brain regions were
created using an interactive paintbrush tool in MA-
TLAB. Pixelwise, two-dimensional Eulerian displace-
ment maps were created for each phase image for the
selected brain regions.

Mean Displacement and Mean Principal Strains

Due to a reduction in the signal-to-noise ratio at the
end of the cardiac cycle caused by T1 decay, only the
first two-thirds of each cardiac cycle was used to cal-
culate the mean displacement.29 For each voxel, the
magnitude displacement was computed using the
measured displacements from the anterior–posterior
(AP) and cranial–caudal (CC) displacement maps:

Magnitude of displacement

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

displacementAPð Þ2þ displacementCCð Þ2
q

:
ð1Þ

To quantify the peak-to-peak tissue displacement,
the minimum displacement was subtracted from the
maximum displacement over the cardiac cycle for each
voxel. For each anatomical structure, the mean dis-
placement was calculated by spatially averaging the
peak tissue displacements.

To determine the principal strains, Eulerian dis-
placement maps were employed. For each brain re-
gion, a structured quadrilateral grid was generated.
The locations of the voxels in the un-deformed and
deformed coordinates were used to compute the two-

FIGURE 2. Example of midsagittal DENSE MR image sets: (a) magnitude image, (b) phase image with displacement encoded in
the anterior-posterior direction, and (c) phase image with displacement encoded in the cranial-caudal direction. Black arrows show
the displacement encoding direction. Post trigger delay was 34 milliseconds.

FIGURE 3. The seven regions of interest indicated on a
DENSE magnitude image.
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dimensional deformation gradient tensor F, which was
then used to compute the right Cauchy–Green defor-
mation strain tensor C:

C ¼ FTF: ð2Þ

Next, the Lagrangian strain tensor E was computed:

E ¼ 1

2
ðC� IÞ; ð3Þ

where I is the identity matrix.
The principal compression strain was defined as the

smallest negative eigenvalue of E, while the principal
extension strain was defined as the largest positive
eigenvalue ofE.Compression or extension of each brain
region describes the shortening or elongation of the
tissue, respectively. The mean compression strain and
mean extension strain for each brain structure were
determined by spatially averaging the peak compression
and extension strains over the cardiac cycle, respectively,
for each of the seven brain structures.

Maximum Displacement and Maximum Principal
Strains

The displacement and strain maps were shown to be
heterogeneous within a specific brain structure (Fig. 4).
In order to obtain a more homogeneous representation
of the maximum tissue displacement and principal
strains in each brain region, a 30-mm2 circular ROI
was automatically identified in sections with the
greatest amount of displacement or principal strains.
The 30-mm2 was selected based on our previous find-
ings, where we determined that approximately 80
averaged voxels were required to obtain a reliable
displacement measurement with DENSE MRI.27 The

maximum displacement, maximum compression
strain, and maximum extension strain in each circular
area were determined by averaging the peak displace-
ments, compression strains, and extension strains,
respectively, within the circular area for all brain
regions.

Statistical Analysis

The statistical analysis in this study included three
comparisons: all CMI subjects vs. all healthy controls,
a subset of younger CMI subjects vs. age-matched
healthy controls, and younger CMI subjects vs. older
CMI subjects. The statistical analysis was performed
using MATLAB 2018b, SAS, and Microsoft Excel.
The Shapiro–Wilk test was used to check for normality
in the data.

First, a multivariate analysis of variance (MANO-
VA) was used to determine the global effects of group
(CMI vs. control) on the displacement and principal
strains across all the seven brain structures (i.e., the
brain regions as shown in Fig. 3). Next, all 43 CMI
subjects’ data were compared to the data for all 25
healthy controls separately for each of the seven
dependent variables. Independent t tests and Wilcoxon
rank-sum tests were used to determine differences
between the CMI subjects and healthy controls. Due to
a large number of comparisons (42 comparisons), we
controlled for family-wise errors, and statistical sig-
nificance was adjusted to p < .001 (0.05/42). To make
sure that the effects were not due to age differences, the
data for 23 younger CMI subjects (mean age = 30 ±

8 years) and 23 age-matched healthy controls (mean
age = 25 ± 4 years) was compared. Finally, data for
the 23 younger CMI subjects were compared to data
from the 20 older CMI subjects (mean age = 48 ± 6
years).

For the clinical data, brain tissue displacement and
principal strain for subjects with and without clinical
symptoms were also compared. Additionally, because
CMI subjects generally have a high BMI,6 we were un-
able to match the BMI between the CMI subjects and
healthy controls. However, we performed an analysis on
all 68 subjects by correlating the displacement and
principal strain for the seven brain structures with sub-
ject age and BMI. The relationship between BMI, age,
brain tissue displacement, and principle strains was
evaluated using Spearman’s correlation coefficient.

RESULTS

The first statistical comparison included all partici-
pants in both groups: 43 CMI subjects and 25 healthy
controls. For the mean displacement, the inferior brain

FIGURE 4. Two-dimensional Eulerian displacement maps of
the brainstem and the cerebellum of (a) CMI subject and (b)
healthy control subject matched by age. Note: The black
circles on the displacement maps indicate examples of the 30-
mm2 circular areas that were used to compute the maximum
displacement, maximum compression strain, and maximum
extension strain in each brain region.
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structures (brainstem and cerebellum) demonstrated
higher tissue motion than the superior brain structures
(i.e., the cingulate gyrus, corpus callosum, frontal lobe,
occipital lobe, and parietal lobe; see Fig. 5) for both
the CMI and control groups. The brainstem demon-
strated the largest mean displacement among the seven
brain structures, followed by the cerebellum (see
Table 2).

Displacement Differences Between CMI and Controls

To test for the global effects of group (CMI vs.
control) on the brain tissue displacement, a MANOVA
was performed on the displacement measurement for
the seven brain regions. Results show that there was a
statistically significant multivariate main effect for
group (Wilks Lambda = 0.48, F = 8.7, p < .001).
Separate t tests revealed that compared to healthy
controls, CMI subjects exhibited a significantly higher
brainstem mean displacement (192 ± 60 lm vs.
117 ± 38 lm for controls; p < .001) and cerebellum
mean displacement (138 ± 55 lm vs. 67 ± 24 lm for
controls; p < .001), as can be seen in Figs. 5 and 6a,
and Table 2. No significant differences were found
between CMI subjects and healthy controls for mean
displacement in the cingulate gyrus (26 ± 11 lm for
CMI vs. 23 ± 6 lm for controls; p = .38), corpus

callosum (48 ± 18 lm for CMI vs. 46 ± 13 lm for
controls; p = .79), frontal lobe (26 ± 13 lm for CMI
vs. 19 ± 4 lm for controls; p = .07), occipital lobe
(20 ± 7 lm for CMI vs. 17 ± 5 lm for controls;
p = .05), or parietal lobe (24 ± 10 lm for CMI vs.
20 ± 5 lm for controls; p = .10) as can be seen from
Fig. 5.

The maximum displacement from the circular ROI’s
for CMI subjects and healthy controls (Table 2)
showed a similar trend as the mean displacement.
Significantly higher maximum displacement was found
in CMI subjects as compared to healthy controls in the
brainstem (300 ± 125 lm for CMI vs. 148 ± 43 lm
for controls; p < .001) and cerebellum (369 ± 185 lm
for CMI vs. 120 ± 42 lm for controls; p < .001).
However, no significant differences were found for the
superior brain structures (i.e., cingulate gyrus, corpus
callosum, frontal lobe, occipital lobe, and parietal lobe,
Table 2).

Principal Strain Differences Between CMI and Controls

Similar to the displacement, a MANOVA was also
performed on the strain measurements for the seven
brain regions. There was a multivariate main effect for
group (Wilks Lambda = 0.49, F = 3.8,
p < .001)—again, reflecting an overall effect for strain

FIGURE 5. Mean displacements for the seven brain regions in CMI subjects and healthy controls. Note: The asterisk symbol
indicates that a comparison is statistically significant (p < .001).
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across all dependent variables. For the separate t tests,
the mean compression strain and mean extension
strain for the seven brain regions in CMI subjects and
healthy controls were also compared. The comparisons
revealed cerebellum mean compression strain
(0.64 ± 0.28% for CMI vs. 0.42 ± 0.11% for controls;
p < .001; see Figs. 6b and 7) and cerebellum mean
extension strain (0.66 ± 0.34% for CMI vs.
0.44 ± 0.10% for controls; p < .001; see Table 3) to
be significantly higher in CMI subjects than in healthy
controls (see Fig. 7). Additionally, brainstem mean
extension strain was significantly higher in CMI sub-
jects than in healthy controls (0.84 ± 0.30% in CMI
subjects vs. 0.60 ± 0.17% for controls; p < .001; see
Figs. 6c and 7). However, brainstem mean compres-

sion strain was not significantly different in CMI
subjects and healthy controls (p = .52). Moreover, no
significant differences were found for the mean com-
pression strain or mean extension strain in the other
brain regions—cingulate gyrus, corpus callosum,
frontal lobe, occipital lobe, and parietal lobe.

For the maximum compression strain and maxi-
mum extension strain obtained from the circular
ROI’s, only the cerebellum demonstrated significant
differences between CMI subjects and healthy controls.
The maximum compression strain (1.61 ± 1.02% in
CMI subjects vs. 0.80 ± 0.21% for controls; p < .001;
see Table 3) and maximum extension strain
(1.59 ± 1.11% in CMI subjects vs. 0.89 ± 0.26% for
controls; p < .001; see Table 3) in the cerebellum was

TABLE 2. Distribution of displacement in the seven brain structures for the full dataset and the age-matched groups.

Structure

Full dataset Aged-matched dataset

Mean displacement (lm) Max. displacement (lm) Mean displacement (lm) Max. displacement (lm)

CMI CON CMI CON CMI CON CMI CON

Brainstem 192 (60) 117 (38) 300 (125) 148 (43) 201 (54) 117 (36) 312 (103) 148 (41)

Cerebellum 138 (55) 67 (24) 369 (185) 120 (42) 149 (47) 68 (22) 401 (183) 121 (40)

Cingulate gyrus 26 (11) 23 (6) 47 (21) 43 (15) 27 (9) 23 (6) 46 (17) 43 (15)

Corpus callosum 48 (18) 46 (13) 83 (37) 73 (24) 49 (17) 47 (13) 80 (30) 73 (25)

Frontal lobe 26 (13) 19 (4) 60 (31) 63 (26) 26 (13) 19 (4) 56 (27) 63 (26)

Occipital lobe 20 (7) 17 (5) 35 (17) 26 (7) 21 (6) 17 (5) 35 (15) 25 (7)

Parietal lobe 24 (10) 20 (5) 44 (25) 37 (12) 23 (9) 20 (5) 40 (17) 37 (12)

The values in each column are the mean (standard deviation) of the measurements for CMI subjects (CMI) and controls (CON); statistically

significant comparisons are indicated in bold.

FIGURE 6. Maps showing the brainstem and cerebellum for CMI subjects (CMI) and healthy controls (CON): (a) displacement, (b)
compression strain, and (c) extension strain.
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significantly higher in CMI subjects than in healthy
controls. While no significant difference was observed
in the brainstem maximum compression strain
(p = .09), a trend towards significance was found for
the brainstem maximum extension strain
(1.63 ± 1.08% in CMI subjects vs. 1.07 ± 0.41% for
controls; p = .005; see Table 3).

Comparison Between Individuals With and Without
Clinical Symptoms

As part of this study, brain tissue displacement, and
principal strain in subjects with ten commonly
reported clinical symptoms were compared to subjects
without symptoms (see Table 1). These comparisons
were focused on the brainstem and cerebellum—as

these were the only two structures that were found to
be significantly different between CMI subjects and
controls. From our analysis, none of the comparisons
were significantly different between CMI subjects with
and without clinical symptoms (See Supplementary
Table).

Effect of Age and BMI on Measured Displacement
and Principal Strains

A comparison was also performed between 23 CMI
subjects and 23 age-matched healthy controls; the re-
sults were similar to those obtained for the full dataset
(see Tables 2 and 3 for detailed results). The dis-
placement and strain values for the younger CMI
subjects and the older CMI subjects were also com-

FIGURE 7. Mean compression strains and mean extension strains in the brainstem and cerebellum for CMI subjects and healthy
controls. Note: An asterisk indicates that a comparison is statistically significant (p < .001).

TABLE 3. Distribution of principal strains in the brainstem and cerebellum for the full dataset and the age-matched groups.

Structure

Mean compression (%) Max. compression (%) Mean extension (%) Max. extension (%)

CMI CON CMI CON CMI CON CMI CON

Full dataset

Brainstem 0.72 (0.19) 0.69 (0.15) 1.27 (0.53) 1.09 (0.34) 0.84 (0.30) 0.60 (0.17) 1.63 (1.08) 1.07 (0.41)

Cerebellum 0.64 (0.28) 0.42 (0.11) 1.61 (1.02) 0.80 (0.21) 0.66 (0.34) 0.44 (0.10) 1.59 (1.11) 0.89 (0.26)

Age-matched dataset

Brainstem 0.73 (0.22) 0.70 (0.15) 1.33 (0.62) 1.08 (0.35) 0.86 (0.26) 0.60 (0.17) 1.68 (1.10) 1.01 (0.41)

Cerebellum 0.63 (0.18) 0.42 (0.12) 1.59 (0.82) 0.81 (0.21) 0.74 (0.39) 0.44 (0.11) 1.89 (1.37) 0.90 (0.27)

The values in each column are the mean (standard deviation) of the measurements for CMI subjects (CMI) and controls (CON); statistically

significant comparisons are indicated in bold.
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pared. No statistically significant differences were
found between the two groups in either the displace-
ment or principal strains for any of the seven brain
regions. Additionally, an examination of the correla-
tion between age, BMI, and the different brain indices
for all brain regions revealed no relationship between
age (r values ranged from 0.05 to 0.26; p > .05) or
BMI (r values ranged from 20.01 to 0.26; p > .05)
and either the displacement or the principal strains.

DISCUSSION

In this study, regional cardiac-induced brain tissue
displacement and principal strains were quantified in
seven brain structures in CMI subjects and healthy
controls. The results of this study demonstrate that
CMI subjects have significantly higher tissue motion in
the cerebellum and brainstem compared to healthy
controls. Additionally, our results show that neither
age nor BMI has an impact on the measured cardiac-
induced brain tissue displacement or principal strains.

Differences in Displacement for CMI Subjects
and Healthy Controls

The altered brain tissue structure in CMI subjects
reported by other researchers14,18,26,28 is evident in the
CMI subjects in this study. As compared to healthy
controls, we found that mean displacement was 64 and
106% higher, respectively, in the brainstem and cere-
bellum of CMI subjects—but not in other brain
regions. As shown in Fig. 8, the distributions of dis-
placement in the brainstem and cerebellum are non-
uniform across the tissue structure—with the higher
displacements occurring in the inferior aspects of the
brainstem and cerebellum. To quantify the increased
tissue motion in the inferior aspects, we considered a
smaller circular ROI with an area of 30 mm2 (maxi-
mum displacement). The maximum displacement in
the circular regions was 103% higher in the brainstem
and 208% higher in the cerebellum for CMI subjects
than for healthy controls. This suggests that while the
tissue displacements across the entire brainstem and
cerebellum are higher in CMI subjects, the inferior
aspects of these brain regions have the greatest con-
tribution to the increase in displacement observed in
CMI subjects. This is likely due to the abnormal CSF
flow dynamics and altered neural tissue characteristics
around the cranio-cervical junction.9,10,22,23

Previous studies have evaluated brain tissue dis-
placement in healthy subjects using DENSE
MRI.1,2,29,33 Zhong et al. and Pahlavian et al. reported
a displacement in the brainstem of 150 to 210 lm and
displacement in the cerebellum of 70 to 105 lm in

healthy subjects.29,42 In the current study, mean dis-
placement in the brainstem and cerebellum for healthy
subjects were found to be 117 and 67 lm, respectively.
One possible reason for the higher displacements
reported in other studies is the sample size: Zhong
et al.42 included three healthy subjects, and Pahlavian
et al.29 evaluated eight healthy subjects, while we
evaluated a total of 25 healthy subjects. Additionally,
the triggering method used by Zhong et al. and
Pahlavian et al. (Electrocardiography) was different
from that used in the current study (peripheral pulse
unit). Also, the encoding frequency (0.6 cycles/mm)
employed in the current study was higher than that
used by Zhong et al. (0.4 cycles/mm) but lower than
that used by Pahlavian et al. (1.2–1.5 cycles/mm).

Several research groups that evaluated neural tissue
motion using PCMRI reported higher displacement
values than the ones reported herein. For example,
Lawrence et al. evaluated the spinal cord’s displace-
ment in CMI subjects compared to controls and
reported displacements of 530 and 230 lm, respec-
tively.21 Alperin et al. reported the maximum cord
displacement in CMI subjects and controls to be 390
and 330 lm, respectively.5 Cousins et al. determined
the cerebellar tonsils’ motion in the foramen magnum
during the cardiac cycle and reported displacements of
570 and 430 lm, for CMI subjects and healthy con-
trols, respectively.11 It should be noted that the mea-
surement of displacements using PCMRI is more
localized—either at the foramen magnum21 or the
cerebellar tonsils.11 Hence, no displacement informa-
tion for tissue structures above the foramen magnum is
available. Moreover, the PCMRI technique employed
in the cited studies measures the velocity directly and,
thus, can only provide an indirect measurement of
displacement, as the integration of velocity over the
cardiac cycle could potentially accumulate errors in
each cardiac phase.36 In contrast, the DENSE MRI
technique used in the current study measures the dis-
placement directly from the phase information.

Brain tissue displacement has been quantified in
CMI subjects and controls using a steady-state free
procession MRI techniques.12,22,38 With this technique,
Leung et al. reported displacements in the cerebellar
tonsils of 790 lm in CMI subjects (vs. 300 lm in
healthy controls) and displacements in the cervi-
comedullary junction of 600 lm in CMI subjects (vs.
320 lm in controls).12,22 Dawes et al. used a similar
technique and reported a median displacement of
560 lm from the fastigium to the tip of the tonsils, and
a mean displacement of 200 lm from the superior as-
pect of the cerebellum to the fastigium.12 One major
drawback of these studies is that the displacement was
determined by tracking specific anatomical locations
over the entire cardiac cycle. By relying on a single
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point for the measured displacement, an overall
understanding of the displacement over the entire
brainstem and cerebellum cannot be determined. By
using DENSE MRI, we were able to obtain the dis-
placement over the entire brainstem and cerebellum; as
shown in Fig. 8, the distributions of displacements
across these two structures are non-uniform—with
lower displacements in the superior aspects of the
structures and higher displacements in the inferior as-
pects.

Differences in Principal Strains for CMI Subjects
and Healthy Controls

In the current study, we compared the mean com-
pression strain and mean extension strain for CMI
subjects and healthy controls. The mean compression
strain and mean extension strain in the cerebellum
were 52 and 50% higher in CMI subjects than in
healthy controls, respectively (p < .001), and the
brainstem mean extension strain was 41% higher in
CMI subjects than in healthy controls (p < .001). No
significant differences were found for the mean com-
pression strain and mean extension strain for the
superior brain structures (cingulate gyrus, corpus cal-
losum, frontal lobe, occipital lobe, and parietal lobe).
Similar to the displacement results described above,
the mean compression strain and mean extension

strain were also non-uniformly distributed across the
cerebellum and brainstem (see Fig. 8). The non-uni-
formity is evident by a 100% increase in cerebellar
maximum compression strain and a 78% increase in
cerebellar maximum extension strain in CMI subjects
as compared to healthy controls.

Other researchers have quantified brain tissue strain
using DENSE MRI.1,2,29,33 Pahlavian et al.29 deter-
mined the principal regional strain in healthy controls
and reported cerebellar mean compression strain and
mean extension strain of 0.3 and 0.23%, respec-
tively—which are lower than the reported principal
strains for the cerebellum for healthy subjects in the
current study (where mean compression strain and
mean extension strain were 0.42% and 0.44%,
respectively). Similarly, higher brainstem mean com-
pression strain and mean extension strain were
reported for the current study than were reported by
Pahlavian et al. The possible reasons for these dis-
crepancies are the same as those for the differences in
displacement. Although Pahlavian et al. reported
higher displacement, we reported higher strain values.
It is important to note that displacement alone does
not cause damage to tissues, but strain does. More-
over, since an increase in displacement does not nec-
essarily lead to an increase in strain (as displacement is
not directly proportional to strain), an increase in
displacement within a tissue structure may not result in

FIGURE 8. Displacement, compression, and extension maps for the brainstem and cerebellum of (a) CMI subject and (b) healthy
control matched by age, BMI, and gender.

BIOMEDICAL
ENGINEERING 
SOCIETY

Regional Brain Tissue Displacement and Strain 1471



an increase in strain. This is because compression or
extension strains are caused by a gradient of dis-
placement across the tissue. Areas in the tissue with a
higher gradient of displacement will experience higher
compression or extension strains—and vice versa.

Dawes et al. and Leung et al. also quantified brain
tissue strain in subjects with CMI.12,22 Leung et al.
quantified the strain from the fastigium of the fourth
ventricle to the tip of the tonsils and reported a mean
strain of about 0.012 and 0.008%, before and after
decompression surgery, respectively. Dawes et al.
reported a median strain of 1.48% from the fastigium
to the tip of the tonsils before decompression surgery,
and 0.51% after decompression surgery. Additionally,
for the superior aspect of the cerebellum to the fasti-
gium, a median strain of 0.69 and 0.47% was reported
before and after decompression surgery, respectively.12

Since regional cerebellar compression or extension
strains were not quantified in these studies, we are
unable to make a direct comparison with our findings.

Previous studies have shown that subjects with CMI
have abnormal CSF flow dynamics, which, in turn, can
lead to altered neural tissue characteristics at the cra-
nio-cervical junction.9,10,22,23 Sloots et al. demon-
strated that cardiac-induced brain tissue volumetric
strain was three times larger than the respiratory-in-
duced volumetric strain.33 Thus, the strain generated in
the brain is influenced more by the cardiac cycle than
the respiratory cycle. CMI subjects have been reported
to experience higher intracranial pressures and severe
occipital headaches.8,15 To reduce symptoms, CMI
subjects undergo posterior fossa decompression sur-
gery, which helps to restore CSF flow and increases the
area in the CSF space inferior to the cerebellum. One
technique commonly used by neurosurgeons as a part
of this surgery is to remove sections of the occipital
bone. From Fig. 8, it can be noticed that the extension
and compression strains are more localized in the
inferior–posterior section of the cerebellum. The
occipital bone—which is located in the posterior aspect
of the cerebellum—may prevent the movement of the
cerebellum if the cranio-cervical junction is crowded or
if the cerebellar tonsils are compressed against the
occipital bone, which would not permit adequate CSF
flow during each cardiac cycle (as is often seen in CMI
subjects). Thus, a gradient of displacement may be
created—with higher displacements in the inferior–
anterior section of the cerebellum and minimal dis-
placements in the inferior–posterior section (Fig. 8).
This gradient of displacement may, in turn, lead to an
increase in strain in the cerebellum. This circumstance
may explain why lower cerebellum strains are reported
for CMI subjects following decompression surgery.12,22

Comparison Between Individuals With and Without
Clinical Symptoms

In the current study, we did not find any significant
differences in the brain tissue displacement or principal
strain between CMI subjects with and without clinical
symptoms (p > 0.05). In the literature, there have
been conflicting findings relating to the differences in
tissue displacement between CMI subjects with and
without clinical symptoms. For example, Pujol et al.
reported that in subjects with cough-strain headaches,
the amplitude of tonsillar motion was greater as
compared to patients without cough-strain
headaches.30 Also, subjects with Valsalva headaches
have been shown to have a higher motion at the
cerebellar tonsils as compared to subjects without
Valsalva headaches.22 Even though these studies
reported a relationship between tissue motion and
clinical symptoms, another study found no statistically
significant differences in brain motion in subjects with
and without Valsalva headaches12—which is in agree-
ment with the results reported herein. While the results
of this paper show that we can distinguish between
CMI subjects and controls based on both displacement
and strain, these measurements did not discriminate
between CMI subjects with and without specific
symptomatology.

Effects of Age and BMI

The effects of age and BMI on the measured brain
indices were also evaluated in this study. To determine
the effect of age on the brain tissue indices, three
methods were used. First, 23 younger CMI subjects
were compared to 23 age-matched healthy controls; the
results were similar to that of the full dataset. A second
comparison showed that the brain indices for the
younger CMI subjects were not significantly different
from those in a group of older CMI subjects. A cor-
relation study revealed no relationship between age
and any of the brain indices. These results suggest that
age had no impact on our final results. An additional
correlation study using data for all study participants
revealed no relationship between BMI and brain tissue
displacement or principal strains. Thus, we concluded
that age and BMI most likely had no effect on the
measured brain tissue displacement or principal
strains.

LIMITATIONS

There were limitations to this study. The displace-
ments in this study were quantified on a two-dimen-
sional sagittal plane—without consideration of the
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through-plane direction. Previous studies have shown
that the through-plane tissue displacement is relatively
small and should have no impact on the measured
displacement.29 Even though the through-plane dis-
placement may result in a small amount of strain, our
current technique, as designed, is unable to quantify
this brain tissue strain. Future work will focus on
improving the current post-processing methodology of
evaluating strain, taking into consideration the
through-plane brain tissue displacement. Furthermore,
three-dimensional measurements were not performed
in the current study. Previous studies have reported
that the maximum principal strain orientation of the
brainstem and cerebellum was found at the sagittal
plane in a volunteer.31 Thus, the current study was
focused on measurements obtained on the sagittal
plane. Additionally, the cine DENSE sequence em-
ployed in the current, as designed, was unable to ob-
tain through-plane displacements without imaging
artifacts for encoding values optimized for quantifying
small brain tissue motion. Future work will focus on
improving the sequence to better the quality of the
through-plane displacement measurement. Also, the
encoding frequency was not optimized for maximum
sensitivity to detect displacement. The clinical images
employed in the current study used an encoding fre-
quency of 0.6 cycles/mm to avoid phase wraps.

Posture may also play a role in the position or
structure of the brain tissue, as reported in previous
studies.32 However, in the current study, all subjects

underwent scanning in the same orientation. Addi-
tionally, blurring effects can be noticed due to the
prospective triggering caused by artifacts from heart
rate variations. Because the brain regions in our study
were manually created, there was a possibility that
voxel averaging might affect the measurement of the
displacement and principal strains. To reduce the
possibility of adding unwanted structures to the outline
of the brain region, an area that was between two to
three voxels wide around the entire boundary of each
brain region was excluded from the analysis. In the
current study, only two-thirds of the cardiac cycle was
employed during the analysis. It is important to note
that using only two-thirds of the cardiac cycle may
underestimate the measured average displacement by
up to 12 lm (Table 4). Even though the differences in
the displacement between the two methods was small,
a paired t test between the methods revealed significant
differences (Table 4).

As described in the methods section, the mean dis-
placement in the current study was determined by
subtracting the minimum displacement from the
maximum displacement for each voxel. However, in a
case where a region-averaged displacement curve is
first determined before the minimum displacement is
subtracted from the maximum displacement, the re-
gion-averaged method may underestimate the mean
displacement by up to 12 lm (Table 5). While differ-
ences were found between the displacement obtained
between the two methods, as shown in Table 5, a

TABLE 4. Differences in the average displacement in the brainstem and cerebellum calculated using the full and two-thirds of the
cardiac cycle.

Full cycle (mean ± SD) 2/3 cycle (mean ± SD) Difference (lm) p value

Brainstem (lm)

CMI 204 ± 59 192 ± 60 12 .0003

CON 128 ± 41 117 ± 38 11 .001

Cerebellum (lm)

CMI 147 ± 53 138 ± 55 9 .0005

CON 76 ± 24 67 ± 24 9 .0009

TABLE 5. Differences in the average displacement for the brainstem and cerebellum, calculated using the method used in this
manuscript (minimum displacement subtracted from the maximum displacement for each voxel) and region-averaged method (a
region-averaged displacement curve was first determined before the minimum displacement was subtracted from the maximum

displacement).

The method used in this manuscript (mean ± SD) Region-averaged method (mean ± SD) Difference (lm) p value

Brainstem (lm)

CMI 192 ± 60 188 ± 60 4 .14

CON 117 ± 38 115 ± 41 2 .57

Cerebellum (lm)

CMI 138 ± 55 126 ± 48 12 .05

CON 67 ± 24 62 ± 24 5 .07
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paired t test analysis between the two methods revealed
no statistically significant differences (Table 5).

In summary, we quantified regional tissue dis-
placement and principal strains in seven brain struc-
tures. Cardiac-induced brain tissue displacement and
principal strains were significantly higher in the cere-
bellum and brainstem of CMI subjects compared to
healthy controls, and inferior brain structures showed
higher displacements than superior brain structures.
The displacements and principal strains were non-
uniformly distributed in the brainstem and cerebel-
lum—with higher displacements and principal strains
reported in the inferior aspects than in superior as-
pects. The results reported herein confirm our
hypothesis that neural tissue displacement and princi-
pal strains are significantly higher in CMI subjects
when compared to healthy controls. Thus, the different
brain indices reported in this study may serve as
additional diagnostic criteria for CMI.
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