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Chiari malformation type I (CMI) is defined by cerebel-
lar tonsillar descent of at least 5 mm below the foramen 

magnum (1–3). Patients with CMI present with a variety 
of neurologic symptoms, including suboccipital head-
aches and/or neck pain, cognitive and/or neurologic defi-
cits, and a range of nonspecific symptoms. Patients with 
CMI may undergo posterior fossa decompression (PFD) 
surgery to reduce symptoms, restore posterior fossa cere-
brospinal fluid flow, reduce tonsillar crowding, and relieve 
brainstem and/or cerebellar tissue compression (4,5). Al-
though preoperative assessment includes the evaluation 
of tonsillar descent and other morphologic features, there 
are conflicting results within the literature as to whether 
tonsillar descent is related to CMI symptoms (1,6–8).

Patients with CMI demonstrate altered brain tissue 
biomechanics, characterized by increased neural tissue mo-
tion within the craniocervical region (6,9–16). Brain tissue 
displacement is thought to be primarily caused by changes 
in pressure during each heartbeat (17). Past studies have 
shown cerebrospinal fluid dynamics at the craniocervical 
region to be abnormal in participants with CMI when 
compared with healthy controls (18). Several studies have 
examined neural tissue dynamics by using phase-contrast 
MRI velocity measurements (6,9,10,12,13,15,16). Tis-
sue displacement has also been quantified by integrating 
the phase-contrast MRI–measured velocity waveforms 
with respect to time over the cardiac cycle (6,9,10,13). 
However, phase-contrast MRI indirect measurement of 

Background:  Posterior fossa decompression (PFD) surgery is a treatment for Chiari malformation type I (CMI). The goals of surgery 
are to reduce cerebellar tonsillar crowding and restore posterior cerebral spinal fluid flow, but regional tissue biomechanics may also 
change. MRI-based displacement encoding with stimulated echoes (DENSE) can be used to assess neural tissue displacement.
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examine associations between tissue displacement and symptoms.
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Conclusion:  Neural tissue displacement was reduced after posterior fossa decompression surgery, indicating that surgical intervention 
changes brain tissue biomechanics. For participants with Chiari malformation type I, no relationship was identified between presur-
gery tissue displacement and presurgical symptoms.
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and underwent imaging (Fig 1). One surgeon (D.L.B., with 25 
years of experience) recruited all participants and performed all 
surgeries. Patients were included if previous clinically indicated 
imaging showed tonsillar descent of more than 5 mm below the 
foramen magnum. Symptoms affected the participants such that 
they sought surgical treatment. Participants had experienced 
symptoms for more than 1 year before this study and reported 
that symptoms had become progressively worse since onset.  
Presurgical symptoms and their frequencies are presented in  
Table 1. Twelve participants had fewer than four symptoms, and 
11 participants had five or more symptoms. Patients were ex-
cluded only if they had devices that were “MRI unsafe” or “MRI 
conditional” (ie, would have required monitoring or reprogram-
ming). The surgical technique is further described in Appendix 
E1 (online). A previously published case-control study that in-
vestigated the differences between brain tissue displacement and 
strain between patients with CMI and healthy controls included 
pre-surgical DENSE images from 28 of the 44 consented par-
ticipants used in the current study (26).

Imaging Protocol
All imaging was performed at Emory University with a 3-T 
MRI scanner (Magnetom Prisma, Siemens Healthineers) by 
using a 20-channel head coil in combination with a table-
mounted 16-channel spine coil. Peripheral pulse unit–gated 
cine DENSE images were acquired in a midsagittal orientation 
before and after PFD surgery for each participant (27). Depend-
ing on the heart rate, a total of 16–27 frames were acquired 
over the cardiac cycle (34 msec per frame). DENSE acquisition 
parameters included the following: two directions of in-plane 
simple motion encoding, an encoding frequency of 0.6 cycles 
per millimeter, 192 total spiral interleaves per image, a pixel 
size of 0.86–0.94 3 0.86–0.94 mm2, repetition time msec/
echo time msec of 17.0/2.2, and a section thickness of 8 mm. 
Magnitude images were used to identify brain structures, and 
two sets of displacement-encoded phase images (anteroposterior 
encoded and craniocaudal encoded) were acquired (Fig 2). Mid-
sagittal tonsillar position and syrinx parameters were obtained in 
all participants by one operator (M.S.E., with 5 years of experi-
ence and trained by a board-certified neuroradiologist on brain 
morphometric measurements) on T1- and/or T2-weighted ana-
tomic images and compared before and after surgery (see Ap-
pendix E1 [online]).

DENSE Image Processing
Figure E1 (online) depicts the DENSE MRI processing method. 
DENSE magnitude MRI scans (Fig E1, A [online]) and T1- 
and/or T2-weighted midsagittal MRI scans obtained before and 
after PFD surgery were used to identify two regions of interest 
encompassing the brainstem and the cerebellum and manually 
defined by two observers (M.S.E. and B.S.T.N., with 4 years 
of experience and trained by a board-certified neuroradiologist 
on brain morphometric measurements). Tissue displacement 
was calculated by converting the phase information to displace-
ment values using the encoding frequency (0.6 cycles per mil-
limeter) at each frame of the cardiac cycle (22,24,28). DENSE 
images were evaluated by using an internally developed program 

displacement is indirectly measured with phase-contrast MRI 
through the integration of velocity over the cardiac cycle and 
therefore may result in errors accumulating within each cardiac 
phase (19). Neural tissue displacement was also quantified by 
tracking specific anatomic points in the brainstem and the cer-
ebellum over the cardiac cycle with use of cine MRI (11,14,20). 
However, these techniques are limited by the spatial resolution 
of the acquired image (14,20). In addition, these studies have 
shown inconsistent associations between tissue displacement 
and CMI symptoms (14,15,20).

An MRI sequence termed displacement encoding with stim-
ulated echoes (DENSE) allows pixel-wise quantification of tis-
sue motion over the entire brain structure by means of encoding 
tissue displacement into the phase of the acquired MRI signal 
(17,21–25). Although DENSE brain imaging has been used to 
evaluate displacement in healthy individuals (17,21–25), neu-
ral tissue motion has not been quantified in patients with CMI 
treated with surgery.

The aim of this study was to assess cerebellar and brainstem 
tissue motion in participants with CMI before and after PFD 
surgery by using DENSE MRI. Because of the altered cere-
brospinal fluid dynamics and brain structure in patients with 
CMI, we hypothesized that neural tissue displacement will be 
reduced after PFD surgery. We also aimed to evaluate asso-
ciations between cerebellar and brainstem tissue motion and 
clinical symptoms to assess the prognostic value of neural tissue 
displacement measurement.

Materials and Methods

Study Participants
This prospective study was approved by the relevant institutional 
review boards of the University of Akron and Emory University 
and compliant with the Health Insurance Portability and Ac-
countability Act. All participants included in this study provided 
written informed consent. Imaging was conducted between 
January 2017 and June 2020; 44 consecutive patients diag-
nosed with CMI provided consent to participate in this study 

Abbreviations
CMI = Chiari malformation type I, DENSE = displacement encoding 
with stimulated echoes, PFD = posterior fossa decompression

Summary
Cerebellar and brainstem displacement measured with displacement 
encoding with stimulated echoes MRI in participants with Chiari 
malformation type I was reduced following decompression surgery.

Key Results
	N In a prospective study of 23 participants with Chiari malforma-

tion type I who underwent posterior fossa decompression surgery, 
displacement encoding with stimulated echoes MRI demonstrated 
reductions in spatially averaged peak brain tissue displacement be-
fore and after surgery of 46% (79/171 µm) within the cerebellum 
and 22% (46/210 µm) within the brainstem (P , .001).

	N No significant associations between tissue displacement and 
presurgical symptoms were found (r , .74 and P . .012 for all; 
Bonferroni corrected P = .0002).
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(DENSEpro) based on MATLAB, 
version R2020a (MathWorks), that 
allowed for selection of region of in-
terest, unwrapping of phase images, 
and calculation of displacements (22). 
Displacement maps for the brainstem 
and cerebellum were obtained for each 
time point of the cardiac cycle (Movies 
1 and 2 [online]). Only the first two 
thirds of the displacement waveforms 
were used for the calculations because 
T1 decay caused a reduction in the 
signal-to-noise ratio at the end of the 
cardiac cycle (19,22).

Because of the possibility of 
bias during the manual segmenta-
tion process, intraclass correlation 
was estimated for the displacement 
measurements between two users 
(M.S.E. and B.S.T.N.), both of whom were blinded to partic-
ipant clinical indications at the time the measurements were 
conducted. No differences were found between the displace-
ment measurements between the two users. We also identi-
fied the interrater consistency by determining the intraclass 
correlation (29) in the measurements between the two users. 
The mean difference (in micrometers) and intraclass correla-
tion values for each parameter are shown in Table 2 (P , 
.001). MATLAB, version 2020a; SAS, version 9.4 (SAS Insti-
tute); and Microsoft Excel were used for all analyses (P.A.A. 
oversaw all statistical analyses).

Calculation of Mean Displacement
Displacement magnitudes (see Appendix E1 [online]) over the 
cardiac cycle for the brainstem and cerebellum were calculated 
for all participants (Fig E1, D [online]). Peak tissue displacement 
was calculated on a pixel-by-pixel basis by using the displace-
ment maps obtained over the cardiac cycle. The minimum tissue  
displacement was subtracted from maximum tissue displacement 
over the cardiac cycle for each pixel to obtain the peak tissue dis-
placement (Figs 3, E1, E [online]) and averaged over each struc-
ture to quantify the changes in spatial mean peak displacement 
before and after surgery. Change in mean peak displacement was 
calculated as the difference between pre- and postsurgical mean 
peak displacement.

Calculation of Subregion Maximum Displacement
Peak tissue displacement maps were used to quantify a subregion 
maximum peak tissue displacement. This analysis was undertaken 
to illustrate the spatial heterogeneity seen in the anatomic regions. 
To accomplish this, circular 30-mm2 windows were passed over 
the peak tissue displacement maps within the cerebellum and 
brainstem and displacement values within those windows were 
averaged. The region-of-interest analysis was performed automat-
ically in a custom-written MATLAB program. The subregions in 
the cerebellum and the brainstem that demonstrated the largest 
peak tissue displacement were identified as regions with maxi-
mum peak displacement (see Figs 4, E1, F [online]).

Statistical Analysis
Paired t tests and nonparametric Wilcoxon signed-rank tests 
were used to determine differences in tonsillar herniation and 
neural tissue displacement before and after surgery. The Shap-
iro-Wilk parametric hypothesis test was used to determine nor-

Figure 1:  Participant flowchart. CMI = Chiari malformation type I, DENSE = displacement encoding with stimu-
lated echoes, PFDD-T = posterior fossa decompression surgery with duraplasty and cauterization of cerebellar tonsils.

Table 1: Frequency of Presurgical Symptoms in the 23 
Evaluated Participants with Chiari Malformation Type I

Symptom
No. of Participants  
(n = 23) 

Condition  
Prevalence (%)

Valsalva headache 21 91
Subjective extremity 

symptoms (numbness, 
weakness, pain)

20 87

Neck pain 11 48
Blurry vision 9 39
Fatigue, lethargy 7 30
Hearing loss, tinnitus 7 30
Dizziness, vertigo 6 26
Headache (other) 4 17
Gait disturbance 4 17
Dysphagia 3 13
Memory loss 3 13
Chest pain 2 9
Anxiety, depression 2 9
Syncope 2 7
Decreased peripheral 

vision
1 4

Incontinence and/or 
urinary urgency

1 4

Arm pain 1 4
Shoulder pain 1 4
Paralysis 1 4
Nausea 1 4
Vomiting 1 4
Motion sickness 1 4
Seizure disorder 1 4
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mality. To control for family-wise error, statistical significance 
was adjusted to P , .0083 for group differences and P , .0002 
for all Spearman correlations between displacement, tonsillar 
herniation, symptoms, and syrinx area. Independent t tests and 
Wilcoxon rank-sum tests were used to evaluate displacement 
differences between participants with and participants without 
a syrinx.

Results

Demographic Characteristics and Symptoms
Forty-four participants (mean age 6 standard deviation, 37 
years 6 12; 40 women) diagnosed with CMI were included 
in this study (Fig 1). Thirty of the 44 participants (mean age, 
37 years 6 10; 26 women) subsequently underwent PFD 
surgery with duraplasty and cauterization of the cerebellar 
tonsils. Of the 30 participants who underwent PFD surgery, 
five did not return for follow-up imaging. DENSE sequences 
were not performed in one participant because of technical 
difficulties, and DENSE images from an additional partici-
pant could not be evaluated because of artifacts from a dental 

prosthesis. Therefore, DENSE MRI scans in 23 participants 
with CMI before and after PFD surgery were included in the 
analysis (mean age, 37 years 6 10; 19 women). Peak brain-
stem displacement could not be quantified in two of the 23 
participants (participants 4 and 21) because of dental artifacts 
that distorted the image. The mean time between baseline and 
postsurgical MRI was 133 days 6 42 (range, 94–237 days), 
and the average time (6standard deviation) between surgery 
and postsurgical MRI was 118 days 6 38 (range, 76–198 
days). Tonsillar herniation decreased by 74% (7.8/10.5 mm) 
after surgery (from a mean of 10 mm 6 5.4 before surgery 
to 2.7 mm 6 4.0 after surgery; P , .001). This reduction in 
tonsillar herniation is likely due to a combination of effects 
from cauterization of the tonsils during surgery and change 
in cerebellar orientation after surgery (30).

Participants were followed up 6–8 weeks after surgery in 
a standard clinical follow-up visit. Twenty-two of the 23 par-
ticipants had preoperative Valsalva headaches. The headaches 
improved or resolved after surgery in 21 of the 22 participants. 
Nineteen of the 23 participants had preoperative symptoms 
(numbness, weakness, or pain) in one or more extremities; 14 
of the 19 participants improved after surgery.

Of the 23 participants evaluated, eight had syringomyelia, 
in which syrinxes spanned between the C2 and T2 vertebrae 
before surgery. Syrinx width was decreased by 68% (2.8/4.1 
mm) after surgery; the average maximum syrinx width was 4 
mm 6 2 before surgery and 1 mm 6 1 after surgery. Average 
syrinx area was decreased from 93 mm2 6 86 before surgery 
to 16 mm2 6 16 after surgery (Table E1 [online]). Six partici-
pants demonstrated syrinx resolution (which was determined 
as a presurgical syrinx that could not be identified on the post-
surgical image) or a reduction in syrinx area. Two additional 
participants had smaller syrinxes that did not resolve after sur-
gery (participant 8 syrinx area increased 11 mm2; participant 
14 syrinx area decreased 1 mm2) (Table E1 [online]).

Table 2: Intra-user Reliability Results

DENSE Measurement Mean Difference (µm) ICC
Mean peak displacement
  Brainstem 0.93 0.99
  Cerebellum 2.45 0.99
Maximum peak displacement
  Brainstem 3.64 0.99
  Cerebellum 6.12 0.99

Note.—All ICCs were statistically significant (P , .001). 
DENSE = displacement encoding with stimulated echoes, ICC = 
intraclass correlation coefficient.

Figure 2:  Examples of presurgical midsagittal plane displacement encoding with stimulated echoes MRI sets (each image set contains 22 frames obtained over the 
cardiac cycle) in participant 6, a 42-year-old woman with Chiari malformation type I. (A) Magnitude reconstruction (from cardiac frame 1/22) shows brainstem (red) and 
cerebellar mask (blue). (B) Phase image (from cardiac frame 15/22) with displacement encoded in the anteroposterior direction (arrow). (C) Phase image (from cardiac 
frame 15/22) with displacement encoded in the craniocaudal direction (arrow). B and C demonstrate anteroposterior and craniocaudal displacement from the frames 
with the peak motion. Bright pixels indicate motion to the right in B and in the caudal direction in C. No contrast agent was used in the study.
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Mean Displacement before 
and after Surgery
Figure 3 shows DENSE-mea-
sured peak displacement over-
laid onto magnitude images 
of the brain before and after 
surgery for participant 6; these 
images demonstrate a large re-
duction in brain tissue motion 
after surgery. Figure 5 shows 
isolated pre- and postsurgical 
peak displacement maps for the 
cerebellum and brainstem for 
each participant in the study. A 
comparison of the magnitude 
of the mean peak displacement 
indicated that cerebellar mean 
peak displacement was reduced 
by 46% (79/171 µm) after PFD 
surgery (P , .001) (see Figs 5, 
6A, 6B and Table 3 for spatial 
means). Mean peak displace-
ment within the brainstem was 
reduced by 22% (46/210 µm) 
after surgery (P , .001).

Maximum Displacement  
before and after Surgery
In a circular subregion, the 
maximum peak displacement  
values within the two anatomic 
regions of interest (one in the 
brainstem and the other in the 
cerebellum) before and after 
surgery were compared (Figs 4, 
6C, 6D). Cerebellar and brain-
stem maximum peak displace-
ment were decreased by 64% 
(274/427 µm, P , .001) and 
33% (100/300 µm, P , .001), 
respectively, after surgery.

Associations between 
Presurgical Symptoms, 
Displacement, and Tonsillar 
Herniation
No presurgical symptoms dem-
onstrated correlations with neural tissue displacement or tonsil-
lar herniation according to our predefined cutoff that controlled 
for family-wise error using a Bonferroni correction for P , 
.0002 (r , .74 and P . .012 for all).

Associations between Displacement and Syringomyelia
No significant associations were found between syrinx area and 
tissue displacement (P . .036). Presurgical cerebellar and brain-
stem mean peak displacement did not differ between partici-
pants with a syrinx and those without (,11 µm; P = .929 and  

P = .757, respectively), nor did maximum cerebellar displace-
ment before surgery differ between participants with a syrinx 
and those without (, 16 µm, P = .857).

Discussion
The goal of our study was to quantify the effect of poste-
rior fossa decompression (PFD) surgery on brain tissue 
motion by using displacement encoding with stimulated 
echoes MRI, which can be used to accurately assess (31) 
these small regional changes on a pixel-by-pixel basis as 

Figure 3:  Displacement encoding with stimulated echoes magnitude images with overlays of peak displacement maps 
for the brainstem and cerebellum in participant 6, a 42-year-old woman with Chiari malformation type I. Images were ob-
tained (A) before surgery and (B) after surgery. In each image, the map for the brainstem is on the left and the map for the 
cerebellum is on the right.

Figure 4:  Eulerian peak displacement maps of the brainstem and cerebellum in participant 6, a 42-year-old woman 
with Chiari malformation type I. Images were obtained (A) before surgery and (B) after surgery. The circles on the dis-
placement maps are the two regions of interest with maximum peak displacement.
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Figure 5:  Peak displacement maps for the brainstem and cerebellum before and after surgery for all participants evaluated in this study. The brainstem peak displace-
ment maps for participants 4 and 21 could not be acquired because of limited image quality; the outlines of the brainstem shown for these participants were acquired with 
sagittal T2-weighted multisection turbo spin-echo imaging (repetition time msec/echo time msec, 3500/106).

Figure 6:  Box-and-whisker plots show mean and maximum peak displacement of (A, C) brainstem and (B, D) cerebellum for each of the 23 
participants before and after surgery. Each line represents a participant. The center lines in the boxes represent the mean for each group, and the 
boxes represent the mean 6 standard deviation. Whiskers represent the range of displacements for each group.
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well as to examine associations between tissue displacement 
and symptoms. Our results indicate that PFD surgery re-
duced displacement within the brainstem and cerebellum 
by 22% (46/210 µm) and 46% (79/171 µm), respectively  
(P , .001). We found postsurgical mean peak displace-
ment within the brainstem (164 µm) and cerebellum (92 
µm) to be similar to displacements found in healthy indi-
viduals, which ranged from 150 to 210 µm and from 70 to 
105 µm, respectively (22,24). These similarities imply that 
patients with Chiari malformation type I demonstrate “nor-
mal” neural tissue motion after surgery. Although we found 
the change in mean peak displacement (46 µm) and maxi-
mum peak displacement (100 µm) after PDF surgery within 
the brainstem to be smaller than in previous phase-contrast 
MRI studies (150 µm) (13), this discrepancy could be due 
to the evaluation of a smaller region within the brainstem in 
the earlier studies. We found no associations between neural  
tissue displacement and presurgical symptoms (r , .74 and  
P . .012 for all; Bonferroni corrected P = .0002). In addi-
tion, we found a trend toward an association between pre-
surgical tonsillar position and change in maximum peak dis-
placement after PFD surgery within the cerebellum (r = 0.65, 
P = .0008).

The fundamental driving force of brain tissue motion is time-
varying pressure within the cranium during the cardiac cycle. The 
magnitude and spatial variation of displacement depend on the 
magnitude of the pressure difference; the anatomic structure of 
the cranium, brain tissue, and cerebrospinal fluid spaces; and the 
biomechanical properties of the brain tissue. Therefore, chang-
ing the structure of the cranium and the anatomic structure of 
the cerebrospinal fluid spaces with PFD surgery is expected to 
alter brain motion. The spatial distribution of displacement in 
each of the two structures was nonuniform. This heterogene-
ity of displacement was evident in the larger reduction in the 
brainstem maximum peak displacement (100 µm) and cerebel-
lar maximum peak displacement (274 µm) after PFD surgery as 
compared with the reduction in mean peak displacement for the 
entire brainstem (46 µm) and cerebellum (79 µm). In addition, 
cerebellar tonsils demonstrated less motion than the superior re-
gions of the cerebellum and brainstem after surgery, indicating 
that PFD surgery has the greatest impact on the inferior cerebel-
lar motion. The heterogeneity of the brain tissue motion will 
result in tissue strain because of displacement gradients within 

each structure (21,22,26). Tissue strain can lead to tissue damage 
if large enough in magnitude. Brain tissue motion distribution 
changes after PFD surgery indicate that surgery alters brain bio-
mechanics and not just anatomic structure.

The change in maximum peak displacement after PDF sur-
gery fell between the values reported by Dawes et  al (median 
displacement, 380 µm; interquartile range, 170–920 µm) (20) 
and those reported by Leung et al (approximately 160–180 µm) 
(14). Large variation in the reported postsurgery reduction of 
brain tissue motion in participants with CMI might be attrib-
uted to the inherent limitation of previous tracking-based tech-
niques that relied on a few anatomic points in the cerebellum 
or brainstem. Conversely, DENSE images used in our study 
allowed for the quantification of displacement maps over the 
entire brain structure within the midsagittal plane; as such, 
they could result in a more comprehensive picture of the tissue  
dynamics compared with motion-tracking methods.

Previous studies inconsistently demonstrate associations be-
tween neural tissue displacement and CMI symptoms. Both Pujol 
et al (15) and Leung et al (14) demonstrated larger tonsillar tissue 
motion or strain in participants with cough-associated (Valsalva) 
headaches than in participants without cough-associated head-
aches. However, Dawes et al (20) found no association between 
participants with Valsalva headaches and those with tonsillar 
motion. Although two previous studies found participants with 
larger tonsillar herniation had more severe lesions (7) or cough-as-
sociated headaches (8), two additional studies could not identify 
a relationship between tonsillar herniation and symptoms (1,6).

Our study had some limitations. The sample size was lim-
ited. Only 23 participants were evaluated, and the results may 
not be generalizable to a larger population. Postsurgical CMI 
symptoms were not obtained in the current study and therefore 
the relationship between brain tissue motion and postsurgical 
CMI symptoms was not evaluated. The manual segmentation 
of the brainstem and cerebellum is a potential source of bias. 
DENSE inherently requires a prospective trigger to execute a 
tagging pulse, and motion is measured from the point labeled 
by the tagging pulse. This requires some small percentage (5%) 
of the cardiac cycle to be missed while the sequence waits for the 
next trigger pulse. Because of the reduction of signal-to-noise ra-
tio caused by a T1 decay at the end of the cardiac cycle, only the 
first two-thirds of the displacement waveforms were used for this 
study (19,22). Our implementation of the DENSE technique 

Table 3: Displacements in Brainstem and Cerebellum before and after Surgery in the 23 Evaluated Participants with Chiari 
Malformation Type I

Parameter No. of Participants 
Displacement before  
Surgery (µm)* 

Displacement after  
Surgery (µm)* 

Mean  
Difference (µm) P Value

Mean peak displacement 
  Brainstem 21 210 6 64 164 6 54 46 ,.001
  Cerebellum 23 171 6 63 92 6 30 79 ,.001
Maximum peak displacement 
  Brainstem 21 300 6 95 200 6 56 100 ,.001
  Cerebellum 23 427 6 200 153 6 43 274 ,.001

* Data are means 6 standard deviations.
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did not measure displacements in the through-plane direction 
but examined motion only within a single midsagittal plane.

In conclusion, by using MRI-based displacement encod-
ing with stimulated echoes, we found cerebellar and brain-
stem displacements to be reduced following posterior fossa 
decompression (PFD) surgery and surgery to have a greater 
impact on cerebellar motion than on brainstem motion. The 
results indicate that PFD surgery changes not only anatomic 
structures but also underlying brain tissue motion and bio-
mechanics in a spatial heterogeneous manner. Although we 
found a reduction in cerebellum and brainstem motion after 
surgery, this reduction was not predictive of presurgical Chi-
ari malformation type I (CMI) symptoms. Future investiga-
tions with larger sample sizes are needed to validate this lack 
of association between tissue displacement and presurgical 
symptoms and to evaluate a possible relationship between tis-
sue displacement and surgical outcome. In addition, although 
displacement was not correlated with CMI symptoms, other 
brain biomechanical properties, such as strain, may be predic-
tive of CMI symptoms.
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